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“There are two possible outcomes: 

 if the result confirms the hypothesis, then you've made a measurement.  

If the result is contrary to the hypothesis, then you've made a discovery.” 
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ABSTRACT  
This doctoral thesis is aimed at describing new developments of Raman spectroscopy in 

the field of biomedical science, specifically oriented in the study of synthetic man-made 

biomaterials and natural biogenic materials. In this work, it will be highlighted the high 

versatility of Confocal Raman microprobe spectroscopy in a number of different 

inorganic and organic sample as a demonstration of newly developed computational 

algorithms, also when combined with different spectroscopic analyses such as 

Cathodoluminescence and X-Ray diffraction. 

A spectroscopic study on the importance of oxygen vacancy in a synthetic biomaterial 

as zirconia will show the feasibility of the mentioned techniques in detecting 

polymorphic transformation. This will be directly applied to the analyses of artificial hip 

joints, where materials degradation during in-vitro testing or during in-vivo service 

could be observable. Application of Raman techniques will also be shown with the 

purpose of a reliable screening of human biogenic materials like as teeth and skin, in 

which their composite structures are made of combinations of different molecules. In 

particular, new Raman algorithms have been developed for practical dental research and 

forensic analyses. The Raman tensor element method has quantitatively been applied to 

the analysis of local crystallographic orientation in both single-crystal hydroxyapatite 

and human teeth to look into the efficacy of vibrational assessments in locating 

chemical and crystallographic fingerprints of dental caries and non-cavitated carious 

lesions. Clear spectroscopic features could directly be translated in terms of a rigorous 

and quantitative classification of crystallographic and chemical characteristics of 

diseased enamel structures. Finally, the Raman microprobe spectrometry has been 

applied to study the biophysical links between vibrational characteristics and the 

chemical changes associated with aging in human skin. Our spectroscopic approach 

yields clear compositional information of protein folding and crystallization of lipid 

structures, which can lead to a precise identification of age from infants to adults. 

 

  



 

 

 

 



 

   iii 

ACKNOWLEDGEMENTS 
 

Firstly, I would like to express my sincere gratitude to my thesis advisor, Prof. Giuseppe 

Pezzotti for the constant help and motivation, beside the unconditional trust and support 

that have been fundamental during these three years of PhD research. Through his 

guidance, I could see the scientific world under a newly, very outstanding, perspective, 

which gave me the possibility of becoming author and co-author of several scientific 

papers. I will always be indebted for every scientific achievement I had in this PhD 

course. 

Besides my advisor, I would like to thank Prof. Ian C. Clarke, Dr. Nobuhiko Sugano, 

Dr. Toshiro Yamamoto, Dr. Narisato Kanamura, and Dr. Hiroshi Ikegaya, and all the 

researchers in their laboratory, for their collaboration as medical doctors in the 

orthopaedic, dental and forensic medicine fields, for providing me samples and for 

widening my research topic from various perspectives. 

A special thank must go also to Prof. Alvise Benedetti, Prof. Pietro Riello and all the 

Ca’ Foscari University of Venice research group, who provided me new research topics 

and the motivation and encouragement to start and to finish my PhD studies.  

My sincere gratitude goes also to Dr. Wenliang Zhu, for his invaluable help with many 

intricate and apparently unsolvable research topic and issue, and to Dr. Leonardo 

Puppulin for his scientific mentoring and for his special and sincere friendship.  

I recognize and acknowledge the support of my present and former fellow labmate, for 

their help and for all the fun we had in the last 3 years.  

An expression of sincere gratitude should be extended to Ms. Manami Tanaka and to all 

the staff of the Kyoto Institute of Technolgy for their constant support throughout the 

past three years. 

Last but not the least, I would like to express my most sincere thanks to my family and 

to Aurora: their effort and unconditional love have been fundamental to achieve every 

single result in my life. Thank you.  



 

 

 



 

   v 

TABLE OF CONTENTS 
ABSTRACT ...................................................................................................................... I	  

ACKNOWLEDGEMENTS ........................................................................................ III	  

TABLE OF CONTENTS .............................................................................................. V	  

LIST OF TABLES ........................................................................................................ IX	  

LIST OF FIGURES ...................................................................................................... XI	  

1 INTRODUCTION ....................................................................................................... 1	  

1.1 MAIN AIMS OF THIS THESIS ....................................................................................... 1	  

1.2 RAMAN SPECTROSCOPY ANALYSES OF SYNTHETIC AND BIOGENIC BIOMATERIALS ... 3	  

2 SPECTROSCOPIC TECHNIQUES .......................................................................... 7	  

2.1 INTRODUCTION ........................................................................................................ 7	  

2.2 RAMAN SPECTROSCOPY ........................................................................................... 9	  

2.2.1 Introduction to Raman Spectroscopy ............................................................... 9	  

2.2.2 Scattering process .......................................................................................... 12	  

2.2.3 Raman and Rayleigh scattering tensor .......................................................... 13	  

2.2.4 Raman intensity and polarization ratio ......................................................... 17	  

2.2.5 Raman selection rules .................................................................................... 19	  

2.2.6 Note on quantum theory ................................................................................. 24	  

2.2.7 Instrumentation .............................................................................................. 25	  

2.3 CATHODOLUMINESCENCE SPECTROSCOPY ............................................................. 29	  

2.3.1 Introduction ................................................................................................... 29	  

2.3.2 Luminescence process in band-gap material ................................................. 31	  

2.3.3 Electron probe – sample interaction and generation of CL signal ............... 33	  

2.3.4 CL-SEM instrumentation ............................................................................... 36	  

3 OXYGEN HOLE STATES IN ZIRCONIA LATTICES: QUANTITATIVE 

ASPECTS OF THEIR CATHODOLUMINESCENCE EMISSION ....................... 39	  

3.1 INTRODUCTION ...................................................................................................... 39	  

3.2 THEORETICAL BASES .............................................................................................. 41	  

3.3 EXPERIMENTAL METHOD ........................................................................................ 43	  

3.4 RESULTS AND DISCUSSION ..................................................................................... 45	  

3.4.1 Raman spectroscopy and XRD results ........................................................... 45	  

3.4.2 CL results ....................................................................................................... 47	  

3.4.3 Polymorphic fractions in the scanning electron microscope ......................... 53	  

3.5 CONCLUSION .......................................................................................................... 56	  



 

vi 

4 CHEMICALLY DRIVEN TETRAGONAL-TO-MONOCLINIC 

POLYMORPHIC TRANSFORMATION IN RETRIEVED ZTA FEMORAL 

HEADS FROM DUAL MOBILITY HIP IMPLANTS ............................................. 57	  

4.1 INTRODUCTION ...................................................................................................... 57	  

4.2 EXPERIMENTAL METHODS ...................................................................................... 59	  

4.3 RESULTS ................................................................................................................ 61	  

4.3.1 Morphology of the retrieval surfaces by scanning laser microscopy ............ 61	  

4.3.2 Raman microscopy results ............................................................................. 62	  

4.4 DISCUSSION ........................................................................................................... 68	  

4.5 CONCLUSION .......................................................................................................... 75	  

5 VIBRATIONAL ALGORITHMS FOR QUANTITATIVE 

CRYSTALLOGRAPHIC ANALYSES OF HAP-BASED BIOMATERIALS: I, 

THEORETICAL FOUNDATIONS ............................................................................ 77	  

5.1 INTRODUCTION ...................................................................................................... 77	  

5.2 EXPERIMENTAL PROCEDURE .................................................................................. 79	  

5.3 RESULTS AND DISCUSSION ..................................................................................... 80	  

5.3.1 Structure, selection rules and Raman spectrum of hydroxyapatite ............... 80	  

5.3.2 Raman tensor elements from hexagonal hydroxyapatite single-crystal ........ 83	  

5.3.3 ODF formalism and its application to human teeth structures ..................... 88	  

5.3.4 Validation of RTE values: single crystal vs. textured teeth structures ........ 100	  

5.4 CONCLUSION ........................................................................................................ 107	  

6 VIBRATIONAL ALGORITHMS FOR QUANTITATIVE 

CRYSTALLOGRAPHIC ANALYSES OF HAP-BASED BIOMATERIALS:II, 

APPLICATION TO DECAYED HUMAN TEETH ............................................... 111	  

6.1 INTRODUCTION .................................................................................................... 111	  

6.2 EXPERIMENTAL PROCEDURE ................................................................................ 113	  

6.3 RESULTS AND DISCUSSION ................................................................................... 115	  

6.3.1 Samples and their histopathological description ........................................ 115	  

6.3.2 Crystallographic textures and their distributions in diseased teeth ............ 117	  

6.3.3 EDJ characteristics in decayed teeth .......................................................... 125	  

6.3.4 Unsuitability of the depolarization ratio in caries assessments .................. 131	  

6.3.5 Chemical and crystallographic “fingerprints” in decayed teeth ................ 134	  

6.4 CONCLUSION ........................................................................................................ 144	  



 

   vii 

7 RAMAN SPECTROSCOPY OF HUMAN SKIN: LOOKING FOR A 

QUANTITATIVE ALGORITHM TO RELIABLY ESTIMATE HUMAN AGE 147	  

7.1 INTRODUCTION .................................................................................................... 147	  

7.2 EXPERIMENTAL PROCEDURES .............................................................................. 150	  

7.3 EXPERIMENTAL RESULTS ..................................................................................... 151	  

7.3.1 Labeling the Raman spectrum of human skin .............................................. 151	  

7.3.2 Average Raman spectra as a function of donors’ age ................................. 156	  

7.3.3 Profiles along the in-depth axis on cross sections ....................................... 170	  

7.4 DISCUSSION ......................................................................................................... 175	  

7.4.1 Subtracting from skin spectra the contribution of standard collagen ......... 175	  

7.4.2 Possible spectroscopic parameters for evaluating human age ................... 177	  

7.4.3 Needs for the Raman probe in forensic assessments of human age ............ 181	  

7.5 CONCLUSION ........................................................................................................ 183	  

8 CONCLUSIONS ...................................................................................................... 185	  

REFERENCES ............................................................................................................ 189	  



 

 

 



 

   ix 

LIST OF TABLES 
TABLE 3.I: STOICHIOMETRIC COMPOSITION OF THE OBTAINED ZRXYYOZ POWDERS ........ 43	  

TABLE 3.II: POSITION, FWMH AND RELATIVE AREA WEIGHT OF THE GAUSSIAN BAND SET 

FOR DIFFERENT SAMPLES AS FUNCTION OF DOPANT CONTENT. ................................. 50	  

TABLE 4.I: DETAILS OF STUDIED CASES. ......................................................................... 60	  

TABLE 4.II: AVERAGE CONTENT OF VM IN THE STUDIED CASES. ..................................... 65	  

TABLE 5.I: RTE CONSTANTS AS RETRIEVED FROM A HYDROXYAPATITE SINGLE-CRYSTAL 

SAMPLE. VALUES IN BRACKETS REPRESENT THE VALUES OBTAINED ON HIGHLY 

ORIENTED (HEALTHY) TOOTH ENAMEL. .................................................................... 88	  

TABLE 5.II: EULER ANGLES REPRESENTING THE PREFERENTIAL ORIENTATION OF THE 

HYDROXYAPATITE CRYSTALLITES IN HEALTHY HUMAN TEETH (8 LOCATIONS IN A 

MOLAR TOOTH AND 6 LOCATIONS IN AN INCISOR TOOTH; CF. DRAFTS IN FIGURE 5.5 

(A) AND (B), RESPECTIVELY). THE ODF PARAMETERS, 𝜆2 AND 𝜆4, THE HERMANS 

PARAMETER, 𝑃2COS𝛽 , AND THE SECOND-ORDER PARAMETER, 𝑃4COS𝛽 , ARE ALSO 

LISTED FOR EACH INVESTIGATED LOCATION. ........................................................... 94	  

TABLE 7.I: INFORMATION ON THE HUMAN CADAVER SAMPLES INVESTIGATED IN THIS 

STUDY. ................................................................................................................... 150	  

TABLE 7.II: ASSIGNMENT OF RAMAN BANDS IN SKIN AND SKIN COLLAGEN SAMPLES: V, 

STRETCHING MODE; VS, SYMMETRIC STRETCH; VAS, ASYMMETRIC STRETCH; Δ, 

BENDING MODE; W, WAGGING MODE. ..................................................................... 154	  



 

 

 



 

   xi 

LIST OF FIGURES 
FIGURE 2.1: THE DIFFERENT REGIONS OF THE ELECTROMAGNETIC SPECTRUM IN 

RELATIONSHIP WITH DIFFERENT ENERGY SOURCES AND SPECTROSCOPIC METHODS. .. 8	  

FIGURE 2.2: PORTION OF THE RAMAN SPECTRUM OF AN ALUMINA-ZIRCONIA CERAMIC 

COMPOSITE IN THE INTERVAL 100-800 CM-1. ............................................................ 11	  

FIGURE 2.3: .ENERGY LEVEL DIAGRAM FOR ANTI-STOKES, RAYLEIGH AND STOKES 

SCATTERING PROCESS. ............................................................................................. 13	  

FIGURE 2.4: SPACE-FIXED CARTESIAN AXIS SYSTEM X,Y,Z ASSOCIATED WITH THE UNIT 

VECTORS (𝒆𝑖,      𝒆𝑠),  THE LINEARLY POLARIZED ELECTRIC FIELD (𝐸𝑦0) ALONG YZ AND 

THE SCATTERING RADIATION INTENSITY COMPONENTS (𝑝𝑦0,  𝑝𝑧0). ......................... 18	  

FIGURE 2.5: POLARIZABILITY AND DIPOLE MOMENT VARIATIONS AT THE EQUILIBRIUM 

POSITION AND VIBRATIONAL RAMAN AND INFRARED ACTIVITIES FOR LINEAR AA, 

AB, ABA MOLECULES. ............................................................................................ 21	  

FIGURE 2.6: SCHEMATIC DRAFT OF THE T-64000 RAMAN SPECTROPHOTOMETER. ......... 26	  

FIGURE 2.7: OPERATIVE SCHEME OF THE T-64000 SPECTROPHOTOMETER. ..................... 26	  

FIGURE 2.8: (A) SCHEMATIC DRAFT OF THE CONFOCAL CONFIGURATION FOR RAMAN 

ASSESSMENTS.  METHODS OF PRF CALIBRATIONS FOR QUANTITATIVELY 

REPRESENTING IN-PLANE AND IN-DEPTH PROBE STRUCTURE AND MORPHOLOGY ARE 

SHOWN IN (B) AND (C), RESPECTIVELY. .................................................................... 28	  

FIGURE 2.9: REPRESENTATION OF TRANSITION IN DIRECT GAP AND INDIRECT-GAP 

SEMICONDUCTORS. .................................................................................................. 32	  

FIGURE 2.10: LUMINESCENT RECOMBINATION MECHANISM DUE TO (A) INTRINSIC CL, (B-

E) EXTRINSIC CL AND (F) LOCALIZED STATES. EA AND ED ARE ACCEPTOR AND DONOR 

LEVEL, RESPECTIVELY. ............................................................................................. 33	  

FIGURE 2.11: SCHEMATIC REPRESENTATION OF THE PROCESSES RESULTING FOR 

ELECTRONIC BOMBARDMENT. .................................................................................. 34	  

FIGURE 2.12: SCHEMATIC REPRESENTATION OF A COUPLED SEM-CL. ........................... 38	  

FIGURE 2.13: SCHEMATIC REPRESENTATION OF REFLECTION BY THE MIRROR. ............... 38	  

FIGURE 3.1:SIMPLIFIED SCHEME OF DIFFERENT VACANCY SITES IN YTTRIA-STABILIZED 

ZIRCONIA ................................................................................................................. 42	  



 

xii 

FIGURE 3.2: RAMAN SPECTRA OF YSZ SAMPLES AS FUNCTION OF DOPANT CONTENT. .... 45	  

FIGURE 3.3: XRD PATTERNS OF YSZ SAMPLES (A) AND CALCULATED MONOCLINIC AND 

TETRAGONAL VOLUME FRACTION FROM RIETVELD REFINEMENT (B) AS FUNCTION OF 

DOPANT CONTENT. ................................................................................................... 46	  

FIGURE 3.4: CL SPECTRA OF THE MONOCLINIC 1-YSZ (A), TETRAGONAL 8-YSZ (B) AND 

CUBIC 20-YSZ (C) SAMPLES WITH THE RELATIVE GAUSSIAN LINE-SHAPE FITTED 

BANDS.. .................................................................................................................... 48	  

FIGURE 3.5: FITTED CL SPECTRUM OF THE UNDOPED ZIRCONIA POWDER. ..................... 49	  

FIGURE 3.6: CL SPECTRA AND RELATIVE FITTING COLLECTED FOR THE SAMPLE 1-YSZ 

(A), 3-YSZ (B), 4-YSZ (C), 4.5-YSZ (D), 5-YSZ (E), 8-YSZ (F). . ........................... 50	  

FIGURE 3.7: COMPARISON BETWEEN THE MONOCLINIC VOLUME FRACTION (CALCULATED 

FROM XRD ANALYSIS (BLACK, SOLID) AND THE A4/A3 RATIO OBTAINED BY CL 

(RED, DOTTED) AS FUNCTION OF Y3+ DOPANT CONCENTRATION (A); DEPENDENCE OF 

CL RATIO WITH MONOCLINIC VOLUME FRACTION (B) AND AVERAGE C-LATTICE 

PARAMETER.  EACH POINT IS THE AVERAGE OF 20 COLLECTED SPECTRA. ................ 54	  

FIGURE 3.8: CALCULATED MONOCLINIC VOLUME FRACTION FROM RAMAN USING EQ. 

(3.2) (A) ALONG THE DOTTED LINE REPORTED IN FIGURE (B). FIGURE (B) SHOWS A 

30X30 CL MAP OVERLAPPED TO THE SEM MICROGRAPHS ON THE SAME LOCATION, 

IN WHICH COLORS EXPRESS THE CL RATIO VALUES FROM BLUE R~1 TO RED ~2, 

SHOWING RESPECTIVELY THE TETRAGONAL AND MONOCLINIC POLYMORPHIC 

DISTRIBUTION . ........................................................................................................ 56	  

FIGURE 4.1: PICTURE, MICROGRAPH AND RELATED HEIGHT PROFILES FOR CASE A (A,B,C) 

AND FOR CASE B (D. E, F). ........................................................................................ 62	  

FIGURE 4.2: AVERAGE RAMAN SPECTRA OF THE PRISTINE ZTA MATERIAL 

MANUFACTURED IN 2009, 2011 AND 2014. .............................................................. 63	  

FIGURE 4.3: AVERAGE VALUES OF CALCULATED MONOCLINIC VOLUME FRACTIONS FOR 

EACH PRISTINE ZTA HEAD SERIES (A) AND HISTOGRAMS BEFORE AND AFTER 

EXPOSURE TO HYDROTHERMAL ENVIRONMENT FOR 200 H AT 121OC (UNDER 1 BAR 

WATER-VAPOR PRESSURE) OF ZTA#3 (B). ............................................................... 64	  

FIGURE 4.4: RAMAN SPECTRUM OF THE METAL COVER FOUNDED IN THE CASE B 

RETRIEVED FEMORAL HEAD ..................................................................................... 65	  



 

   xiii 

FIGURE 4.5: HISTOGRAMS OF MONOCLINIC FRACTIONS FOR THE MWZ AND NWZ AND 

MAPS FOR THESE TWO ZONES FOR CASE A ............................................................... 66	  

FIGURE 4.6: IN-DEPTH MONOCLINIC DISTRIBUTION MAPS OF THE CASE A (A) AND CASE B 

(B) WEAR ZONE. ....................................................................................................... 67	  

FIGURE 4.7: APPARENT (A) AND DECONVOLUTED (B) MONOCLINIC VOLUME FRACTION IN-

DEPTH PROFILES FOR CASE A AND B. ....................................................................... 68	  

FIGURE 4.8: VARIATIONS OF THE AVERAGE PEAKS POSITION RELATIVE TO THE 145 (A) 

THE 180 (B) AND THE 415 CM-1 (C) RAMAN BANDS, RESPECTIVELY, AS FOUND IN 

CASE A AND B. ........................................................................................................ 72	  

FIGURE 4.9: CONTRIBUTION GIVEN BY RESIDUAL STRESSES FROM TETRAGONAL TO 

MONOCLINIC PHASE TRANSFORMATION TO THE OBSERVED SHIFTS OF INDIVIDUAL 

RAMAN BANDS (A) AND COMPARISON BETWEEN THE RELATED SHIFTS ∆𝜔ℎ𝑠 AND THE 

AVERAGE SPECTRAL SHIFTS, ∆𝜔𝑜𝑏𝑠, OBSERVED IN DIFFERENT ZONES OF CASE A AND 

CASE B RETRIEVALS (B). .......................................................................................... 72	  

FIGURE 5.1: THE LATTICE CELL STRUCTURE OF HYDROXYAPATITE IS REPRESENTED IN (A) 

AND (B) FOR TWO DIFFERENT VIEWS OF THE CRYSTAL. IN (C), THE VIBRATIONAL 

MODES OF THE HEXAGONAL CELL STRUCTURE ARE SCHEMATICALLY REPRESENTED 

ACCORDING TO THE IRREDUCIBLE REPRESENTATION GIVEN BY EQ. (3.2) ................. 82	  

FIGURE 5.2: RAMAN SPECTRA OBTAINED FROM THE 1221  PLANE OF THE 

HYDROXYAPATITE SINGLE-CRYSTAL SAMPLE WITH PARALLEL AND CROSS 

POLARIZATION GEOMETRIES IN (A) AND (B), RESPECTIVELY. ................................... 83	  

FIGURE 5.3: INTENSITY VARIATIONS OF BANDS LOCATED AT ~1048 (A1 MODE; CROSS 

AND PARALLEL), 617 (E2 MODE; CROSS), 593 (A1 MODE; PARALLEL), 581 (E2 MODE; 

CROSS), AND 449 CM-1 (E2 MODE; PARALLEL AS A FUNCTION OF THE IN-PLANE 

ROTAZTION ANGLE, 𝜓 , ARE PRESENTED TOGETHER WITH THE RESPECTIVE BEST-

FITTING CURVES IN (A), (B), (C), (D), AND (F), RESPECTIVELY. ................................. 87	  

FIGURE 5.4: DRAFT OF OUR CHOICES OF CARTESIAN COORDINATES AND EULER ANGLES. 

THE ANGLE, 𝛾, INDICATES THE DEGREE OF ANTICLOCKWISE ROTATION ABOUT THE 

YLAB-AXIS OF THE AVERAGE C-AXIS ORIENTATION WITHIN THE PROBE VOLUME. .... 90	  

FIGURE 5.5: EXPERIMENTAL PROTOCOLS FOLLOWED IN RAMAN CHARACTERIZATIONS OF 

MOLAR AND INCISOR TEETH (IN (A) AND (B), RESPECTIVELY). IN (C) AND (D), THE 



 

xiv 

INVESTIGATED HEALTHY MOLAR TOOTH AND HEALTHY INCISOR TOOTH ARE SHOWN, 

RESPECTIVELY. ........................................................................................................ 93	  

FIGURE 5.6: IN-PLANE ANGULAR DEPENDENCES ON THE EULER ANGLE, 𝜓 , FOR THE 

RAMAN BAND AT ~962 CM-1 (A1 MODE; PARALLEL AND CROSS POLARIZATION) AS 

COLLECTED AT EIGHT DIFFERENT LOCATIONS ON THE CROWN OF A HEALTHY MOLAR 

TEETH (CF. LOCATIONS IN INSET IN COMPARISON WITH FIGURE 5.5(A)).. ................. 95	  

FIGURE 5.7: IN (A) AND (B), ODF DISTRIBUTIONS AS RETRIEVED AT DIFFERENT 

LOCATIONS ON THE CROWN OF MOLAR AND INCISOR TEETH, RESPECTIVELY (CF. 

AVERAGE VALUE OF OUT-OF-PLANE EULER ANGLES, 𝜃𝑝 , AND HERMANS 

PARAMETERS, 𝑃2COS𝛽, AS GIVEN IN INSET). ............................................................ 96	  

FIGURE 5.8: (A) SCHEMATIC DRAFT OF THE INTERACTION BETWEEN THE CONFOCAL 

RAMAN PROBE AND THE ENAMEL MICROSTRUCTURE AT DIFFERENT LOCATIONS ON 

THE TOP OF THE CUSPAL PORTION AND ON THE FLANKS OF THE TOOTH; (B) MODEL 

DRAWN FOR EXPLAINING THE INTERACTION BETWEEN LOCAL SURFACE DAMAGES 

AND THE LASER PROBE, AND THE RELATED IMPACT ON THE DETECTED ODF 

DISTRIBUTION. ......................................................................................................... 99	  

FIGURE 5.9: COMPARISON BETWEEN RAMAN SPECTRA AS COLLECTED ON THE SINGLE-

CRYSTAL SAMPLE AND DENTAL ENAMEL IN DIFFERENT POLARIZATION 

CONFIGURATIONS: VIBRATIONAL AREAS, 𝜈1  (PARALLEL AND CROSS 

CONFIGURATIONS IN (A) AND (B), RESPECTIVELY), 𝜈3 , (PARALLEL AND CROSS 

CONFIGURATIONS IN (C) AND (D), RESPECTIVELY), AND  𝜈4 (PARALLEL AND CROSS 

CONFIGURATIONS IN (E) AND (F), RESPECTIVELY). SPECTRA ARE DECONVOLUTED 

INTO INDIVIDUAL GAUSSIAN COMPONENTS AS LABELED IN INSET. ........................ 104	  

FIGURE 5.10: EXPERIMENTAL PROTOCOL FOLLOWED ON A HEALTHY INCISOR TOOTH 

SECTIONED ALONG ITS CORONOAPICAL AXIS. IN (A) AND (B), TOP SURFACE 

MEASUREMENTS IN CROSS AND PARALLEL CONFIGURATIONS ARE SHOWN, 

RESPECTIVELY. CROSS-SECTION MEASUREMENTS IN PARALLEL AND CROSS 

CONFIGURATIONS WERE ALSO PERFORMED AS SHOWN IN (C) AND (D), RESPECTIVELY. 

THE CORRESPONDING POLARIZATION CONDITIONS ARE GIVEN IN PORTO NOTATIONS 

AS SHOWN IN INSET TO EACH FIGURE. .................................................................... 105	  

FIGURE 5.11: IN (A) AND (B), RAMAN SPECTRA COLLECTED ON THE INCISAL EDGE OF A 

HEALTHY INCISOR TOOTH WITH LASER FOCUSED ON THE TOP SURFACE IN PARALLEL 

AND CROSS CONFIGURATIONS, RESPECTIVELY (CF. EXPERIMENTAL CONDITIONS IN 



 

   xv 

FIGURE 5.10 (A) AND (B); PORTO NOTATIONS AND BAND LABELING IN INSET). IN (C) 

AND (D), RAMAN SPECTRA COLLECTED ON THE CROSS SECTION OF A HEALTHY 

INCISOR TOOTH WITH THE LASER PROBE IN PARALLEL AND CROSS CONFIGURATIONS, 

RESPECTIVELY (CF. EXPERIMENTAL CONDITIONS IN FIGURE 5.10 (C) AND (D); PORTO 

NOTATIONS AND BAND LABELING IN INSET). .......................................................... 106	  

FIGURE 5.12: RESULTS OF IN-PLANE ROTATION EXPERIMENTS FOR THE 960 CM-1 BAND (A1 

MODE), AND THE DOUBLET AT AROUND 590 CM-1 (A MODE) AND 580 CM-1 (E2 MODE) 

RESULTS OF IN-PLANE ROTATION EXPERIMENTS ARE SHOWN IN (A), (B), AND (C), 

RESPECTIVELY. FITTING TO TRIAL FUNCTIONS ARE GIVEN ACCORDING TO EQUATIONS 

(5.4), (5.5), AND (5.15)~(5.18). DATA WERE COLLECTED ON THE CROSS SECTION OF A 

HEALTHY INCISOR TOOTH (NEAR THE INCISAL EDGE) WITH THE LASER PROBE IN BOTH 

PARALLEL AND CROSS CONFIGURATIONS (CF. EXPERIMENTAL CONDITIONS IN INSET).

 .............................................................................................................................. 108	  

FIGURE 6.1: THE SERIES OF SIX SELECTED SAMPLES OF DECAYED TEETH (TWO LOWER 

INCISOR TEETH, LABELED 1 AND 6, AND FOUR MOLAR TEETH, LABELED 2~5): 

PHOTOGRAPHS AND X-RAY RADIOGRAPHIC PICTURES ON THE UPPER AND LOWER 

SIDES, RESPECTIVELY. ALL SAMPLES WERE FROM DIFFERENT PATIENTS. ............... 116	  

FIGURE 6.2: RAMAN ANALYSIS OF THE DECAYED ENAMEL STRUCTURE OF SAMPLE 1: (A) 

ENLARGED PHOTOGRAPH, (B) EXPLANATORY DRAFT OF THE DECAYED ZONE AND LINE 

SCAN PROBED BY POLARIZED RAMAN SPECTROSCOPY; AND, (C) PLOTS OF RAMAN 

BAND INTENSITY, BAND SHIFT, AND FWHM AS A FUNCTION OF LINE SCAN ABSCISSA, 

X. ALL PLOTS REFER TO THE HYDROXYAPATITE BAND, 𝜐1, LOCATED AT AROUND 960 

CM-1 MONITORED WITH THE RAMAN PROBE IN PARALLEL POLARIZATION GEOMETRY.

 .............................................................................................................................. 119	  

FIGURE 6.3:  ANALYSIS OF THE DECAYED ENAMEL STRUCTURE OF SAMPLE 4. (A), (B) AND 

(C) AS IN FIGURE 6.2 .............................................................................................. 119	  

FIGURE 6.4: ANALYSIS OF THE DECAYED ENAMEL STRUCTURE OF SAMPLE 5. (A), (B) AND 

(C) AS IN FIGURE 6.2 . ............................................................................................ 120	  

FIGURE 6.5:  ANALYSIS OF THE DECAYED ENAMEL STRUCTURE OF SAMPLE 6. (A), (B) AND 

(C) AS IN FIGURE 6.2 .............................................................................................. 120	  

FIGURE 6.6: RAMAN ANALYSIS OF SAMPLE 2: ENLARGED VIEWS OF FACIAL, BUCCAL, AND 

OCCLUSAL SIDES IN (A), (B), AND (C), RESPECTIVELY; (D) COMPARISON BETWEEN 



 

xvi 

HYDROXYAPATITE 𝜐1 BANDS COLLECTED AT LOCATIONS A, C, AND E IN PARALLEL 

AND CROSS CONFIGURATIONS (I.E., INTENSITIES, 𝐼 ∥, AND, 𝐼 ⊥, RESPECTIVELY). THE 

RELATED VALUES OF DEPOLARIZATION RATIO, 𝜌 = 𝐼 ∥ 𝐼 ⊥, ARE GIVEN IN INSET. IN 

(E), ODF, 𝑓(𝛽), AVERAGE ORIENTATION ANGLES OF THE ENAMEL PRISMS, AND THE 

HERMANS PARAMETER, 𝑃2COS𝛽, AS OBTAINED FROM A COLLECTION OF POLARIZED 

RAMAN SPECTRA UPON IN-PLANE ROTATION AT LOCATIONS LABELED A~E .......... 123	  

FIGURE 6.7: RAMAN ANALYSIS OF SAMPLE 3: (A) ENLARGED PICTURE OF THE BODY OF 

LESION (CAVITATED) ON THE SIDE OF THE DISTOLINGUAL CUSP; (B) COMPARISON OF 

RAMAN SPECTRA TAKEN IN PARALLEL POLARIZATION AT THREE LOCATIONS INSIDE 

THE CAVITY (A~C), AND THREE LOCATIONS IN THE DEMINERALIZED ZONE AT A 

DISTANCE OF 40 µμM FROM THE CAVITY (D~F). THE COLLECTED SPECTRA ARE 

COMPARED WITH THAT OBTAINED FOR HEALTHY ENAMEL FROM THE MOLAR TOOTH 

REFERRED TO AS H. IN (C), A COMPARISON IS GIVEN AMONG VARIOUS LOCATIONS 

FOR ODF,𝑓(𝛽), HERMANS PARAMETER, 𝑃2COS𝛽, AND EULER ANGLES 𝜃𝑝 AND 𝜓𝑝.

 .............................................................................................................................. 124	  

FIGURE 6.8: SAMPLE 7 BEFORE AND AFTER LONGITUDINAL SECTIONING IN (A) AND (B), 

RESPECTIVELY. ARROWS IN (B) LOCATE THE EDJ, ACROSS WHICH RAMAN ANALYSES 

WERE CONDUCTED. IN (C), UNPOLARIZED RAMAN SPECTRA RECORDED FROM ENAMEL 

AND DENTINE (NON-DECAYED) SIDES ARE LABELED FOR BOTH HYDROXYAPATITE 

AND COLLAGEN (I.E., AMIDE I, II, AND III) RAMAN BANDS. IN INSET TO (C), A 

SEPARATE PORTION OF RAMAN SPECTRUM DISPLAYS AN ADDITIONAL BAND LOCATED 

AT AROUND 2930 CM-1 ARISING FROM ASYMMETRIC BENDING VIBRATIONS OF THE 

(CH3) SPECIES IN PROTEINS. .................................................................................. 127	  

FIGURE 6.9: (A) RESULTS OF RAMAN CHARACTERIZATION ON THE CROSS-SECTIONED 

SURFACE OF SAMPLE 7 ALONG A LINE PERPENDICULAR TO EDJ (I.E., ABSCISSA, X). 

THE PLOTS SHOW THE DISTRIBUTION OF HYDROXYAPATITE AND COLLAGEN VOLUME 

FRACTIONS ACROSS EDJ; (B) PLOT OF HERMANS PARAMETER, 𝑃2COS𝛽 , AS A 

FUNCTION OF THE SCANNING ABSCISSA, X, ACROSS EDJ. ....................................... 129	  

FIGURE 6.10: RESULTS OF RAMAN CHARACTERIZATIONS FOR HYDROXYAPATITE (𝜐1) AND 

COLLAGEN (AMIDE I) BANDS IN (A) AND (B), RESPECTIVELY. LINE SCANS AS A 

FUNCTION OF THE ABSCISSA, X. PERPENDICULAR TO EDJ ARE EXTENDED OVER 

ABOUT 1 MM LENGTH ACROSS THE EDJ TO INCLUDE PART OF DISEASED ZONE ON THE 



 

   xvii 

DENTIN SIDE. BAND INTENSITY, BAND SHIFT, AND FWHM IN TOP, MIDDLE, AND 

BOTTOM PLOTS, RESPECTIVELY. ............................................................................. 129	  

FIGURE 6.11: PARAMETRIC STUDY OF THE DEPENDENCE OF THE DEPOLARIZATION RATIO, 

𝜌, ON EULER ANGLES, 𝜓 AND 𝜃. IN (A)~(F), DEPENDENCES OF RAMAN INTENSITY IN 

PARALLEL MODE, 𝐼 ∥, CROSS MODE, 𝐼 ⊥, AND DEPOLARIZATION RATIO, 𝜌 = 𝐼 ∥ 𝐼 ⊥, 

AS A FUNCTION OF THE ZENITHAL ANGLE, 𝜃, WITH THE AZIMUTHAL ANGLE SET AT: 

𝜓=0O, 15O, 30O, 45O, 60O, 75O, AND 90O, RESPECTIVELY. IN (G), PLOTS SUMMARIZING 

THE RANGE OF FLUCTUATION OF   𝜌 = 𝐼 ∥ 𝐼 ⊥, FOR ENAMEL PRISMS ORIENTED AT 

DIFFERENT EULER ANGLES. .................................................................................... 133	  

FIGURE 6.12: STATISTICAL DISTRIBUTIONS OF ZENITHAL, 𝜃𝑝 , AND AZIMUTHAL, 𝜓𝑝 , 

ANGLES RETRIEVED FROM THE HEALTHY ENAMEL OF MOLAR AND INCISOR 

(CONTROL) TEETH: (A) RELATIVELY BROAD DISTRIBUTION FOR THE ZENITHAL 

ANGLES IN THE INTERVAL BETWEEN 5O AND 65O (AVERAGE VALUE OF 𝜃𝑝  =35.4O); 

AND, (B) BIMODAL DISTRIBUTION OF AZIMUTHAL ANGLES WITH TWO MAXIMA 

DISPLAYED AT AVERAGE ANGLES 𝜓𝑝= 32.3O AND 91.6O.. ...................................... 134	  

FIGURE 6.13: COMPARISON AMONG SPECTRA RETRIEVED FROM ZONES WITH DIFFERENT 

DEGREES OF DEMINERALIZATION, AS JUDGED FROM A VISUAL INSPECTION AND 

CLASSIFIED ACCORDING TO STANDARD CRITERIA. [210, 211] SPECTRA REFER TO THE 

P-O STRETCHING, 𝜐1 , SINGLET OF HYDROXYAPATITE IN PARALLEL PROBE 

CONFIGURATION. COMPARISON IS MADE WITH A SINGLE-CRYSTAL HYDROXYAPATITE 

SPECTRUM TAKEN EXACTLY UNDER THE SAME EXPERIMENTAL CONDITIONS, AS 

DESCRIBED IN REF. [181]. ...................................................................................... 139	  

FIGURE 6.14: SEQUENCE OF NINE DECONVOLUTED AND NORMALIZED RAMAN SPECTRA IN 

THE SPECTRAL INTERVAL OF SYMMETRIC P-O STRETCHING, 𝜐1, TAKEN AT SELECTED 

LOCATIONS WITH INCREASING DISTANCES FROM THE BODY OF LESION OF SAMPLE 6. 

BAND DECONVOLUTION WAS MADE INTO TWO PERFECTLY SYMMETRICAL 

LORENTZIAN SUB-BANDS FROM CRYSTALLINE AND THE AMORPHOUS PHASES. IN 

INSET, VALUES FOR THE AMORPHOUS VOLUME FRACTIONS ARE EXPLICITLY 

INDICATED AS CALCULATED FROM EQ. (6.2). ......................................................... 140	  

FIGURE 6.15: PLOT OF ABSOLUTE BOUNDED ASYMMETRY, 𝜉  , AS A FUNCTION OF 

AMORPHOUS FRACTIONAL PARAMETER (I.E., THE LORENTZIAN SUB-BAND RATIO). 

THE THRESHOLD VALUE FOR INCIPIENT DEMINERALIZATION, AS NEWLY PROPOSED IN 

THIS RAMAN STUDY, IS SHOWN TO BE DETECTABLE BY MEANS OF A FITTING 



 

xviii 

PROCEDURE BASED ON A HYBRID FUNCTION MADE OF A GAUSSIAN AND A 

TRUNCATED EXPONENTIAL. ................................................................................... 143	  

FIGURE 7.1: RAMAN SPECTRUM AS DETECTED WITH FOCUSING ON THE STRATUM 

CORNEUM OF A SAMPLE (TOP-VIEW SPECTRUM) BELONGING TO A THREE-MONTHS 

OLD INFANT DONOR. THE SPECTRUM HAS BEEN ARBITRARILY DIVIDED INTO LOW 

FREQUENCY AND HIGH FREQUENCY ZONES OF INVESTIGATION. THE LABELED BANDS 

ARE ASSIGNED IN TABLE 7.II. ................................................................................ 152	  

FIGURE 7.2: SKIN CROSS-SECTIONAL SAMPLE BELONGING TO THE 3 MONTHS OLD DONOR 

WITH H&E STAIN. LABELS ILLUSTRATE THE PROCEDURE OF RAMAN MICROPROBE 

LINE SCAN ALONG THE IN-DEPTH ABSCISSA, Z, WITH ORIGIN AT THE FREE SURFACE OF 

THE SAMPLE. .......................................................................................................... 157	  

FIGURE 7.3: AVERAGE RAMAN SPECTRUM COLLECTED ON THE SKIN CROSS-SECTION 

SAMPLE BELONGING TO A 3 MONTHS OLD INFANT. ................................................. 158	  

FIGURE 7.4: AVERAGE RAMAN SPECTRUM COLLECTED ON THE SKIN CROSS-SECTION 

SAMPLE BELONGING TO A 15 YEARS OLD DONOR ................................................... 159	  

FIGURE 7.5: AVERAGE RAMAN SPECTRUM COLLECTED ON THE SKIN CROSS-SECTION 

SAMPLE BELONGING TO A 17 MONTHS OLD INFANT. ............................................... 160	  

FIGURE 7.6: AVERAGE RAMAN SPECTRUM COLLECTED ON THE SKIN CROSS-SECTION 

SAMPLE BELONGING TO A 35 YEARS OLD DONOR ................................................... 161	  

FIGURE 7.7: AVERAGE RAMAN SPECTRUM COLLECTED ON THE SKIN CROSS-SECTION 

SAMPLE BELONGING TO A 62 YEARS OLD DONOR ................................................... 162	  

FIGURE 7.8: LINE-SCAN PLOTS AS A FUNCTION OF DISTANCE, z , FROM THE SURFACE OF 

THE SKIN SAMPLE COMPARING THE TRENDS FOUND FOR THE 3 MONTHS ((A)~(D)) AND 

THE 62 YEARS OLD DONOR ((E)~(H)). PLOTS SHOW THE INTENSITY RATIO OF BAND 10 

ON BAND 9, 𝐼10/𝐼9 AND THE INTENSITY RATIO OF BAND J ON BAND 13, 𝐼𝐽/𝐼13(IN 

(A) AND (E)); THE INTENSITY RATIO OF BAND 12 ON BAND 11B, 𝐼12/𝐼11𝐵(IN (B) AND 

(F)); THE INTENSITY RATIO OF BAND 16 ON BAND 15, 𝐼16/𝐼15 (IN (C) AND (G)); AND, 

THE SPECTRAL SHIFT OF BAND 13, Ω13 (IN (D) AND (H)). ........................................ 172	  

FIGURE 7.9: LINE-SCAN PLOTS AS A FUNCTION OF DISTANCE, z , FROM THE SURFACE OF 

THE SKIN SAMPLE COMPARING THE TRENDS FOUND FOR THE 15 YEARS OLD ((A)~(D)) 

AND THE 35 YEARS OLD DONOR ((E)~(H)). PLOTS SHOW THE INTENSITY RATIO OF 

BAND 10 ON BAND 9, 𝐼10/𝐼9 AND THE INTENSITY RATIO OF BAND J ON BAND 13, 



 

   xix 

𝐼𝐽/𝐼13(IN (A) AND (E)); THE INTENSITY RATIO OF BAND 12 ON BAND 11B, 𝐼12/

𝐼11𝐵(IN (B) AND (F)); THE INTENSITY RATIO OF BAND 16 ON BAND 15, 𝐼16/𝐼15 (IN 

(C) AND (G)); AND, THE SPECTRAL SHIFT OF BAND 13, Ω13 (IN (D) AND (H)). .......... 173	  

FIGURE 7.10: RAMAN SPECTRUM OF SKIN (TYPE I) COLLAGEN, WHICH WAS COLLECTED 

UNDER EXACTLY THE SAME EXPERIMENTAL CONDITIONS OF THE SPECTRA OF SKIN. 

THE LABELED BANDS ARE ASSIGNED IN TABLE 7.II. .............................................. 175	  

FIGURE 7.11: RAMAN INTENSITY DIFFERENCE, ∆𝐼 = 𝐼𝑆 − 𝐼𝐶 , AS A FUNCTION OF 

SPECTRAL LOCATIONS, AS CALCULATED AFTER SPECTRAL NORMALIZATION TO THE 

RESPECTIVE INTENSITY MAXIMA; THE PLOTS REFER TO THE 3 MONTHS AND 62 YEARS 

OLD DONORS (IN (A) AND (B), RESPECTIVELY). THREE PLOTS ARE DISPLAYED FOR 

EACH DONOR, WHICH REPRESENT AVERAGES OVER STRATUM CORNEUM, EPIDERMIS 

AND DERMIS. .......................................................................................................... 176	  

FIGURE 7.12: PLOTS OF DIFFERENT PARAMETERS AS A FUNCTION OF DONORS’ AGE: THE 

INTENSITY RATIO, 𝐼10/𝐼9   , (A) REPRESENTATIVE OF THE FRACTIONAL RATIO 

BETWEEN Α-HELIX AND Β-SHEET; THE RATIO, 𝐼𝐽/𝐼13 , (B) REPRESENTATIVE OF 

PROTEIN FOLDING UPON AGING; THE SPECTRAL SHIFT OF BAND 13, Ω13, (C) 

REPRESENTATIVE OF THE AMOUNT OF RUPTURE OF TRIPLE HELIX MOLECULES WITHIN 

THE COLLAGEN MACROMOLECULE DUE TO DEGRADATION OF COLLAGEN TYPE IV; 

AND, THE RATIOS OF 𝐼16# = 𝐼16−+𝐼16+ 𝐼𝐿  TO 𝐼15AND 𝐼𝑆 = 𝐼16−+𝐼16  TO 

𝐼15, (D) AS REPRESENTATIVE OF THE PROCESS OF LIPID CRYSTALLIZATION UPON 

AGING. ................................................................................................................... 180	  

 

 



 

 

 

 

 



1.1 Main aims of this thesis 

   1 

1 INTRODUCTION 

1.1 Main aims of this thesis 
Raman spectroscopy is one of the most used characterization method in a broad range 

of scientific discipline, able to perform non-destructive, highly resolute analyses aimed 

to identify substances, analysing crystal structures and properties of functional 

molecules and compounds in a wide span of organic and inorganic materials. This 

technique possesses a number of advantages over other vibrational spectroscopic 

techniques, such its sensitivity to molecular species and its capability to virtually get a 

response, often correlated with a unique “fingerprint”, from any matrix in any state of 

matter. 

The main aim of this thesis is to illustrate how the combination of both theoretical and 

experimental analyses of confocal and polarized Raman spectroscopy, leading to the 

formulation of new Raman algorithms, could solve a number of practical biomedical 

problems. Raman spectroscopy, used also in combination with other techniques such X-

Ray diffraction and Cathodoluminescence spectroscopy, has been shown to be also 

capable to analyse the most diverse samples and phenomena, allowing one to 

quantitatively map important parameters in biomaterials. To show the information that 

can be retrieved from Raman analysis when the correct algorithms are applied, the 

arguments reviewed by this thesis are several, from polymorphism in inorganic crystals 

to the screening of physiological changes in molecules of human biogenic tissue. 

Experimental demonstrations of the developed computational algorithms are offered as 

working examples for highlighting the usefulness of polarized Raman microprobe 

spectroscopy in the characterization of biomaterials.  
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Besides the following sub-sections of this introduction, focused on the importance of 

the modern Raman spectroscopy in biosciences, in Chapter 2 a qualitative discussion of 

the Raman effect and of the Raman probe is provided, which review the theoretical 

aspects that have been used to rationalize the Raman spectra of the biomaterials 

investigated in this thesis. The remaining Chapters of this thesis are dedicated to the 

investigation of the properties and behaviour of different biomaterials and biogenic 

tissues. Those properties often depend crucially on their stoichiometry, crystallographic 

structure, internal stress state, texture domain or molecular configuration.  

One of the key concepts in the first part of this work (from Chapter 3 to 6) is the attempt 

to address the lacking of availability of quantitative Raman algorithms for assessing 

both oxygen off-stoichiometry and residual stresses in synthetic and natural bio-ceramic 

material, such as zirconia and hydroxyapatite.  

Chapter 3 will attempt to elucidate and take a step forward into some basic definition of 

oxygen off-stoichiometry in zirconia-based material, which basically leads to 

polymorphic transformation effects. Since polymorphism of material is one of the key-

concept in crystallography, and this topic is very crucial when the stability of a ceramic 

biomaterial is taken into consideration, different series of Zirconia doped with different 

element will be investigated. A direct example of the Zirconia polymorphic 

transformation effect in biomaterial will be given in Chapter 4, in which several Raman 

algorithms were applied to reveal phase transformations and residual stress patterns as 

they developed in both in vitro and in vivo exposed artificial joints. Acceleration of 

tetragonal-to-monoclinic transformation rate leads to unexpectedly high fractions of 

monoclinic phase within very short-term in vivo exposures. Phase transformation in vivo 

is much more marked than what one could actually predict according to simply 

simulating a hydrothermal environment in vitro and could not be simply ascribed to the 

mechanical stress fields generated during normal service at the bearing surface  

However, a knowledge gap often exists in quantifying what are the locations and the 

specific quantity of oxygen off stoichiometry features when a more complex biological 

structure is considered. In this context, in Chapter 5 and the hexagonal structure of 

hydroxyapatite will be investigated in detail with respect to its Raman response to 

polarized light, with emphasis placed on validating new algorithms capable to unfold its 

three-dimensional texture in the Euclidean space and its anisotropic response to a 

general stress tensor. In chapter 6 newly developed Raman algorithms has been 

quantitatively applied to the analysis of local crystallographic orientation in the enamel 
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structure of human teeth for practical dental research. Clear spectroscopy features could 

be directly translated in terms of a rigorous and quantitative classification of 

crystallography and chemical characteristics of diseased enamel structures.  

For the perspective of using Raman spectroscopy as a precise tool for medical 

diagnostic, the possibility of examining soft tissues in their natural state of hydration is 

challenged in Chapter 7 of this work.  The attempt is to establish a probe for human age 

from the changes in biochemical composition of skin that accompany aging. At the 

moment, there are no previous studies on this topic, and a proof-of-concept study is 

presented for explicating the biophysical links between vibrational characteristics and 

the specific compositional and chemical changes associated with aging. The actual 

existence of such links, although complex in nature, is then phenomenologically proved. 

In the attempt to foster the basics for a quantitative use of Raman spectroscopy in 

assessing aging from human skin samples, a precise spectral deconvolution is 

performed as a function of donors’ age on five cadaveric samples, which emphasizes the 

physical significance and the morphological modifications of the Raman bands.  

1.2 Raman spectroscopy analyses of synthetic and biogenic 
biomaterials 
Despite its intrinsic potentiality in the study of biological sample, practical application 

of Raman spectroscopy was for a long time mainly confined “only” in the broad area of 

material science. The Raman approach has been proved capable to obtain useful 

information such as local variations and spatial gradients of chemical composition [1, 

2], crystal orientation, [3] mechanical stress [4-6], and their related distributions in 

space. Indeed, this technique is suitable for the investigation of properties of crystalline 

structure in advanced ceramic biomaterials and has been extensively applied to the 

analysis of artificial biomedical devices such as hip joints, made of ceramic alumina, 

zirconia (and their composites), and polyethylene biomedical materials [7]. Moreover, 

Raman method is particularly useful to understand physicochemical differences from 

different bio-ceramic surfaces [8], and evaluate their performances in terms of frictional 

wear and surface toughness. For example, an improved method has been recently 

developed, consisting of coupling indentation with confocal (spatially resolved) Raman 

spectroscopy. Empowered by the Raman microprobe, the indentation micro-fracture 

method was found to be capable of providing reliable surface toughness measurements 

in oxide and non-oxide biomaterials [9, 10]. 
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Raman selection rules and other fundamental physical parameters play a relevant role in 

the investigation of these synthetic biomaterials and can be also expanded, in order to 

attempt the solution of unsolved problems of more general relevance. In particular, the 

spatial resolution in surface modifications due to the biological environment is the 

subject of deep investigation for the biomaterials embedded in the human body. As will 

be discussed in details in chapter 4, the fundamental findings of Raman spectroscopy 

remain often confined to in vitro or ex vivo analyses, which undoubtedly provide final 

answers in a number of intricate issues related to the microstructures, and open the way 

to more quantitative design criteria for obtaining elongated lifetimes for biomaterials. 

Nevertheless, the future challenge in the this field is linked to the in vivo screening of 

Raman signal, in order to have a real-time response of the properties of materials 

implanted in the human body.  

Regard the biological field, Raman spectroscopy was applied for the first time to the 

investigation of biological molecules during the 1930s, in a pioneering work by Edsall 

[11] on the study of amino acids and related compound. However, developments of 

Raman analysis in the field of bioscience was relatively slow and only in the last twenty 

year we could see some significant improvement. Indeed, in a review on biological 

applications of Raman spectroscopy published in 1999, Carey [12] referred to Raman 

spectroscopy as a “sleeping giant” that finally awakes. Raman spectroscopy did not 

fulfill its potential to contribute in bioscience until the late 90s mainly because of a 

technology delay. As will be discussed in chapter II of this thesis, the three major 

problems, low sensitivity, interference from fluorescence background, and problems 

with data interpretation, were respectively solved through advances in optical filters and 

photon counting detectors [13], advances in laser technology [14] and more powerful 

computational tools. Remarkably, both experimental measurements and interpretation 

of Raman spectra are now substantially easy thanks to availability of user friendly 

dedicated package. Note that with technological achievements, now Raman 

spectroscopy can also be used in confocal mode on the biomaterials surface. With this 

technology improvement, Raman spectroscopy could take a step forward and became a 

powerful reliable tool for the analysis and diagnostics of biomaterial samples in biology, 

forensic science, pharmaceutical and biomedical field. In biological systems, Raman 

mapping has successfully located sub-cellular structures in both animals [15] and plants 

[16]. But, there is a strong need for a case-by-case approach to effectively and 



1.2 Raman spectroscopy analyses of synthetic and biogenic biomaterials 

   5 

quantitatively apply the Raman method, which is exactly our main object of research 

here. 

The employment of vibrational spectroscopy in analyzing human biogenic material, like 

teeth and skin tissues has significant potential for becoming instrumental in advancing 

understanding of structure/function relations. Raman spectra thoroughly reflect 

perturbations in tissue that result from chemical damage, mechanical stress, or genetic 

defects. Micrometric spatial resolution in the spectroscope facilitates the collection of 

local information on chemical processes which would otherwise remain unveiled when 

using other spectroscopic or biochemical analyses.  

Notwithstanding the technology progress made in the last two decades, suitable 

algorithms dedicated to unfold basic behaviour of molecules and crystal structure in 

practical applications are still sometimes missing. Moreover, even if the quality of the 

Raman measurement greatly improved for the above mentioned reasons, some 

difficulties for the analyses of several biological arise from additional reasons, which 

still include the strong appearance of fluorescence background, the weakness of the 

Raman bands and the fact that calibration models might be misled by spurious 

correlations such as system drift and degradation under laser irradiation, and co-

variations among constituents. The word “Raman algorithm” refers here to a series of 

mathematical procedures that can directly bond the Raman theory to the experimental 

results, namely a link between the quantum-mechanical effect observed at the molecular 

scale and the phenomena observed in our macroscopic world, in order to facilitate the 

transition of our understanding from structure to function of the studied system. 

Because of the intrinsic complexity of the biological molecule, which usually possesses 

a number of vibrational modes much higher if compared with inorganic crystal, the 

algorithms might become quite complicated and cumbersome. Also, the mathematical 

tools needed for the formulation of algorithms used to quantitatively interpreting the 

Raman spectrum are group theory, tensor mechanics and Hamiltonian mechanics from 

group theory to quantum physics. This could be the origin of a second delay, this time 

applicative, in developing new applications of Raman spectroscopy in bioscience, with 

respect to the consolidated procedure in other material science field.  

Although the complexity embedded in the creation of such algorithms there is a 

tremendous growing interest for the application of Raman spectroscopy in a number of 

biomedical cases. The increasing demand of Raman measurement by biologist and 

medical doctors is, on one hand, due to the fast response of the instrumentation, which 
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could bring direct results without complicated sample preparation and manipulation, 

making it a relatively easy and cost-effective technique; on the other hand is due to the 

very interesting perspective of the incorporation of laser probe in hardware designs, to 

enhance the possibility of miniaturized clinical systems for direct Raman biological 

analyses and disease diagnosis in the near future.  
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2 SPECTROSCOPIC TECHNIQUES 

2.1 Introduction 
Spectroscopy of biomaterials is an extremely wide field in modern materials science, 

which covers several experimental techniques. The aim of this chapter is to provide a 

comprehensive description of the spectroscopic techniques used in this thesis, namely, 

Raman and cathodoluminescence (CL) spectroscopy, from both theoretical and 

applicative point of view. The term spectroscopy refers to any energy analysis of 

radiation after its interaction with solids, liquids or gases material system, no matter 

whether the radiation is electromagnetic, mechanic or embodied in particles [17]. 

Physical information is obtained through the analysis of the characteristic radiation 

spectrum after its interaction with the electronic and magnetic configuration of the 

material system. If the number of physical phenomena involved in the spectroscopy 

world is enormous, experimentally all those methods are based on the use of: a proper 

excitation source of the probe beam, a sample that interacts with the beam and a 

detection apparatus for the probe. Depending on the nature and energy of the probe, it is 

possible to distinguish several spectroscopic techniques which lie in different portions 

of the electromagnetic energy spectrum, thus unveiling distinctive properties of the 

considered material system. The energy range to be considered covers at least 10 orders 

of magnitude in which each spectral range has its characteristic techniques. 

Without going deeper into the details, Figure 2.1 offers a panoramic view of different 

portions of the electromagnetic spectrum with the associated radiation and spectroscopic 

method.  
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Practically, suitable characterization techniques for the investigation of biomaterials 

should give us a clear and comprehensive picture of the crystallographic structure, 

topography and composition of the inner/outer layer of the material surface. The 

combination of Raman spectroscopy, which is an example of vibrational spectroscopy 

with cathodoluminescence spectroscopy (CL), which considers the luminescent 

emission from a specimen upon electron beam impingement, could address most of the 

above mentioned issues.The Raman spectrum is generated from the interaction between 

a beam of irradiating light and the vibrations that occur in a crystal at discrete 

frequencies. 

	  

Figure 2.1: The different regions of the electromagnetic spectrum in relationship with 

different energy sources and spectroscopic methods. 
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Hence, studying molecular vibrations through Raman spectroscopy involves resolving 

the most intrinsic interactions between molecules and electromagnetic radiations. As 

direct expressions of the details of the vibrational modes themselves, the Raman bands 

are intimately related to the crystallographic structure. With a quantitative interpretation 

of such scattering of light, its unique attributes make Raman spectroscopy a quite 

powerful technique, with a continuously expanding applicability in many areas, not only 

in basic science but also in practical industrial applications.  

While Raman spectroscopy can give us a detailed picture of the material structure, CL 

spectroscopy, is capable of visualizing surface vacancies through their optical activity. 

Moreover, the penetration depth of electrons depends on the energy of the impinging 

electron beam; therefore, using low acceleration voltages, the probing depth can be 

confined to the nanometer range, thus obtaining a spatial resolution several orders of 

magnitude higher as compared to Raman laser probes. From the point of view of spatial 

resolution, CL is thus the most appropriate analytical method for screening the very 

surface of the inorganic biomaterials [18-20]. Since both methods are employed in this 

thesis work, some basic theoretical aspects of both Raman and cathodoluminescence 

spectroscopy will be reviewed in the following sections.  

2.2 Raman spectroscopy 

2.2.1 Introduction to Raman Spectroscopy 
Raman spectroscopy, which is based on the analysis of the inelastic scattered light after 

its interaction with a material system, is now-a-days one of the most used tools for the 

characterization of ceramic biomaterials since is fast, reliable, relatively easy to 

perform, non-invasive and, in most of the case, non-destructive. As will be explained in 

details in the next sections, the Raman effect is namely a two photons process which 

involves both the annihilation of an incident photon and the simultaneous emission of a 

scattered photon with different energy from the incident one. 

The first independent prediction of the inelastic scatter of light was made by Adolf 

Smekal in 1923 [21], just few year before its experimental proof made by Sir 

Chandrasekhara Venkata Raman in 1928. Sir Raman starts to study the scattering of 

light by liquid during a return trip from London to Bombay across the Mediterranean 

Sea. Fascinated from the color of sea but unsatisfied by the explanation suggested by 

Lord Rayleigh, (who previously explained the color of the sky as due by elastic 
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scattering of molecules in the atmosphere and the color of the sea as reflection of the 

sky), he starts a series of experiment that convinced him that the water molecules could 

scatter light [22]. Back to Calcutta, Raman and his research group starts to set up a 

similar experiment using the sunlight (the most intense light source at that time) focused 

into a seven-inch telescope as a radiation source and placing a green filter in this intense 

beam. Observing this radiation passing through a target liquid with a yellow filter they 

could visually detect a weak change of color due to the inelastically scattered light from 

the liquid molecules. In the 1928 he and his colleague K.S. Krishnan sent a paper to 

nature in which sixty common liquid has been examined [23] and a few months later he 

measured the exact wavelengths of the incident and scattered light [24]. In the 1930, he 

received the Nobel Prize for his discovery. It is noteworthy that the Raman effect was 

also observed by two Russian physicist, Grigory Landsberg and Leonid Mandelstam, 

almost in the same period [25]. Despite the successful theoretical description of the 

underlying effect, Raman spectroscopy developments occurred quite slowly before the 

early 1960s. The main experimental problems were the very weak intensity of the 

Raman band compared with the much greater intensity of the Rayleigh scattering and 

the several hours exposure time for obtaining a photographic record of the spectrum of 

scattered light. After the Raman and Krishnan experiments, the ultimate light sources in 

the pre-laser era were usually high-power water cooled mercury arcs. With the advent of 

laser sources the quality of the recorded spectra increased dramatically. The advantages 

brought from this technology are noumerous, especially the capabilities to focus a very 

intense light onto a very small sample and the wide range of available exciting 

wavelength, which can mitigate or even suppress undesired fluorescence emission from 

certain samples. Indeed, the laser beam is now selected depending on the sample to 

investigate, varying the wavelength in the visible, in the near visible or in the near 

ultraviolet range. Since Raman spectroscopy will always encounter a high intensity of 

the elastic scattering, the recording of Raman bands close in terms of energy to the 

Rayleigh one is permitted only with the using of sophisticated double or triple 

monochromator systems. Also, it is worth noticing the huge improvements made in the 

detection system technology. The first step to move on from the photographic recording 

was the developments of high sensitivity photomultipliers tube in the 1970s. Although, 

the real revolution in Raman spectroscopy has to wait for the invention of the charge 

coupled device (CCD) and its utilization as a Raman detector in 1987. This system 

provides a unique capability to give a time-resolved signal acquisition, making possible 



2.2 Raman spectroscopy 

   11 

to record an entire spectrum of wavelength from a sample in a time in an order of 

magnitude of seconds. In this context, also the introduction of the holographic notch 

filter during the early nineties, that allows to provide up to six orders of magnitude 

attenuation of the Rayleigh scattering along with sharp spectral cutoff that, have 

revolutionized the field of Raman spectroscopy. A detailed review about the 

developments of the Raman instrumentation through the year has been made by Adar 

[26]. Therefore, following the technology improvements in optics, microelectronics and 

computer science modern Raman spectroscopy has become very sophisticated and 

definitely user friendly, in the sense that anyone could record a spectrum. Figure 2.2 

shows a Raman spectrum recorded with a modern instrumentation. Note that the 

spectrum is recorded using a wavenumber scale 𝜈 (in unit: cm-1) rather than the angular 

frequency 𝜔  used for the theoretical explanation used in the next section.  

By IUPAC convention a given Raman band is identified in the spectrum by a quantity 

called Raman shift Δ𝜈, which is the difference between the wavenumber of the exciting 

source 𝜈! and its absolute position 𝜈′, addressing the characteristic molecular property 

Δ𝜈 = 𝜈! = 𝜈! − 𝜈′. So, Δ𝜈 is positive for Stokes Raman band and negative for anti-

Stokes line. Usually, for most of the Raman application only the more intense Stokes 

lines are recorded. 

 

	  

Figure 2.2: Portion of the Raman spectrum of an Alumina-Zirconia ceramic composite 

in the interval 100-800 cm-1. 
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2.2.2 Scattering process 
When monochromatic light of frequency 𝜔! propagates in a non-homogeneous material 

system most of it is transmitted without change but different scattering event occurs. If 

the scattered light is gathered again after the interaction with matter it will carries with it 

important information about the structure of matter. This is the basic principles of the 

so-called light scattering spectroscopic techniques in which the scattering phenomena 

usually depend on the size (and nature) of the inhomogeneity (scatters) and its time 

dependence character. If we analyze that monochromatic light after its interaction with 

matter, we may observe other frequencies, different from the incident one, of form 

𝜔! ± 𝜔!. Those new frequencies 𝜔! are in the order of magnitude associated with 

vibrational, rotational and electronic transition. So, it is possible to distinguish time-

independent scattering events, which occur without change of frequency, (namely 

elastic or Rayleigh scattering) and time-dependent ones, which occur with a frequency 

change (referred as inelastic or Raman scattering). Although the most common elastic 

and inelastic scattering process are respectively the Rayleigh and Raman scattering 

others type exists. If the size of the scatters is close to the wavelength of the incident 

radiation and depending on its refractive index, other elastic scatter effect, such as Mie 

and Tyndall [27] scattering can occur. Another phenomenon that involves the emission 

of photons is the Brillouin scattering [28, 29], which is an inelastic process that arises 

through the interaction of light with the acoustic wave in crystals. In the Raman 

scattering the new frequencies of form 𝜔! ± 𝜔! are called Raman lines. This process is 

defined as a two-photon event since the interaction of the radiation of frequency 𝜔! with 

a molecule of energy 𝐸! will lead to the annihilation of one photon of energy ℏ𝜔! the 

creation of a new photon of energy ℏ𝜔! and the transition of the molecule to the state 

𝐸!.the incident photon does not have enough energy to promote any electronic transition 

and therefore is not really absorbed by the molecule (or is virtually absorbed). This 

means that the energy is not conserved at this stage and the final state with energy 

𝐸! = ℏ(𝜔! − 𝜔!) is described by a virtual state. So, the action of photons is just to 

perturb the molecular state, giving rise to different vibrational or rotational 

spectroscopic transition. As mentioned before, for Rayleigh scattering we have 𝜔! = 𝜔! 

and 𝐸! = 𝐸! . For Raman scattering, if 𝜔! = 𝜔! − 𝜔!  then 𝐸! > 𝐸!  and the process 

takes the name of Stokes Raman scattering, while if 𝜔! = 𝜔! + 𝜔!, then 𝐸! < 𝐸!, we 

have the so-called anti-Stokes Raman scattering. A schematic picture of this energy 

transfer model is given in Figure 2.3. The theoretical approach to these scattering 
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processes can be treated in different ways. It is possible for example to treat both 

radiation and the material system under the classical view, where the radiation is 

associated with an electromagnetic wave and the molecules are just a set of vibrators 

and rotors. This is the easiest way and can express in a quite good way the correct 

frequency dependence for both Rayleigh and Raman scattering, but cannot be applied to 

the molecular rotation since the classic theory does not discretize rotational frequencies. 

Other possibilities are to use a quantum mechanical description of the material system 

still retaining a classic description of the incident radiation or use the quantum 

mechanical treatments for both. In this chapter, the quantum mechanics approach will 

be briefly discussed in section 2.2.6, since the explanation of the rigorous quantum 

electrodynamics models are beyond the aim of this thesis. 

	  

Figure 2.3: .Energy level diagram for Anti-Stokes, Rayleigh and Stokes scattering 

process. 

2.2.3 Raman and Rayleigh scattering tensor 
Since the Raman effect covers a large part of this dissertation it is useful to see in details 

the unique characteristics of the Raman scattering tensor. When the electromagnetic 

field of the incident radiation interacts with a crystal, it will induce oscillating electric 

dipole and magnetic multipole moments in its differently charged electrons and nuclei. 

Those moments, representing the normal collective vibration mode that occurs in the 

lattice, are the origin of the scattered light explained in the last section. Among these, 

the oscillating electric dipole is the most significant scattering source, followed by 

magnetic dipole and electric quadrupole that gave a scattering contribution of several 

orders of magnitude smaller. Considering for simplicity a simple biatomic molecule 
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instead a whole crystal, the total induced electric dipole moment vector may be written 

as: 

 𝒑 =   𝒑! + 𝒑! + 𝒑! +⋯ (2.1) 

As 𝒑! ≫ 𝒑! ≫ 𝒑!, this is a convergent series. 𝒑! is the only linear terms in the electric 

field and can be written as: 

 𝒑𝟏 = 𝜶 ∙ 𝑬 (2.2) 

where 𝜶 is called the polarizability of the molecule, a second rank tensor. Since for low 

electrical field strength value (as commonly employed in Raman spectroscopy) this is 

the dominant term in the series, we should focus the attention on this tensor and neglect 

the other two terms, so hereafter  𝒑 = 𝒑!. For reference 𝒑! and 𝒑! are non-linear in 𝑬 

and may be written as: 

 𝒑𝟐 =
1
2𝜷 ∶ 𝑬𝑬 (2.3) 

 𝒑! =
1
6𝜸 ⋮ 𝑬𝑬𝑬 (2.4) 

where 𝜷 and 𝜸 are the hyperpolarizability and the second hyperpolarizability tensor, a 

third and a fourth-rank tensor, respectively. 

We should now introduce the frequency dependence of 𝜶 and 𝑬 in order to obtain an 

expression for the frequency-dependent induced dipole 𝒑. For simplicity we consider 

the biatomic molecule atoms fixed in a Cartesian space, free only to vibrate about its 

equilibrium coordinate. Since the polarizability tensor 𝛼 is a function of the nuclei 

position, its variation with molecular vibrations can be expressed expanding each tensor 

component 𝛼!" in a Taylor series as: 

 𝛼!" = 𝛼!" !
+

𝜕𝛼!"
𝜕𝑄! !

𝑄!
!

+
1
2

𝜕!𝛼!"
𝜕𝑄!𝜕𝑄! !

𝑄!𝑄! …
!,!

 (2.5) 

where 𝛼!" !
is the value of 𝛼!"  at the equilibrium position (with 𝜎 = 𝑥,𝑦, 𝑧  ,𝜌 =

𝑥,𝑦, 𝑧)  and 𝑄! ,𝑄!  are normal coordinates associated with the molecular vibration 

frequencies 𝜔! ,𝜔!. For small amplitude of vibration we can neglect the higher terms of 

𝑄  (operation usually called electrical harmonic approximation) and re-write the 

equation as: 
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	   𝛼!" !
=    𝛼!" !

+
𝜕𝛼!"
𝜕𝑄! !

𝑄!    (2.6)	  

Now, the derived terms show the components of a new tensor 𝜶!! ,  called the derived 

polarizability tensor, which differs from the components 𝛼!" !
of the equilibrium 

polarizability tensor𝜶! . So, for simplicity we may express the tensor 𝜶!  with 

components 𝛼!" !
 as: 

	   𝜶! =   𝜶! + 𝜶!! 𝑄!    (2.7)	  

Since we are assuming harmonical vibration the frequency dependence of 𝑄! and 𝐸 are 

given respectively by: 

	   𝑄! = 𝑄!! 𝑐𝑜𝑠 𝜔!𝑡 + 𝛿!    (2.8)	  

	   𝑬 = 𝑬! + 𝑐𝑜𝑠  𝜔!𝑡   (2.9)	  

where 𝜔! is the frequency of the kth molecular vibration, 𝛿! is a phase factor and 𝜔! 

indicates the incident radiation. Combining the last three equations with eq. (2.2) we 

obtain: 

	   𝒑 =   𝜶𝟎𝑬𝟎𝑐𝑜𝑠  𝜔!𝑡 + 𝜶𝒌! 𝑬𝟎𝑄!! 𝑐𝑜𝑠 𝜔!𝑡 + 𝛿! 𝑐𝑜𝑠  𝜔!𝑡   (2.10)	  

that can be rewrite as follow, simply using the trigonometric identity for cos𝐴cos𝐵: 

	   𝒑 =   𝒑 𝜔! + 𝒑 𝜔! − 𝜔! + 𝒑 𝜔! + 𝜔!    (2.11)	  

Thus, this equation indicates the linear induced electric dipole which has three different 

frequency components, as we expect from paragraph 2.2.2. The first term  𝒑 𝜔! , that 

originates the radiation at  𝜔!, accounting the Rayleigh scattering, can be expressed as: 

	   𝒑 𝜔! = 𝜶𝟎𝑬𝟎 𝑐𝑜𝑠𝜔!𝑡   (2.12)	  

The second and the third terms of eq. 2.11 that give rise to radiations at 𝜔! − 𝜔! and 

𝜔! + 𝜔!, refer respectively to Stokes and anti-Stokes scattering and are expressed as: 

	   𝒑 𝜔! ± 𝜔! =
1
2𝜶𝒌

! 𝑄!𝑬𝟎 𝑐𝑜𝑠 𝜔! ± 𝜔! ± 𝛿! 𝑡   (2.13)	  

As intuitively explained in the diagrams of Figure 2.3, Stokes scattering occurs when 

the initial vibrational state is the ground state and the excitation takes place to a virtual 

state, decaying to a real vibrionic state with higher energy than the initial state. 

Therefore, the scattered photon has a lower energy than the incident photon. 
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Form eqs. (2.12) and (2.13) we can extrapolate the classic definition of the Rayleigh and 

Raman scattering tensor introduced in the last section: 

	   𝜶𝑹𝒂𝒚 = 𝜶𝟎   (2.14)	  

	   𝜶!!"# = 𝕽𝒌 =
1
2𝜶!

! 𝑄!    (2.15)	  

It is evident that the condition for both scattering effect must be a non-zero scattering 

tensor. Since all the molecules are polarizable, thus having some non-zero components 

of the tensor  𝜶!, they must show Rayleigh scattering. However, the condition for 

Raman activity requires at least one of the components 𝛼!"! !
 of the derived 

polarizability tensor 𝜶!!"#  to be non-zero and this is not always verified because, 

depending on the symmetry of the electron distribution, the change of polarizability 

might remain zero during a vibration. Thus, one component of the Raman scattering 

tensor must have a non-zero gradient at the equilibrium position. It is important also to 

note a certain complementarity with Infrared vibrational spectroscopy. The condition 

for Infrared activity is that at least one of dipole moment component derivatives must be 

non-zero when calculated respect the normal coordinates   𝑄! , meaning that if a 

particular vibration is Raman active might also be IR active at the same time. Both 

dipole moment and polarizability of a molecule strictly depends on the symmetry of the 

system, and those properties in general are not isotropic for a molecule. 

Since in a light-scattering experiment we measure intensities of scattering relative to 

space-fixed axes (often referred to as laboratory axes), it is useful to express the mixed 

tensor component 𝛼!"  contained in eq. 2.2, considering a fixed Cartesian reference 

system: 

	  

𝑝! = 𝛼!!𝐸! + 𝛼!"𝐸! + 𝛼!"𝐸!  

𝑝! = 𝛼!"𝐸! + 𝛼!!𝐸! + 𝛼!"𝐸!  

𝑝! = 𝛼!"𝐸! + 𝛼!"𝐸! + 𝛼!!𝐸!  

(2.16)	  

or, in matrix notation: 

	  

𝑝!
𝑝!
𝑝!

=

𝛼!! 𝛼!" 𝛼!"
𝛼!" 𝛼!! 𝛼!"
𝛼!" 𝛼!" 𝛼!!

𝐸!
𝐸!
𝐸!

   (2.17)	  
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The components 𝛼!"  can be used to generate irreducible representations of the 

molecular point groups, and only vibrations which generate the same irreducible 

representation can change the polarizability tensor component. Since the tensor is 

symmetric, the identities 𝛼!" = 𝛼!" and 𝛼!! = 𝛼!! are valid. A general second rank 

tensor can be indeed reduced to a set of three irreducible tensors: a diagonal tensor, an 

anti-symmetric traceless tensor and a symmetric traceless tensor. It follows that the 

Raman activity of various vibrational modes can be predicted a priori. Without entering 

too much in details, since as said before the polarizability possess non-isotropic 

characteristic, and it is possible to define two invariant quantities: the mean 

polarizability 𝑎  and the anisotropy 𝛾 as: 

	   𝑎 =
1
3 (𝛼!! + 𝛼!! + 𝛼!!)  

(2.18)	  

	  
𝛾! =

1
2 𝛼!! − 𝛼!!

! + 𝛼!! − 𝛼!!
! + 𝛼!! − 𝛼!! !

+ 𝑎!"! + 𝑎!"! + 𝑎!"!   
(2.19)	  

One direct consequence of this property of the polarizability tensor (being also 

symmetrical) is that spontaneously scattered light with directional properties is 

produced. Therefore the Raman scattered light naturally consists of parallel and 

perpendicular components because the direction of the bond may affect the direction of 

the polarization which does not necessarily coincide with the direction of the incident 

applied field. Note that some attention should be paid to distinguishing the term 

polarizability and polarization. As said before the polarizability describes a molecular 

property being related to the deformability of a bond. Polarization, in contrast, is a 

property of a beam of radiation and describes the plane in which the radiation vibrates. 

2.2.4 Raman intensity and polarization ratio 
It is interesting to now consider how these components of polarization, propagation and 

angular dependence of the incident and scattered radiation can be related to the intensity 

of the Raman radiation. This quantity also depends in a complex way on the 

polarizability of the molecule, the intensity of the source, the scattering cross section 

and many other parameters.  

We now define a reference system for the plane polarized radiation with two unit 

polarization vectors, one for the incident (𝒆!) and one for the scattered radiation  (𝒆!). 
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Figure 2.4 shows schematically the geometry of the space-fixed Cartesian axis system 

in which the origin represents the scattering molecule. Although the scattered radiation 

is propagating in all directions, the experimental conditions can be arranged so that the 

scattering which is observed along a particular direction. For this purpose both the 

incident and scattered polarization vectors can be written in their parallel and 

perpendicular components. 

	  

Figure 2.4: space-fixed Cartesian axis system x,y,z associated with the unit vectors (𝒆! ,      

𝒆!),   the linearly polarized electric field (𝐸!!) along yz and the scattering radiation 

intensity components (𝑝!!,  𝑝!!). 

Let consider now that the incident radiation is a plane harmonic monochromatic light 

linearly polarized in the yz plane having the electric field vector along the y axis (𝐸!!); 

the scattering radiation intensity components, along the x axis, are a perpendicular 𝐼! 

and a parallel 𝐼∥ polarization (respect to the original beam) observed respectively in the 

xy and xz plane. The 𝐼! quantity involves the diagonal component 𝛼!! of 𝜶, while 𝐼∥ 

contains the off-diagonal component 𝛼!" . Thus the intensity, which is general 

proportional to square of the dipole moment, for these two cases can be written as: 

	   𝐼! = 𝐾 ⋅ 𝑝!!
! = (𝛼!!𝐸!!)!   (2.20)	  

	   𝐼∥ = 𝐾 ⋅ 𝑝!! ! = (𝛼!"𝐸!!)!   (2.21)	  

𝐾 is proportional constant which contains the number of molecules that contributes to 

vibration (𝑁!!) and the scattering cross section (𝜎!).  
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Averaging over all orientations replacing 𝛼!!and 𝛼!"  with their isotropic averages 

value 𝛼!!
!

 and 𝛼!"
!

 we obtain: 

	   𝐼! = 𝜎!𝑁!! 𝛼!!
! (𝐸!!)!   (2.22)	  

	   𝐼∥ = 𝜎!𝑁!! 𝛼!"
! (𝐸!!)!   (2.23)	  

Introducing the irradiance  ℐ of the incident radiation, given by 

	   ℐ =   
1
2 𝑐!𝜀!(𝐸!!)

!   (2.24)	  

and expressing the isotropic averages through the tensor invariants 𝑎! and 𝛾! ,that are in 

the case of randomly oriented molecules, can be expresses as follows:  

	   𝛼!! ! = 𝛼!!
! =

45𝑎! + 4𝛾!

45    (2.25)	  

	   𝛼!"
! = 𝛼!"

! =
𝛾!

15    (2.26)	  

we finally obtain: 

	   𝐼! = 𝜎!𝑁!!
45𝑎! + 4𝛾!

45 ℐ   (2.27)	  

	   𝐼∥ = 𝜎!𝑁!!
𝛾!

15 ℐ (2.28)	  

The ratio between these two components, usually referred as the “depolarization” ratio, 

is one additional variable that is sometimes useful in determining the structure of 

molecules and can be written as: 

	   𝜌 =   
𝐼!
𝐼∥
=

3𝛾!

45𝑎! + 4𝛾!   (2.29)	  

Therefore, the intensity of the Raman scattered radiation is intrinsically related with 

Raman tensor elements, which represent the scattering components along various 

directions of the selected crystal structures, and thus with the polarizability 

characteristics of a crystal.   

2.2.5 Raman selection rules 
One of the advantages of Raman spectroscopy is its powerful theoretical background, 

which allows the determination a priori of the Raman selection rules, or the Raman 
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activity, of a selected vibration for a given molecule or crystal. Generally this 

determination usually is not easy to carry out because it requires group theory concepts, 

namely all the body of powerful mathematics contained in group theory and 

representation theory, and cumbersome quantomechanical equations. Since that 

polyatomic molecules have 3𝑝𝑁 − 6 (if linear  3𝑝𝑁 − 5) normal vibration, where 3𝑝𝑁 

are the degree of freedom and 6 represent the allowed rotation, it becomes necessary to 

use the assistance of the symmetry operation to rationalize the problem. Without this 

approach, only the easiest molecular cases can be explained. Since the explanation of 

the theoretical bases of the group theory and is relationship with the Raman scattering 

tensor is out of purpose of this thesis, (the complete mathematical treatment is reported 

in several textbook [30, 31] Raman and Infrared activity will be briefly illustrated 

considering the changes of both dipole moment and polarizability tensor in three easy 

cases: a homonuclear diatomic molecules (A2), heteronuclear diatomic molecules (AB) 

and a linear polyatomic molecule (ABA).  

The easiest molecule to consider is then a homonuclear diatomic molecule A2, which 

possesses only one vibrational mode. Since the two atoms generally contribute with the 

same number of electron in the formation of a 𝜎 bond, the electronic distribution is 

hence symmetric and the molecule does not possess a permanent dipole moment in the 

equilibrium position. The dipole also does not change for small displacement of the 

atoms respect to the equilibrium position and its derivative is zero. This vibration is thus 

infrared inactive. However, the polarizability of the molecule is non-zero and since we 

are considering a 𝜎  bond the polarizability tensor can be defined only by two 

components, one for the polarizability along or parallel to the bond 𝛼∥ and one for the 

polarizability perpendicular respect the bond direction  𝛼!. Both the derivatives of these 

components are non-zero for some values of internuclear separation and hence the 

vibration mode is Raman active.  

Following this reasoning, let now consider the case of a heteronuclear molecule AB 

which also has one vibrational mode. In this case the molecule does not possess a 

symmetric electron distribution, so it must have a permanent dipole moment, which has 

it maximum value at an internuclear distance different from the equilibrium position. 

Therefore the derivative of the dipole moment at the equilibrium position will be non-

zero and this mode is Infrared active. Clearly, considerations on the polarizability did 

for a homonuclear molecule can be applied to this case, and so the vibration is also 

Raman active.  
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The case of polyatomic molecules is slightly more complicated since those molecules 

possess more than one vibrational mode and the forms of the vibrations can be 

complicated involving stretching, bending, compression of the bond and so on. 

Therefore, both the total dipole moment and the polarizability are formed by the 

contribution of different individual bond dipoles and polarizabilities, which regard to 

the different heteronuclear bond inside the molecule. The easiest molecule to consider is 

a linear symmetric molecule ABA, which has four modes of vibrations: one symmetric 

(𝑄!!) and one antisymmetric stretching (𝑄!") and two degenerate bending modes (𝑄!!, 

𝑄!!) with the same vibrational frequency. Since the symmetry of its electron cloud the 

molecule does not have any permanent dipole. For the symmetric stretching (𝑄!!) mode 

both the AB bonds are first stretched and then compressed simultaneously: the non-zero 

bonds dipole derivatives nullify each other making the mode Infrared Inactive, 

contrarily the non-zero bonds polarizability derivatives are additive and the mode is 

Raman active. For the anti-symmetric stretching (𝑄!") we have an opposite behavior 

since AB bonds are stretched and compressed non-simultaneously: in this case the 

bonds dipole derivatives are additive while the bonds polarizability derivatives cancel 

concurrently, hence the vibration is Infrared active and Raman inactive. Again, the two 

degenerate bending modes (𝑄!!, 𝑄!!) are Infrared active and Raman inactive because 

the dipole moment derivatives perpendicular to the bond direction are non-zero but all 

the six molecular polarizabilities contribute are zero in this model. Figure 2.5 illustrates 

schematically the three considered cases.  

	  

Figure 2.5: Polarizability and dipole moment variations at the equilibrium position and 

vibrational Raman and infrared activities for linear AA, AB, ABA molecules. 
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As can be clearly seen the symmetry of the molecule plays a key role in the 

determination of the expected Raman mode and in the morphology of the Raman tensor. 

To go further, it becomes necessary using the assistance of the symmetry operation in 

combination with the group theory. If a crystal or a complex molecule is considered, the 

lattice vibrations are directly correlated by elementary point group symmetry operations 

in its unit cell. The determination of the point symmetry group is of fundamental 

importance in Raman spectroscopy, because they determine the appearance of Raman 

bands. Each symmetry operation has a corresponding symmetry element, that could be 

the point, the line, or the plane with respect to which the operation is performed. As 

expressed in the commonly adopted Schönflies (or in Hermann-Mauguin) [32] notations 

there are basically five types of symmetry operations: the identity operation I, that leave 

the system unchanged; the plane of symmetry   𝜎, that is a reflection; the center of 

symmetry 𝑖,  that is an inversion (or a reflection at the center); the p-fold axis of 

symmetry 𝐶! and the p-fold rotation-reflection axis 𝑆!. All the operations, when applied 

produce a configuration indistinguishable from the original one. 

Given the direct relationship between symmetry characteristics and vibrational 

properties, implemented with notions of group theory we are able to decompose the 

Raman tensor as irreducible representations, which give us the correct information 

about the vibrational modes. Therefore, a rigorous determination of the allowed 

vibrational modes, which are usually classified depending on the propagation direction 

of the selected mode with respect to the selected polarization direction, (longitudinal 

optic LO and transverse optic TO) relies on the complete analysis of the internal atomic 

displacements of a crystal.  

In other words, the experimental analysis of polarized Raman scattering from known 

crystallographic structure provides a physical insight into the real symmetry properties 

of vibrational modes or, on the contrary, the knowledge of the selection rules for the 

investigated crystal can be applied to quantitative assessments of unknown 

crystallographic directions. Practically, this can be achieved by the mean of Polarized 

Raman experiments. Now, we should define a general approach to describe Raman 

intensity on the basis of three Euler angles in space, which can be applied to any crystal 

structure. Hereafter, the polarized Raman experiments will be defined by the so-called 

Porto notation [33], which follows Raman tensor element concepts explained in section 

2.2.3, with a change of mathematical formalism. In this notation, we use two distinct 

systems of Cartesian axes, associated to the incoming and scattered radiation, described 
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by a total of four rotational indexes 𝑖 𝑘𝑙 𝑗, in which the incident light is propagated 

along the 𝑖  direction with its electric vector in the 𝑘  direction, while the Raman 

scattered light is collected from the 𝑗 direction with the analyzer so placed that it passes 

light with the electric vector aligned along the 𝑙 direction. The incident and scattered 

radiation are defined with the two unit polarization vectors seen before, respectively  

(𝑒!) and   𝑒! . So, on the basis of eq. 1.20 and 1.21, we can re-write a general equation 

for the intensity of the scattered radiation of a particular vibrational mode as follows: 

	   𝐼 ∝    𝒆!𝕽𝒆! 𝟐   (2.30)	  

where 𝕽 ≡ 𝕽𝒊𝒋  represent   the  second-‐rank Raman tensor. In all the Raman polarized 

experiments reported in this thesis, the polarization of the incident light will be fixed 

parallel to the y-axis (of the laboratory reference system), while both parallel and cross 

polarization will applied to the Raman scattered light in a backscattered geometry, 

through an optical polarizer. These configurations of the polarized Raman light that 

correspond to 𝑧 𝑦𝑦 𝑧 and 𝑧 𝑥𝑦 𝑧 direction of our choice of Cartesian axes for Euler 

angles (as shown in Figure 2.4) will be henceforth defined respectively as “parallel” and 

“cross” polarization, which exactly correspond with the configurations geometry seen in 

the last section. The unit polarization vectors (𝒆𝒊) and   𝒆𝒔  can then be explicitly 

expressed in Cartesian coordinates, with respect to their parallel (∥) and cross (⊥) 

polarization: 

	   𝑒!
∥ = 0 1 0    𝑒!∥ =

0

1

0

   𝑒!∥ =

1

0

0

   (2.31)	  

In order to obtain a series of independent periodic equations in the three Euler angles, 

which represent an expansion of the so-called Raman selection rules of crystals and 

fully describe the angular dependences of the intensity of the Raman modes for any 

given crystal structure, we need to transform the Cartesian system of coordinates 

associated to the crystallographic frame 𝑋!"# ,   𝑌!"# ,   𝑍!"#  into the laboratory frame 

ones 𝑥!"# ,   𝑦!"# ,   𝑧!"# ≡ 𝑥,𝑦, 𝑧 . This can be easily done expressing the Raman tensor, 

𝕽,   in   the   laboratory   frame.  The  new  “rotated”   tensor 𝕽!"# is obtained through the 

matrix of Euler angles, 𝚽!"# and its inverse 𝚽!"# as: 

	   𝕽𝒙𝒚𝒛 = 𝚽𝒙𝒚𝒛𝕽𝚽𝒙𝒚𝒛   (2.32)	  

where 𝚽!"# and 𝚽!"# are given by: 
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	   𝚽!"# =

cos𝜃cos𝜑cos𝜓 − sin𝜑sin𝜓 cos𝜃sin𝜑cos𝜓 + cos𝜑sin𝜓 −sin𝜃cos𝜓

−sin𝜑cos𝜓 − cos𝜃cos𝜑sin𝜓 cos𝜑sin𝜓 − cos𝜃sin𝜑sin𝜓 sin𝜃sin𝜓

sin𝜃cos𝜑 sin𝜃sin𝜑 cos𝜃

   (2.33)	  

	   𝚽!"# =

cos𝜃cos𝜑cos𝜓 − sin𝜑sin𝜓 −sin𝜑cos𝜓 − cos𝜃cos𝜑sin𝜓 sin𝜃cos𝜑

cos𝜃sin𝜑cos𝜓 + cos𝜑sin𝜓 cos𝜑cos𝜓 − cos𝜃sin𝜑sin𝜓 sin𝜃sin𝜑

−sin𝜃cos𝜓 sin𝜃sin𝜑 cos𝜃

   (2.34)	  

in which 0 ≤ 𝜃 ≤ 𝜋, 0 ≤ 𝜑 ≤ 2𝜋  and 0 ≤ 𝜓 ≤ 2𝜋.  

Introducing eq. 2.32 in eq. 2.30 is possible to obtain the back-scattered intensity of any 

Raman band in the laboratory reference system. The explicit morphology of the 

“extended” Raman selection rules can be worked out for different crystal structures. 

2.2.6 Note on quantum theory 
From a theoretical point of view the Raman emission was first related to the quantistic 

view of molecular polarizability through the work of Paul A. M. Dirac and Georg 

Placzek. Through a quantum mechanics application of the perturbation theory as a two-

photon process (i.e., with considering one incident photon disappearing and a scattered 

photon with a shifted wavenumber appearing with a transition corresponding to the 

Raman shift), Dirac was able to formulate the so-called Kramers-Heisenberg-Dirac 

dispersion equation, which expresses the Raman scattering tensor components as a 

function of the so-called polarizability tensor [34, 35]. Few years later, Placzek put 

forward his polarizability theory [36]. Actually, a prediction of the Raman scattering 

effect could already be foreseen in the theoretical work proposed by Adolf Smekal, the 

so-called quantum mechanical dispersion theory of Raman scattering. Smekal’s theory 

actually includes an explicit expression of the Dirac polarizability tensor as directly 

derived from the Kramers-Heisenberg-Dirac time-dependent perturbation theory [21]. 

However, the formalism on which such derivation is based contains a summation 

procedure over vibrionic states quite complicated to use in conjunction with any 

experimental practice. Placzek was instead successful in deriving a “more visual” 

expression that relates this theory to the quantum mechanical dispersion theory by 

indicating the role of the excited states. According to Placzek’s theory, under off-

resonance conditions with a non-degenerate ground electronic state, the Raman 

scattering tensor component could be approximately described through the elements of 

a vibrational matrix of the Dirac polarizability tensor in both its initial and final 
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vibrational states. One of the main outputs of the Placzek’s polarizability theory is that 

the Raman scattering tensor should always be symmetric, because the polarizability 

tensor itself is symmetric in nature. As a striking consequence of this finding, the 

frequency of the observed Raman emission should always be dual and symmetric with 

respect to the frequency of the incident radiation.  

2.2.7 Instrumentation 
As briefly discussed in the introduction of this chapter, a micro Raman apparatus able to 

record Raman spectra generally consists of five main components: a source of 

monochromatic light to induce the Raman scattering; a microscope device to focus 

incident and collect the Raman light; a spectrograph, that split the collected light in a 

spectrum of frequencies, a detector, which transduce the light in an electrical signal; a 

post- acquisition software, which serve as visual interface able to display the spectrum 

of frequency. The instrumentation, which is able to correctly visualize and display a 

noise-free Raman scattering spectrum, consists also in several fundamental component. 

Among them is worthy to note the notch filter that can cut-off the elastic Rayleigh 

scattering of the laser and the optical polarizer, which enable the collection of the 

polarized Raman light. All the spectroscopic experimental results reported in this thesis 

were carried out at room temperature, in a backscatter configuration, using a micro-

Raman spectrometer (T-64000, Horiba/Jobin-Yvon., Kyoto, Japan).  

An overall view of the instrument is shown in Figure 2.6. A quite high percentage of 

laser stray-light rejection, as compared to standard notch filter configurations, 

represents one of the key features of this equipment. This system, providing a versatile 

platform for Raman analysis, is equipped with an integrated triple spectrometer design 

for increasing optical stability and spectral resolution, and a set of holographic 

diffraction gratings of 600 gr/mm, 1800 gr/mm and 2400 gr/mm. The gratings in the 

spectrograph stage determine the resolution and the range of wavelength that a 

spectrophotometer can handle. Indeed, a higher number of grooves per mm results in a 

better dispersion of the polychromatic light. The dispersion at a wavelength of 600 nm 

with the lattice 1800 gr/mm in subtraction mode was 0.64 nm/mm, while in addition 

mode 0.21 nm/mm. Typically, at 514.5nm, resolutions for the 600 gr/mm, 1800 gr/mm 

and 2400 gr/mm are respectively 1, 2 and 6 cm-1. Also the width of the spectral band 

depends on the grating used.  
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Figure 2.6: Schematic draft of the T-64000 Raman spectrophotometer. 

 

Figure 2.7: Operative scheme of the T-64000 spectrophotometer. 
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The T64000 spectrometers can basically work in two different modes: a single 

configuration in which only one monochromator, the spectrograph, is employed (stage 3 

in Figure 2.7) and a triple configuration, in which a double (twin) 1800gr/mm grating 

works as a pre-monochromator (stage 1 and 2 in Figure 2.7) before the spectrograph.  

The detector used to acquire the spectrum is a multichannel 1024 x 256 pixels CCD 

camera device (CCD-3500V, Horiba Ltd., Kyoto, Japan) mounted in the plane of the 

exit image.  The CCD is liquid-nitrogen cooled down to 140 K. During the experiments, 

two different laser line was used as light excitation source: a continuous wave (CW) 

water-cooled 488 nm Ar-ion laser (Stabilite 2017, Spectra Physics, Mountain View, 

CA, USA) and a 532-nm Nd∶YVO4 diode-pumped solid-state laser (SOC JUNO, 

Showa Optronics Co. Ltd., Tokyo, Japan) operating with a power of 200 mW. The laser 

beam is focused on the sample by means of an optical microscope, which has three 

different objective long focus lenses: a 100x objective lens with NA=0.8, a 50x 

objective lens with NA=0.5 and a 20x objective lens with NA=0.4. The 100x objective 

lens, the most used during the experiments, allows obtaining a spot size of about 1 µm. 

Since the light is collected in backscattering configuration as shown in Fig. 4.10, the 

scattered light must be separated from the incident beam using a beam splitter.  

2.2.7.1 Confocal mode and probe response function 

When the laser spot is focused onto a solid or liquid sample, the property of the beam, 

such the penetration depth and its shape, strictly depends by the refractive index and the 

absorption characteristics of the material. Hence, the Raman scattering will occur within 

this so-called probe volume and detected with different intensity along the beam length 

and across the focal plane. Therefore, the spectrum measured from a point on the 

surface of the sample will carry with it the information, sometimes undesired, from the 

crystallographic planes below the surface. However, the T64000 Raman spectrometer is 

equipped with a set of cross-slit, which allow the modulation of the Raman probe and 

hence work in confocal mode, thus excluding those information from the region out-of-

focus. The confocal microscopy, patented by Minsky in 1957 [37], is a well-known 

technique commonly employed in the Raman spectroscopy and in other imaging 

microscopy [38]. As depicted in Figure 2.8(a) Through two filtering pinhole, one placed 

on the laser beam path (enhancing the Gaussian shape of the probe) and the other one 

located in the exit focal plane of the microscope (improving both lateral and axial space 

resolution), it is possible to exclude the light originating from the out-of-focus planes. 

The signal from the surface is brought to a focus at the aperture and passes without 
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significant attenuation. On the other hand, out-of-focus light from below the surface is 

brought to a focus before the aperture and is thereby cut off. Nevertheless, for a 

quantitative deconvolution of the Raman spectra within a set of given focal planes, this 

approach needs to be coupled with a theoretical characterization of the laser probe 

geometry when it interacts with the sample.  

This means that a detailed knowledge of the “probe response function” (PRF) is 

required, which must be experimentally determined in each single case. The PRF, 

depending on the geometry and the physical properties of the sample, is composed of 

two main terms, as showed in Figure 2.8 (b) and (c): the in-plane probe response 

𝐺!"(𝑥,𝑦, 𝑥!,𝑦!) and the in-depth probe response 𝐺!"(𝑧, 𝑧!). The first term takes into 

account the lateral resolution and can be calculated acquiring the Raman intensity as a 

function of the in plane displacement (𝑥!)  of the probe, while the second one gives the 

in-depth resolution and can be calculated by defocusing the probe along the axis normal 

to the sample surface (𝑧!).  

	  

Figure 2.8: (a) Schematic draft of the confocal configuration for Raman assessments.  

Methods of PRF calibrations for quantitatively representing in-plane and in-depth probe 

structure and morphology are shown in (b) and (c), respectively. 
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Thus, the observed intensity of the Raman spectrum depends on the geometrical 

distribution (the PRF) of the scattered light around the irradiation point. Following the 

reference [39, 40], when the laser is focused on a given position 𝑃!(𝑥!,𝑦!, 𝑧!), the PRF, 

that is a convolution of the in-plane and in-depth probe response, weighting the 

intensity of the light scattered from a point 𝑃 𝑥,𝑦, 𝑧 , can be expressed as: 

	  

𝐺 𝑥,𝑦, 𝑧, 𝑥!,𝑦!, 𝑧! ∝ 𝐺!" 𝑥,𝑦, 𝑥!,𝑦! ×𝐺!" 𝑧, 𝑧!

= exp −2
𝑥 − 𝑥! ! + 𝑦 − 𝑦! !

𝑅!
𝑝!

𝑧 − 𝑧! ! + 𝑝! exp  (−2𝛼𝑧)  
(2.35)	  

Where 𝑅   is   the   radius  of   the   laser  beam   in   the   focal  plane, 𝑝 is the probe response 

parameter, (which for an unfocused beam tends to infinity), and 𝛼 is the absorption 

coefficient of the material at the incident wavelength.  

2.3 Cathodoluminescence Spectroscopy 

2.3.1 Introduction 
In general, luminescence is a common process in solid materials, in which a photon is 

emitted due to a photo-emissive electron transition from an excited electronic state to a 

state with lower energy, after the absorption of energy by the considered system. The 

spectroscopic information carried by the emitted photons strictly depends both on the 

excitation method (hence the source of energy), and on the mechanism of the process on 

which the radiation is generated (the type of the luminescent system). According to the 

excitation method a classification of different luminescence is showed in table I.I in 

which the principal type of luminous emission and its related source are summarized. 

The excitation source comprises several kind of different generated energy, from high-

energy particles like electron x-ray photons and γ-rays to mechanical energy. Different 

energy source can match and stimulate different radiation centers in material, such as 

electron transition in rare earth, in transition ions, in semiconductor compound and so 

on. Among this technique, the photoluminescence (PL) is the most common one since 

does not require any particular high-energy excitation nor vacuum systems, and usually 

emit in the visible or UV region of the electromagnetic spectrum.  

The term cathodoluminescence (CL) indicates the general phenomena of the light 

emitted from a solid sample as a result of electron beam (cathode-ray) irradiation. If we 

consider a particular radiative center, the mechanism implicating the photon emissions 
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in inorganic materials could be similar for the different excitation energy. Therefore, the 

comparison of CL with other phenomena such as Photoluminescence and 

electroluminescence yields similar results. Nevertheless, many differences arise in the 

features of the characteristic excitation process: for example, the excitation with an 

electron beam normally stimulates every mechanism of luminescence present in a 

specimen, while the excitation with light beam depends strictly to the energy of the 

photons and can be used for selective excitation. In particular, irradiating by means of 

electron beam a solid target, like semiconductor or insulator, may result in the creation 

of electron-hole pairs, in number several orders of magnitude higher than by optical 

excitation. So, in this way we could obtain an increased yield of the luminescence 

process in high band gap materials. 

In the last four decades, the CL has been an important technological phenomenon on 

which were based the cathode ray tubes (CRT) devices, such television or computer 

terminal. This phenomenon was observed for the first time in the middle of the 1800 

during experiments of electrical discharges in evacuated glass tubes, which showed 

luminescence when the cathode ray hits the glass. It is worth to note the observation of 

this phenomenon, led Thompson, at the end of last century, to discover the electron 

particle. Some year later Sir William Crooks, started to investigate in detail the 

luminescence emission from the cathode ray tube and a possible application in 

spectroscopy [41]. However, systematic observations of the luminescence induced by 

electron as a spectroscopic tool (as all the general luminescence) were not made until 

the middle sixties by Smith and Stenstrom [42]. This researcher to carry out the CL 

spectra utilized an instrumentation composed by a petrographic microscope with an 

electron gun attached to it. However, the biggest improvement to this spectroscopic 

technique occurred with the development and the improvement of the scanning electron 

microscopy (SEM). Initial study about the possibility of the utilization of this equipment 

for CL measurement was made first by Krinsley and Hyde in 1971 [43] then with 

Zinkernagel, who have been the first to investigate the relationship between quartz 

cathodoluminescence [44]. Today, CL devices are normally commercialized by the 

same companies, which produce the SEM instrumentation in a coupled CL-SEM 

apparatus. The physics basis necessary to understand the causes responsible for CL 

emissions deals with the band theory of solids. The energy bands and the energy state of 

electrons in crystal are considered and serve as a basis for interpretation of the CL 

spectra of crystals.  
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2.3.2 Luminescence process in band-gap material 
In general, whatever is the excitation source, the mechanism of luminescence could be 

described in terms of three fundamental processes: the absorption of excitation energy 

and stimulation of the system into an excited state, the transformation and/or transfer of 

the excitation energy, and the emission of photon and relaxation of the system to a non-

excited state [45].  We should note that, after the absorption of energy by the system, 

the electron could pass from the ground state level to an excited state, and return to the 

ground state level through radiative transition or non-radiative. In the first case, the 

wavelength of emitted photons usually depends on the energy difference between the 

excited and the ground levels, in the second the absorbed energy can be dissipated as a 

result from interaction with the lattice or a through transfer of energy to other ions. In 

band-gap materials, such as semiconductor or insulator, the excitation process means 

the excitation of an electron from the valence band to the conduction band or to a 

metastable energy, with the generations of a hole.  

According to this, is possible to distinguish the luminescence transition between 

“intrinsic” or fundamental emission, and “extrinsic” or activated emission [46]. Intrinsic 

CL is due to the recombination of an electron from the conduction band and a hole from 

the valence band across the fundamental energy gap. This luminescence emission can 

be considered as an “intrinsic” property of the material, where the photons are emitted 

with energy ℎ𝜈!"# = 𝐸!, where 𝐸! represent the band gap energy. This process, which 

could be used to directly measure the band gap of a semiconductor, can be divided into 

direct and indirect transition. Generally, in a semiconductor material, the electronic 

transition across the band gap occurs between the electrons filled state at the minimum 

of the conduction band and the unoccupied state at the maximum of the valence band, 

or in other words, where the band gap energy has its minimum value. If these states are 

at the same values of the wave vector 𝒌, the momentum is conserved, and the transition, 

with a photon emission, is direct; if not, the transition is indirect and to conserve the 

momentum the recombination of an electron-hole pairs must be accompanied by the 

simultaneous emission of a photon and a phonon. Hence, the materials in which the 

momentum is conserve during the electron transition take the name of direct-gap 

semiconductor (GaAs, CdS, InP) while in the other case the materials are indicated as 

indirect-gap semiconductor (GaP, Si, Ge), as illustrated schematically in Figure 2.9. The 

probability that the indirect transition can occur is lower in comparison with the direct 

one; therefore the CL emission in these materials is relative weak. 
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Figure 2.9: Representation of transition in direct gap and indirect-gap semiconductors. 

 

Extrinsic CL emission takes place in the semiconductor or insulator materials, in which 

the transition can occur between impurity atoms or defects (or generally “activators”) 

localized states and the valence band. Moreover, depending on their energy position 

within the band gap, electron transition can occur also between traps near the 

conduction band (electron donor level) and recombination sites in the proximity of the 

valence band (electron acceptor levels). The extrinsic emitted luminescence, that can be 

more intense than intrinsic CL emission, is a particular characteristic of the activator 

and brings with it additional information.  

Figure 2.10 shows a simplified outline of different transitions able to generate photon 

emission in semiconductor or insulator materials. We should note that in material with a 

high energy gap is the existence of activator which forms discrete energy levels is a 

precondition for CL emission. As showed in the picture, CL recombination processes 

may be due to (a) recombination by direct band-to-band transition (intrinsic CL); (b-e) 

recombination via localized states in the forbidden gap (extrinsic CL); (f) excitation and 

recombination within the defect energy levels. Besides these processes, non-radiative 

recombination of electron-hole pair, as in the case of multiple phonon emission, direct 

conversion of an electron into heat and recombination due to surface states defects 

could occur [47]. 
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Figure 2.10: Luminescent recombination mechanism due to (a) intrinsic CL, (b-e) 

extrinsic CL and (f) localized states. Ea and Ed are acceptor and donor level, 

respectively. 

2.3.3 Electron probe – sample interaction and generation of CL signal 
When an electron beam strikes a solid surface, several processes occur. Usually the 

electron beam penetrates into the specimen and interacts with the microstructure 

through collisions between impinging electrons and atoms. Since the colliding particles 

are charged, electrostatic forces govern the interactions. Considering the interaction 

between an electron with the sample, two phenomena can occur: the electron may hit an 

atomic nucleus, that hardly changes its position and is deflected without significant 

energy loss (elastic scattering) or the electron collides with the electrons of the atomic 

shells and part or all of the energy is transferred to the target electrons (inelastic 

scattering). As illustrated in Figure 2.11, both processes operate simultaneously and 

provide a wide variety of useful signals such as emission of secondary electrons, back 

scattering electrons, Auger electrons, characteristic X-ray and cathodoluminescence 

emission, even if most of the electrons are absorbed (sample current) and/or converted 

into heat. As a consequence of these scattering processes, an electron probe spreads 

over a great volume after penetrating the specimen. The shape and the size of this 

scattering volume depend upon the material, the beam energy and the angle of incidence 

of the electron beam. 
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Figure 2.11: Schematic representation of the processes resulting for electronic 

bombardment. 

 

However, not all the CL process arises from the excitation site, because energy transfer 

may occur due to the interaction with the lattice, and the site of emission can be distant 

[48]. To excite significant CL, in a semiconductor or insulator, the energy of electron 

beam must be limited otherwise the destruction of the specimen or of specific defects 

including luminescence centers could occur. For this reason, the acceleration voltage 

used in CL measurement is rather low (1-10 keV). As a function of energy and intensity 

of the incident electron beam, to understand how the cathodoluminescence signal is 

generated, we should consider some aspect about the interaction between the electron 

and the matter. Indeed the dimension of the electron probe, determined of its energy, 

influence the penetration depth and the generation of electron-hole pairs, are 

fundamentals quantity in the determination the CL intensity.  

2.3.3.1 Electron beam penetration range 
As the result of different scattering events that the electrons undergo when penetrate 

into the solid, the original trajectories of them are randomized. In general, an empirical 

expression for the range of electrons penetration 𝑅! as a function of energy of the 

electron beam 𝐸!, was found by Everhart and Hoff [49]: 
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	   𝑅! =
𝑘
𝜌𝐸!

!    (2.36)	  

where 𝜌 is the density of the material, 𝑘 depends on the atomic number of the material 

and is also a function of energy and 𝛼 depends on the atomic number and the electron 

beam energy 𝐸!. A more general expression, regarding the length of a random trajectory 

that one electron can follow in the solid, based on the eq. 1.36 was derived by Kanaya 

and Okayama [50]: 

	   𝑅! =
0.0279𝐴
𝜌𝑍!.!!" 𝐸!!.!"   (2.37)	  

where 𝐴 is the atomic weight and 𝑍 the atomic number. This equation works for a wide 

range of atomic number and is in agreement with experimental results [51].  

The shape of the excited volume depends both on the electron beam energy and the 

atomic number of the atoms, which constitute the solids. For the same energy, the 

excited volume may be a drop shape for materials with low atomic number (Z<15), or 

spherical and semispherical shape for materials with respectively medium (15<Z<40) 

and high (Z>40) atomic number. The shape of the electron probe is important because 

determines the volume in which the electrons generate the electron-hole (e-h) pairs, thus 

the one in which the largest part of the cathodoluminescence signal is generated. 

According to Yacobi and Holt [46], the generation factor 𝐺, that is the number of the e-

h pairs generated by an electron, is given by: 

	   𝐺 =
𝐸!(1− 𝛾!)

𝜀!
   (2.38)	  

where 𝜀!  is the total ionization energy (i.e, the amount of energy needed for the 

formation of an electron-hole pair), and 𝛾!  represents the fractional electron beam 

energy loss due to the backscattered electrons. This equation is of particular importance 

because 𝜀! has been found to be a constant for any given material, independent of the 

incident energy, and is related to the band gap energy 𝐸!  as 𝜀! = 3𝐸! . As a first 

approximation the e-h pair generation rate, within the electron probe volume can be 

calculated by the total electron energy loss profile [52], which can be expressed by the 

Bethe equation: 

	  
𝑑𝐸!
𝑑𝑆 = −2𝜋𝑒!𝑁!

𝜌𝑍
𝐸𝐴 ln

1.166𝐸!
𝐽    (2.39)	  
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where 𝑆 is the penetration depth and 𝐽 is the average energy loss considering every 

possible events. The CL generation rate in that volume, in materials that exhibit 

negligible minority carrier diffusion can be determined by integrating the total electron 

energy loss profile. Since the Everhart-Hoff equation (eq. 2.36) does not account for 

diffusion, it is not appropriate for modeling the spatial CL generation. Total energy loss 

profiles can be calculated accurately through Monte Carlo (MC) simulation of the 

primary electron in solid. 

Similarly with other spectroscopies the intensity of a CL emission band is the product of 

three terms expressing the generation of CL photons within the solid resulting from 

electron-atom interaction, the emission of CL photons resulting from generated photon-

solid interactions and the experimental and instrumental parameters. A general equation 

for the observed CL intensity, which is proportional to the number of e-h pairs created 

by the incident beam weighted by the radiative recombination coefficient, is given by: 

	   𝐼!" = 𝐹!𝐹!𝐹!𝜂
𝐺𝐼!
𝑒    (2.40)	  

where 𝐹! is a terms accounting instrumental factors, 𝐹! is the absorption factor, and 𝐹! 

is a factor accounting for internal reflection loss of CL intensity, 𝜂  is the ratio of the 

radiative recombination rate to the total recombination rate and 𝐼! the incident electron 

current. For insulating material in which CL is extrinsic in origin, is difficult to obtain a 

unique expression for CL intensity as a function of the experimental conditions. The 

observed intensity is not only proportional to the e-h pairs generated; in fact during the 

irradiation the temperature increase, the bulk could change and the production of x-ray 

photons can modify the radiative and non-radiative transition probabilities. For these 

reasons the dependence between the CL intensity and the excitation is expressed by: 

	   𝐼!" = 𝑓(𝐼! ,𝑑, 𝑡) 𝑉 − 𝑉! !    (2.41)	  

where 𝑑 is the beam diameter, 𝑡 the irradiation time, 𝑉 the electron beam voltage and 𝑞 

is a factor comprised between 1 and 2 [53]. 

2.3.4 CL-SEM instrumentation 
The development of new scanning probe microscopy techniques has made possible the 

CL analysis by means of the scanning electron beam of SEM equipment, creating a 

coupled SEM-CL microscopy. Figure 2.12 shows a schematic representation of a SEM-

CL apparatus. SEM microscope can be equipped with optical devices that enable direct 
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light collection from the specimen during the electronic bombardment. For this purpose, 

usually a parabolic or ellipsoidal mirror is placed a short distance above the sample 

surface. The electron beam is properly focused on the sample surface with an 

electromagnetic lens, passes through an aperture on the mirror and impacts the surface. 

The light generated from the sample, which is placed at the focus point of the mirror, is 

reflected to a detector. The mirror is not fixed and can be moved through a set of 

mechanical manipulators that allow the adjustment of the mirror position. The mirror 

reflects the light generated from the sample, placed on its focus point (see Figure 2.13), 

into an optical fiber where is transmitted to a CCD detector that normally employs a 

PMT unit. The CCD allows the simultaneous collection of the entire range of 

wavelength (from about 300 to about 800 nm) avoiding spectral distortions between the 

different 

The cathodoluminescence measurements were performed by a field-emission scanning 

electron microscope (FE-SEM) with a Schottky-emission type gun (Hitachi S-4300 E) 

as the excitation source. The FE-SEM was mounted on an optical table, which aiding 

the optical alignment and reducing the vibration. The specimen chamber is supplied by 

a “fast entry” system for the introduction and the extraction of the samples directly on 

the stage without changing in pressure. A high-sensitivity CL detector unit (Horiba MP-

32FE) was employed for the collection of light upon reflection into an ellipsoidal mirror 

and transmission through an optical fiber. The spectrum of the emitted light was 

analyzed using a high-resolution monochromator (Horiba/Jobin Ivon-Spex TRIAX 

320), equipped with a charge-coupled device (CCD) camera. 
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Figure 2.12: Schematic representation of a coupled SEM-CL. 

 

Figure 2.13: Schematic representation of reflection by the mirror. 
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3 OXYGEN HOLE STATES IN ZIRCONIA 
LATTICES: QUANTITATIVE ASPECTS OF 
THEIR CATHODOLUMINESCENCE EMISSION 

3.1 Introduction 
Detailed understanding of the structure and off-stoichiometry of oxygen sub-lattice in 

ionic materials and its mobility/stability under different environmental conditions is a 

key to solve a number of fundamentally important technological problems. These (non 

exhaustively) include designing biomedical devices made of oxide ceramics with 

significantly improved lifetimes in the human body,[7, 54, 55] improving dielectric 

permittivity in oxynitride relaxor-type ferroelectrics with perovskitic structure, [56] and 

enhance ionic conductivity in fuel cell electrolytes.[57] In all these cases, anion order is 

expected to have a strong influence on physical properties, especially when these are 

sensitive to local disorder and distortions.[58] In this context, cathodoluminescence 

spectroscopy (CL) has already been phenomenologically applied to a number of 

advanced topics and appears to possess a potential to unfold several fundamental issues 

to them related.[59-63] Besides its uniqueness as a direct means of visualizing oxygen 

vacancy concentration in the very neighbourhood of oxide surfaces, CL is also capable 

of providing mechanical stress information by exploiting a piezo-spectroscopic effect 

on the light emission from oxygen vacancy sites. In other words, the vacancy sites can 

be employed, upon preliminary quantitative calibrations, as “stress sensors” in both 

crystalline and amorphous lattices.[60-62, 64] However, many basic aspects of the CL 

emission from oxide materials yet remain to be clarified, which confines CL 
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spectroscopy to somewhat incomplete outputs and limits its potential efficacy both in 

material physics and in applicative engineering research. Oxygen vacancies can have a 

significant role in defining the functional and structural properties of ZrO2 ceramics. For 

example, their concentration and spatial distribution are decisive factors in 

environmental stability and ionic diffusivity. Actively doping ZrO2 with aliovalent 

cations (e.g., Y3+, Mg2+), for example, is known approaches to partially stabilize the 

tetragonal phase at room temperature,[59, 65-67] a practice that has widely been put 

into use in designing oxide materials for biomedical devices. Nitrogen anions can also 

be introduced in the ZrO2 lattice upon annealing under pressure to partially replace 

oxygen in solid electrolytes under reducing conditions.[68] An example is the 

adsorption/hydroxylation of water at vacancy sites on environmentally exposed ZrO2 

surfaces.  In previous papers,[59, 65] we have accurately monitored the oxygen-vacancy 

activity of ZrO2 related ceramics, as well as that of other ceramic oxides like as Al2O3 

and TiO2, by means of spectrally and spatially resolved CL spectroscopy. However, 

compared to other ionic solids, the CL behaviour of zirconia is definitely more cryptic 

and counterintuitive. The most striking feature we have found is that the intensity of the 

CL signal emitted from a sub-stoichiometric YSZ lattice actually decreases with 

increasing oxygen-vacancy concentration. Note that, if the CL signal were directly 

emitted from the oxygen-vacancy site, one would expect that its intensity should 

increase, rather than decrease, with increasing vacancy concentration. This effect, 

already reported by several different research groups,[69-71] has not yet been 

unambiguously explained, although several interpretations have been offered in the 

attempt to elucidate it. Moreover, oxygen vacancies introduce localized band-gap states 

in ZrO2 resulting in several distinct (but partially overlapping) CL emission bands. 

These bands have been interpreted as energetically differentiated owing to 

morphological details of the vacancy site in presence of substitutional Y3+ cations (i.e., 

the Y3+ ion being either nearest neighbour or near-nearest neighbour to the 

vacancy).[72] However, the same CL bands also appear (and more strongly) in undoped 

ZrO2. Theoretical studies,[73-75] carried out on sub-stoichiometric ZrO2, have 

examined the stability of both bulk and surface defects in its different polymorphic 

structures. These studies are quite useful and might provide us with a guide to interpret 

the CL emission arising from oxygen hole states in the ZrO2 lattices, in light of the 

experimental program newly carried out on powder samples in our study here. 
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3.2 Theoretical bases 
The CL emission from the Yttria stabilized ZrO2 lattice consists of a main broad band, 

which has been reported to represent the sum of distinct emissions from oxygen-related 

defects with different structures.[72] The overall broad band (peaking at around 500 

nm) has been interpreted (with some general consensus) as being contributed by three 

partially overlapping sub-bands of Gaussian nature located at around 460 nm (2.69 eV), 

550 nm (2.25 eV), and 600 nm (2.07 eV). The emission at 460 nm (also referred to as 

the F -center of ZrO2) is attributed to singly occupied anion vacancies, thus involving 

the presence of an intrinsic defect site, in which all Zr ions are nearest neighbors to the 

vacancy. The two additional sub-bands, located at 550 and 600 nm (i.e., usually referred 

to as 𝐹!! and 𝐹!!!  centers, respectively), were also associated to electron transfer from 

the valence band to local mid-gap states. Their structures were interpreted as consisting 

of one and two Y3+ ions as nearest neighbors to the vacancy, respectively.[73, 74, 76, 

77]. A schematic of the structure of different vacancy sites and of the associated 

oxygen-hole electronic transitions are shown in Figure 3.1. With this background in 

mind, the (only) starting point of our investigation will be that the intensity of the 

above-described CL emission should actually be related to the presence of vacancy sites 

in the ZrO2 lattice. In other words, what we actually observe in the visible range of the 

CL spectrum is clearly the final result of the intra-band-gap activity of an oxygen-

deficient sublattice. However, we also argue that, since vacancy annihilation (rather 

than vacancy formation) leads to an increase of CL intensity in ZrO2 ceramics, it cannot 

be (only) the concentration of oxygen-holes themselves that determines the intensity of 

the CL emission, but some other intrinsic factor directly or indirectly associated to its 

efficiency. One way to explain the increase of CL intensity, associated with oxygen 

vacancy annihilation, has been to infer the emission as only occurring from an intrinsic 

vacancy site in the presence of a heavily strained lattice.[78] We shall henceforth refer 

this possibility to as the “strained-lattice hypothesis”. Being the efficiency of the CL 

intensity directly related to Zr-O bond stretching and owing to the fact that an increased 

presence of oxygen vacancies re-distributes the highly localized lattice strain, the higher 

the vacancy concentration the lower the CL emission intensity. This would mean that a 

highly strained lattice is more efficient in its emission at oxygen vacancy sites. 

 Another way to interpret the phenomenon is to foresee oxygen vacancies acting as 

charge traps and suppressing charge (and possibly also energy transfer). 

€ 

+
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The strongest argument in favor of this interpretation is that irradiation by laser (i.e., 

within the band-gap) directly excites the defects and results in an increase in 

luminescence emission with increasing oxygen vacancies for those very same samples 

for which a decrease in CL emission is recorded.[69, 79] The electron beam creates 

high-energy excitations in the crystal structure, and relaxation of these excitations shall 

result in an extensive appearance of electrons in the conductivity band and holes in the 

valence band. It is expected that, under the highly energetic excitation of an electron 

beam, most of the luminescence centers be activated. A decrease in CL intensity under 

electron excitation shows that oxygen vacancies actually disturb energy transfer to the 

electronic transition responsible for luminescence emission. If this is the case, oxygen 

vacancies might act as charge traps, thereby decreasing the number of available 

electrons, the more numerous the vacancy sites the lower the CL intensity. This 

hypothesis will henceforth be referred to as the “charge-trap hypothesis”. 

In the remainder of this chapter, we shall show our attempts to experimentally test the 

two different hypotheses mentioned above, in order to clarify the anomalous behavior of 

the oxygen hole states in the ZrO2 lattice. At the outset, however, we shall notice that, 

unlike the interpretation under the strained-lattice hypothesis, if charge trap actually is 

the origin of the anomalous CL behavior of ZrO2, this phenomenon should be 

independent of the polymorphic state of the lattice. On the other hand, if the strain-

	  

Figure	  3.1:Simplified scheme of different vacancy sites in Yttria-Stabilized Zirconia	  
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lattice hypothesis holds, the polymorphic state will matter, the more the oxygen 

vacancies in a given polymorph the higher the amount of strain relaxation in the lattice, 

and the lower the CL intensity. 

3.3 Experimental method 
Undoped zirconia and a set of Zr1-xYxO2-(x/2) (YSZ) powders were synthesized according 

to a co-precipitation method. The sample preparation procedure has extensively been 

described elsewhere,[80] but it is briefly repeated here. The precursor used for obtaining 

zirconia powder was zirconyl chloride octahydrate (ZrOCl2*8H2O) (Aldrich, 98%), 

while yttrium (III) chloride hexahydrated (Aldrich, 99.9%) was added to it for obtaining 

a series of non-stoichiometric Zr1-xYxO2-(x/2) powders. The powder preparation 

procedure consisted of the following steps: i) preparation of mixed solutions in ethanol 

solvent of the two precursors with appropriate Y3+/Zr4+ ratios; ii) addition of ammonia 

to the mixed solutions, which resulted in the co-precipitation of the desired compound; 

iii) washing the co-precipitated powder first with water and then with ethanol; and, iv) 

calcining at 1000°C in air for 12 hours. By varying the ratio Y3+/Zr4+, it was possible to 

obtain a number of YSZ powder samples (labeled with different nominal amounts of 

oxygen vacancies). The calculated stoichiometry for those synthesized compounds is 

reported in Table 3.I. The average particle size for all the synthesized powders was 

around 100 nm. The undoped sample was labeled ZrO2, while the series of eight YSZ 

samples were labeled n-YSZ, with the initial number corresponding to the percent 

(nominal) molar fraction of substitutional Y3+ ions. 

Table 3.I: Stoichiometric composition of the obtained ZrxYyOz powders 

Sample Zr (x) Y (y) O (z) 

ZrO2 1 - 2 

1-YSZ 0,990 0,010 1,995 

3-YSZ 0,970 0,030 1,985 

4-YSZ 0,960 0,040 1,980 

4.5-YSZ 0,955 0,045 1,978 

5-YSZ 0,950 0,050 1,975 
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CL spectroscopy was performed inside the chamber of a field-emission-gun scanning 

electron microscope (FEG-SEM), equipped with an Schottky-emission type gun (S-

4300SE, Hitachi, Tokyo, Japan) as the excitation source. The acceleration voltage was 

set at 5 kV with the probe current was fixed at 180 pA. These conditions were 

rigorously maintained throughout all the experiments. A high-sensitivity CL detector 

unit (MP-32FE, Horiba Ltd., Kyoto, Japan) was employed for the collection of CL 

emission upon reflection into an ellipsoidal mirror and transmission through a bundle of 

optical fibers, using a high-resolution monochromator (TRIAX 320, Jobin-Ivon-Spex, 

Kyoto, Japan) equipped with a nitrogen-cooled 1024 x 256 pixels CCD camera (CCD-

3500V, Horiba Ltd., Kyoto, Japan). A grating of 150 g mm-1 was used throughout all 

the experiments. Integration time was 10 s and the electron beam spot size 500 nm. 

Average spectra were computed from 20 randomly collected spectra on each of the 

investigated samples. The ZrO2 sample and the 1~20 YSZ series were sputtered with 10 

nm of Platinum coating and fixed with carbon tape to an aluminum sample holder.  

A Philips diffractometer with a PW 1319 goniometer with Bragg–Brentano geometry, 

connected to a highly stabilized generator (40 kV), was used for the XRPD 

measurements. A focusing graphite monchromator and a proportional counter with a 

pulse-height discriminator were used. Nickel-filtered CuKα radiation and a step-by-step 

technique were employed (steps of 0.05 2h), with collection times of 10 s per step. The 

quantitative phase analysis by X-ray diffration was performed using the Rietveld 

method (DBWS9600 computer program written by Sakthivel and Young, and modified 

by Riello et al.[81]). 

Raman spectra were collected from different areas randomly selected on the samples. 

All spectra were taken at room temperature using a triple monochromator (T-64000, 

Jobin-Ivon/Horiba Group, Kyoto, Japan) equipped with a charge-coupled device (CCD) 

detector, and analyzed by using commercially available software (Labspec, 

Horiba/Jobin-Yvon, Kyoto, Japan). A confocal configuration of the Raman probe was 

adopted throughout all the experiments, which involved the use of a 100x objective 

lens. Quantitative calculation of the monoclinic volume fraction has been made from 

Raman spectroscopy data using the equations (3.1) proposed by Katagiri et. Al.[82]  

 𝑉! =
1
2 (𝐼!

!!" + 𝐼!!"#)

𝑘𝐼!!"# +
1
2 (𝐼!

!!" + 𝐼!!"!)
 (3.1) 
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3.4 Results and Discussion 

3.4.1 Raman spectroscopy and XRD results 
Both X-ray diffractometry and Raman spectroscopy data confirmed that the synthesis 

route actually generated different ZrO2 polymorphs in the synthesized powders. Figure 

3.2 shows the detected Raman spectra for all the synthesized powders. In Figure 3.2 all 

the Raman bands are labeled with using M, T, and C for indicating their belonging to 

the monoclinic, the tetragonal and the cubic polymorphs, respectively.  

	  

Figure	  3.2:	  Raman spectra of YSZ samples as function of dopant content.	  
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The monoclinic symmetry is distinguishable by 18 Raman peaks corresponding to 18 

active modes, while the tetragonal one (obtained in the case through Y3+ substitution for 

Zr4+) possesses only 6 Raman active modes.[83, 84] In this study, only the undoped 

ZrO2 sample possessed a fully monoclinic structure, while the samples 1-YSZ and 3-

YSZ incorporated a negligible but not zero amount of tetragonal polymorph. In the 

range between 3 to 5 at.% of yttrium-doped powders a mixture of monoclinic and 

tetragonal polymorphs was clearly observed. Above 5 and up to 12 at.% of Y3+, the 

structure resulted in a fully tetragonal symmetry, and finally for Y3+ contents of 20 at.%, 

the structure was found to be fully cubic.  

These results were in full agreement with the ones obtained from Rietveld analysis of 

the various YSZ diffraction patterns, as shown in Figure 3.3(a). In Figure 3.3(b), 

monoclinic and tetragonal volume fractions are shown against the content of Y3+. The 

synthesized samples showed almost the same morphology of the crystallites for all the 

different compositions, being the average diameter of the quasi-spherical particles ~100 

nm. This circumstance allowed us to obtain comparable results, owing to the well-

known dependence of peak position and band shape of luminescence on particle size at 

the nanometer scale.[85, 86] 

 

	  

Figure	   3.3:	   XRD	   patterns	   of	   YSZ	   samples	   (a)	   and	   calculated	   monoclinic	   and	  

tetragonal	   volume	   fraction	   from	   Rietveld	   refinement	   (b)	   as	   function	   of	   dopant	  

content.	  
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3.4.2 CL results 
The CL emission of the samples was measured with irradiating the samples with 

electron excitation energies of 5 and 8 kV. Since irradiation with 5 and 8 kV basically 

led to identical results, only the CL results obtained with 5 kV irradiations are 

henceforth reported. Note that the adopted excitation energy exceeds the band-gap 

energies of both undoped and Y-doped ZrO2. However, given the quite low efficiency 

of the band-gap emission, we could not directly detect it in any of the samples 

investigated. Excitation by electrons led to the formation of electron-hole pairs, which 

could be trapped in different meta-stable energy states within the band gap. Different 

energy states were thus generated at different defect sites in the polymorphic structures 

of the synthesized samples. The broad luminescence emission, which was in line with 

previous reports,[59, 60, 65] was indeed the result of overlapping sub-bands, each one 

arising from differently structured defective centers. In order to obtain a better 

understanding of the luminescence mechanisms, we attempted a fitting procedure to 

deconvolute the obtained CL spectra, according to previous literature.[63, 65] A set of 6 

Gaussian bands has been used (for both undoped ZrO2 and YSZ samples) with positions 

and full width at half maximum fixed only for the YSZ samples. This fitting procedure 

has been made aiming to give a rational description of the variation of the spectra 

morphology, taking into account previous findings in literature. A comparison between 

deconvoluted spectra of what we could define here as our “standard” CL spectrum for 

different polymorphs under 5 kV electron irradiations is shown in Figure 3.4 (a), (b), 

and (c), as obtained for selected YSZ samples only consisting of monoclinic, tetragonal, 

and cubic polymorphs, respectively.  These spectra refer to YSZ samples with 1, 8, and 

20 at. % of Y3+, respectively. The CL spectra obtained under exactly the same 

experimental conditions for the undoped ZrO2 sample and for the overall set of YSZ 

systems are reported in Figure 3.5 and in Figure 3.6, respectively. Peak positions, 

widths, and relative intensities in the respective (normalized) emission spectra of the 

Gaussian sub-bands are reported in Table 3.II.  

Although at a first glance all the recorded spectra might look similar, the above-

mentioned fitting procedure revealed fundamental differences in the spectrum 

morphology.  
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Figure	  3.4:	  CL	  spectra	  of	  the	  monoclinic	  1-‐YSZ	  (a),	  tetragonal	  8-‐YSZ	  (b)	  and	  cubic	  

20-‐YSZ	  (c)	  samples	  with	  the	  relative	  Gaussian	  line-‐shape	  fitted	  bands..	  
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Let’s start considering the emission of the undoped Zirconia; as shown in Figure 3.5 the 

sample possesses a quite strong cathodoluminescence emission. The broad 

luminescence band observed is generated from a set of metastable energy levels, 

corresponding to different type of intrinsic oxygen vacancies, which are present within 

the band gap [87], although the presence of some impurities in the precursor could also 

generate luminescence emission. Unfortunately, the precursor used in this case 

contained a small amount of Hafnia (HfO2). Usually, the presence of Hf4+ is quite 

common even in highly pure undoped ZrO2 samples, and the substitution of this cation 

to Zr4+ generate a luminescence emission around 1.7 eV [88, 89]. Taking this into 

account, we ascribed the (weaker) band (labeled Z6 and A6 respectively in Figure 3.5 

and Figure 3.6) founded at higher wavelengths around 700 nm to the oxygen vacancy 

luminescence emission in HfO2. Similarly, is unclear which could be the luminescence 

center of the reported band around 400 nm (Z2 and A2 respectively in Figure 3.5 and 

Figure 3.6). Following the experimental results, the intensity of this band does not vary 

significantly except for the sample 4.5-YSZ. Therefore we cannot exclude that this 

luminescence may arise from another impurity atoms, like carbon contamination in the 

SEM vacuum chamber or synthesis sub-products. 

 

	  

Figure	  3.5:	  Fitted	  CL	  spectrum	  of	  the	  undoped	  Zirconia	  powder.	  
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Table 3.II: Position, FWMH and relative area weight of the Gaussian band set for 

different samples as function of dopant content. 

Band Pos. 
(nm) 

FWMH 
 (nm) 

Relative Area weight (%) 

ZrO2 1-YSZ 5-YSZ 8-YSZ 12-YSZ 

(Z1) A1 (305) 334 (47) 61 (0.4) 2.5 3.4 0.4 0.5 

(Z2) A2 (410) 402 (61) 70 (0.4) 3.3 7.5 7.7 8.8 

(Z3) A3 (485) 469 (78) 79 (18.2) 17.2 18.4 25 27 

(Z4) A4 (538) 520 (103) 90 (41.3) 34.3 28.6 28.9 29 

(Z5) A5 (619) 601 (116) 120 (32.7) 36.6 34 30.7 28.6 

(Z6) A6 (703) 703 (124) 107 (7) 5.8 7.8 7 5.8 

 

 

  

	  

Figure	  3.6:	  CL	  spectra	  and	  relative	  fitting	  collected	  for	  the	  sample	  1-‐YSZ	  (a),	  3-‐YSZ	  

(b),	  4-‐YSZ	  (c),	  4.5-‐YSZ	  (d),	  5-‐YSZ	  (e),	  8-‐YSZ	  (f).	  .	  
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About the oxygen defect in ZrO2 lattice, we first consider that the electron beam 

irradiation exceeds band gap energy creating a band-to-band excitation with a 

recombination mechanism that could involve one or two levels electron transition. The 

electron-hole recombination process is promoted by emission of radiation. All those 

infra-band gap energy states around 1.77-3 eV from the conduction band are the 

responsible for the observed luminescence emission. 

Usually, the normal states are 2 electrons occupied for both this traps, but in the case 

that one electron is removed the remaining one is strongly localized because the states 

lies near middle of zirconia band gap. The positively attractive field of this charged 

defect can easily trap one electron, forming the F0 center. As reported by different 

authors, the relaxation process results in the luminescence emission centered around 

430-460 [72, 90]. In this case, according with the present fitting procedure we found the 

major sub-band contribute around 485 nm. Considering that no dopant is present and 

the Hafnia impurities generate a high wavelength luminescence, we should attributed 

this band to intra-defect transition in F+ center, even though is shifted respect to the 

mentioned reference. An explanation for this behavior could be probably a size-related 

effect, where the macroscopic crystal shows a similar luminescence compared to the 

microcrystal, but at different emission wavelength.[91] The other relevant CL sub-

bands (Z4 and Z5) can eventually be ascribed to a slightly different set of defects, which 

could be F centers in a different structural location. According to Smits et. Al. [70] one 

possibility to describe the CL spectral bands in zirconia is to take into account a 

different set of Zr-O bonds, which differs in bond length and in coordination number, in 

the presence of the oxygen vacancy. These authors already suggested that the defect-

luminescence in both pure and doped ZrO2 could arise from lattice cells distorted by the 

presence of oxygen vacancy. If this is the case, the oxygen vacancy present in the 

structure should thus be very sensitive to the distortion of the oxygen sub-lattice 

forming a quasi-continuum of defective energy states.  

The fact that Y-doped zirconia series presents quite similar CL spectra compared to the 

undoped zirconia, as showed in Figure 3.6, could be an evidence that the radiative 

centers of undoped and Y3+-doped ZrO2 are basically the same. The luminescence of Y-

doped zirconia defects was extensively studied by many research groups [72, 79], 

reporting that this system present at least three kind of defect: an intrinsic oxygen 

vacancy (F center) and to two different extrinsic oxygen vacancy complexes capable to 
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coordinate one or two Y3+ atoms (i.e., the FA and FAA centers, respectively), able to 

produce three distinct luminescence bands positioned at 460, 550 and 600 nm. In the 

collected CL spectra from YSZ series is still possible to ascribe the bands A4, A5 to the 

different color centers in the case of coordination with Y3+. The newly formed F center 

in the case of Yttria doping replace the intrinsic F center, and reasonably the electronic 

levels of these oxygen vacancies in the YSZ system will not be founded at the same 

energy values as in the case of undoped zirconia.  

This could be mainly due because, during the annealing treatment at high temperature, 

as well during the measurement under vacuum condition, the mobility of the doubly 

ionized oxygen vacancy (i.e. with formal charge +2) increase, promoting a migration 

towards the threefold coordinated Yttrium that presents a virtual negative charge 

compared to the fourfold Zirconium atoms. In this way, the complex Y3+-VO, in which 

usually the oxygen vacancy is founded to be occupying a nearest next neighbor site, is 

formed. For the electrical neutrality, the vacancy in this position cannot trap two 

electrons as in the case of undoped Zirconia. Nevertheless, the luminescence 

mechanism must follow the two step recombination process already mentioned above, 

even though will be less efficient because the un-favorite geometry position of the color 

center, being affected by the negative charge of the Y3+. The reduced efficiency of the 

trap is clearly showed with the decreasing of the intensity as can be seen in Figure 3.6 

In the context of a comparison between fully monoclinic polymorphs, and the fully 

tetragonal one (i.e., cf. Figure 3.6 (a) and (c)), another difference resides in the presence 

of a low-wavelength peak located at around 330 (labeled A1). This emission has already 

been reported Wang et. Al.[92] for different thermal treatments of Zirconia. The authors 

ascribed this band emission to a recombination process between electrons in an oxygen 

vacancy with deep depth with holes. In our case this band seems to be present relevantly 

only if two conditions are met: Y3+ is added and the monoclinic polymorph exists in the 

sample. Therefore, this band has a week emission in the undoped Zirconia and in the 

YSZ samples with >5 at. % Y2O3. The intensity of the sub-band located at 330 nm does 

not vary significantly with increasing Y3+ content, as far as the monoclinic polymorph is 

preserved. It might arise from an oxygen-vacancy complex involving Y3+ and only 

detectable in the monoclinic polymorph due to its lower band gap as compared to the 

tetragonal one.[93]  
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3.4.3 Polymorphic fractions in the scanning electron microscope 
The morphology of the CL spectrum of different YSZ systems was investigated in order 

to extract quantitative information on their polymorphic fractions. We already 

mentioned that, during the synthesis of the various YSZ systems, different ratios of 

monoclinic and tetragonal phases were produced. The overall intensity of the CL 

spectra gradually decreased with increasing dopant concentration, thus showing a 

“quenching” effect with Y3+ addition. In the attempt to understand which information 

we could actually extract from this systematic screening of CL spectra, we focused our 

attention on the ratio of the A4 to the A3 sub-band areas (i.e., henceforth referred to as: 

𝑅 = 𝐴!/𝐴!). This choice was suggested by the clear phenomenological relationship that 

this parameter showed to the overall morphology of the CL spectrum. Building upon the 

hint that the luminescence center could be related to the distortion of the oxygen sub-

lattice, we plotted the normalized ratio 𝑅  and the c lattice cell parameter as 

experimentally obtained from XRD data, as a function of the Y3+-dopant concentration. 

The lattice parameter was calculated as the weighted average of the monoclinic and 

tetragonal ones. The results are shown in Figure 3.7 (a)-(c).  

The similarity of the two plots showed in Figure 3.7 (a) and, thus, the dependence of the 

CL spectrum morphology on the dimension of the lattice cell (and its symmetry) appear 

evident (Figure 3.7 (b)-(c)). With a linear fitting procedure a phenomenological 

equation can be then retrieved, which relates the monoclinic volume fraction and the 

lattice cell average volume to the parameter  𝑅, as follows: 

 𝑅 = 1.11+ 0.009  𝑉! (3.2) 

where   𝑉! express the monoclinic volume fraction. While this is clear evidence that 

oxygen defects in both undoped zirconia and YSZ are strongly structural dependent, the 

overall luminescence intensity exhibits a strong decrease passing from the monoclinic to 

the tetragonal symmetry.  

However, once the polymorph population becomes fully tetragonal in the sample, even 

if the amount of oxygen vacancy in the system is progressively increasing, there seems 

to be no rationale in explaining the difference in the overall CL intensity of different 

tetragonal structures (i.e., 5, 8, 12-YSZ). On the other hand, the relative intensity ratio 

R=A4/A3 seems capable to read to a degree of precision the tetragonal-to-monoclinic 

polymorphic ratio.  
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Figure	  3.7:	  Comparison	  between	  the	  monoclinic	  volume	  fraction	  (calculated	  from	  

XRD	   analysis	   (black,	   solid)	   and	   the	  A4/A3	  Ratio	   obtained	   by	   CL	   (red,	   dotted)	   as	  

function	  of	  Y3+	  dopant	  concentration	  (a);	  dependence	  of	  CL	  Ratio	  with	  monoclinic	  

volume	  fraction	  (b)	  and	  average	  c-‐lattice	  parameter.	   	  Each	  point	  is	  the	  average	  of	  

20	  collected	  spectra.	  
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A plausible explanation of such complicated set of data could be given as explained in 

the following. We cannot exclude that the reason for luminescence quenching in fully 

tetragonal YSZ samples could be a non-radiative and competitive recombination path 

involving both holes and electrons, which we have referred to as the “charge-trap 

hypothesis” in section 3.2. Since oxygen vacancy is a deep-trap for electrons, the 

intensity reduction might be due to electron trapping at the oxygen vacancy followed by 

a non-radiative recombination. Theoretical calculations and EPR measurements have 

already shown that the complex consisting of an O ion coordinated with an Y3+ could be 

effective as a holes trap.[94, 95] However, this can neither explain the drastic reduction 

in overall CL intensity with passing from the monoclinic to the tetragonal polymorph 

nor the increase in the concentration of FAA centers over that of FA centers, as clearly 

detected here. Moreover, one would expect that the monoclinic structure, with less 

overcrowding of oxygen, should have less strain as compared to the tetragonal one. This 

is in contrast with the so-called lattice-strain hypothesis as so far stated by other authors. 

It is actually the relaxed monoclinic lattice that emits with higher efficiency. Based on 

this evidence, we believe that it is the presence of Y3+ itself, rather than lattice strain, 

which is responsible for the observed quenching phenomenon. In other words, the 

intrinsic vacancies present in the undoped lattice are the most efficient because they trap 

two electrons to gain electrical neutrality. However, as soon as Y3+ ions are introduced 

in the system, those intrinsic vacancies migrate to Y-sites in near-nearest neighbor 

locations, namely in a less efficient lattice location. This phenomenon is tentatively 

referred to as “delocalization” of vacancy sites. Given the quite low efficiency of Y3+-

related vacancies, a newly formed vacancy population due to an increasing addition of 

Y2O3 fails in compensating for the loss of CL emission associated to the annihilation of 

intrinsic vacancies. The overall intensity of the CL emission is thus dominated by an 

annihilation process of intrinsic vacancies rather than by the increasingly new formation 

of Y3+-related vacancy sites. As an application of the assessment of monoclinic-to-

tetragonal ratio in YSZ by CL analysis, we analyzed the polymorphic fraction in an 

autoclave-exposed 3 mol.% YSZ bulk sample, which was partially damaged (with 

surface exfoliation) under the effect of hydrothermal loading. In order to confirm the 

validity of the polymorphic fraction measurement by CL in the SEM, we selected a 

profile on the investigated area, and compared measurements by confocal Raman 

spectroscopy, as shown in Figure 3.8(a). Figure 3.8(b) show a SEM micrograph and a 

CL map of the monoclinic fraction (i.e., according to Eq. (3.2)), respectively.  



3 Oxygen hole states in zirconia lattices: quantitative aspects of their 
cathodoluminescence emission 

56 

The good agreement between the values obtained by the two different techniques 

indicates that indeed phase-fraction assessments in the SEM are feasible. The main 

advantage in performing these assessments by CL rather than by Raman spectroscopy 

might reside in the higher spatial resolution achievable by using electrons instead than 

laser irradiation as an excitation source. 

3.5 Conclusion 
In this chapter, we aimed at analyzing some physical chemistry aspects of the CL 

emission from undoped and Y-doped zirconia lattices. Clear evidences have been 

obtained for linking the morphology of the CL emission spectra to the lattice cell 

volume obtained by XRD experiments. This opened the way to build up a 

phenomenological equation that enables the quantitative assessment of polymorphic 

fractions in the SEM. Some new aspects were unveiled for zirconia emission and for the 

role of small amounts of Y3+ dopant in its lattice. From this body of new physical 

evidences, it vividly appears how important is the role that oxygen off-stoichiometry 

plays in the physicochemical behavior of the ZrO2 surfaces. CL spectroscopy proved 

thus quite innovative in this context, allowing one to discuss the presence of point 

defects and, through them, to map polymorphic fractions in the SEM.

	  

Figure	  3.8:	  Calculated	  monoclinic	  volume	  fraction	  from	  Raman	  using	  eq.	  (3.2)	  (a)	  

along	   the	   dotted	   line	   reported	   in	   figure	   (b).	   Figure	   (b)	   shows	   a	   30x30	   CL	   map	  

overlapped	  to	  the	  SEM	  micrographs	  on	  the	  same	  location,	  in	  which	  colors	  express	  

the	  CL	  ratio	  values	  from	  blue	  R~1	  to	  red	  ~2,	  showing	  respectively	  the	  tetragonal	  

and	  monoclinic	  polymorphic	  distribution	  .	  
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4 CHEMICALLY DRIVEN TETRAGONAL-TO-
MONOCLINIC POLYMORPHIC 
TRANSFORMATION IN RETRIEVED ZTA 
FEMORAL HEADS FROM DUAL MOBILITY HIP 
IMPLANTS  

4.1 Introduction 
Oxide ceramics, especially monolithic Al2O3, have been successfully used in the last 

four decades as femoral head modular component in total hip arthroplasty. To overcome 

alumina structural problems, most of all the limited tensile strength and high brittleness, 

in the year 2000, a ceramic composite made of partially Yttrium-stabilized zirconia 

dispersoids embedded in an alumina matrix (i.e., zirconia-toughened alumina, simply 

referred to as ZTA, henceforth), was developed and commercialized [96]. This 

advanced biomaterial, sometimes referred to as the fourth generation “alumina” 

ceramics, nowadays is the most used bioceramic for hip joints. It was conceived to 

combine the positive characteristics of monolithic Al2O3 in terms of chemical stability 

and wear resistance with the superior strength and toughness of partially stabilized 

monolithic zirconia (ZrO2). The presence of a fraction (i.e., ~17.5 vol.%) of partially 

Yttrium-stabilized tetragonal ZrO2 phase (Y-TZP) in the ZTA microstructure 

contributes to limit any abnormal growth of alumina grains during sintering and 

introduces (thermally induced) compressive stresses in the alumina matrix that tighten 

its grain boundaries. In this way, the material strength is enhanced with respect to that 

of monolithic Al2O3, while also the fracture toughness significantly increases through 
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the mechanism of tetragonal-to-monoclinic (tàm) transformation, peculiar to Y-TZP. 

According to this toughening mechanism, when a propagating crack crosses the ZTA 

microstructure, tetragonal zirconia locally transforms under the highly tensile crack-tip 

stress field into the monoclinic polymorph [97]. Such polymorphic transformation 

occurs with a volume expansion of about 4% (i.e., monoclinic ZrO2 possesses a lower 

density as compared to its tetragonal polymorph), and the locally constrained expansion 

shields the crack mouth and obstructs further crack propagation. However, metastability 

of the tetragonal phase, which as explained above actually represents a positive 

phenomenon in the toughening behavior of ZTA, could become a problem when it 

spontaneously takes place in-vivo at the bearing surface of the ZTA femoral head 

components. The possible negative consequences could be multifold: (i) an increasing 

fraction of monoclinic phase obviously reduces the remaining fraction available to 

phase-transformation toughening, (ii) some increase, although limited, in roughness of 

the surface might take place [98]; (iii) strong residual stress gradients can be introduced 

in the bearing surface and along the sub-surface, which will overlap the stress fields 

externally induced during service by both wear and body weight [99, 100]; and, (iv) the 

lower thermal conductivity of the gradually transforming monoclinic phase at the 

bearing surface leads to an increasing higher contact temperature upon frictional wear 

[101].  

Typically, to predict the stability of the tetragonal polymorph in the ZTA femoral heads, 

materials scientists use an in-vitro simulation in hydrothermal environment. As reported 

in the published literature, this environment has a detrimental role on the on the 

performance of the implants [98]. However, the in-vivo destabilization of tetragonal 

zirconia is a complex combination of different effects in which the long-term 

hydrothermal cannot be considered as the only trigger for phase transformation and 

neither can be the mechanical stress fields generated during normal service at the 

bearing surface, especially in short-term retrievals. Moreover, except for the 

spontaneous in-vivo destabilization of the tetragonal zirconia, one should consider that 

part of the 17.5 vol.% of this polymorph could already be transformed into the 

monoclinic phase prior to femoral head implantation.  

The main aim of the present research is to understand the causes of eventual 

discrepancies between the amount of monoclinic polymorphic transformation expected 

during in-vitro aging in a hydrothermal environment and the one occurring during the 
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in-vivo service. The amount of monoclinic volume fraction is assessed by Raman 

microprobe spectroscopy. Pristine femoral heads aged in-vitro according to the 

published literature [100, 102], will be compared with two cases of short-term retrieval 

ZTA femoral heads retrieved from dual mobility hip implants. In order to distinguish 

about manufacturing quality, we quantified the “starting” monoclinic volume fraction, 

which is a key aspect for a correct assessment of the implant performance, for three 

terns of ZTA pristine femoral heads belonging to three different production years. In the 

attempt to solve in-vitro/in-vivo discrepancies, we focused our attention on the metal 

transfer phenomenon, which can usually be seen in a number of retrieved femoral 

heads. Described as the result of impingement against the metallic acetabular shell 

following subluxation/dislocation, smeared metal stains on ceramic femoral heads have 

become a “classic” argument in the discussion of joint malfunctioning [103, 104]. 

However, it is still unclear whether or not metal stain could bring any contribution to 

the destabilization of the tetragonal zirconia phase. To discern this effect from the 

mechanical stresses that can be generated during in-vivo service on the retrievals 

bearing surface, we also performed Raman piezospectroscopic analyses, which are 

capable to assess residual stresses in ceramic components through the evaluation of 

spectral shifts of selected Raman bands [99, 105].  

4.2 Experimental methods 
Three series of three commercially available BIOLOX®delta (CeramTec GmbH, 

Plochingen, Germany) ceramic femoral heads components manufactured in different 

years (ZTA#1, ZTA#2 and ZTA#3) and two recently explanted retrievals from ceramic-

on-polyethylene dual mobility  implants (Case A and B, respectively) have been 

examined. All the details about those samples can be found in Table 4.I.  

Micrographs of the various surfaces were collected by the means of a 3D laser scanning 

microscope (VK-X200K series, Keyence, Osaka, Japan) using a 150x objective lens, 

with a numerical aperture of 0.95. The supplied software allows the calculation of the 

surface roughness according to the ISO 4287:1997.  

Raman spectra were acquired with using a confocal (optical) microprobe from different 

areas of the ZTA samples. All Raman spectra were collected at room temperature using 

a single monochromator (T-64000, Jobin-Ivon/Horiba Group, Kyoto, Japan) equipped 

with a nitrogen-cooled 1024 x 256 pixels CCD camera (CCD-3500V, Horiba Ltd., 
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Kyoto, Japan), and analyzed by using commercially available software (Labspec, 

Horiba/Jobin-Yvon, Kyoto, Japan). The excitation frequency used in the experiment 

was the 488 nm blue line of an Ar-ion laser operating with a power of 280 mW. The 

spectrum integration time was typically 5 s, averaging the recorded spectra over three 

successive measurements. A confocal configuration of the Raman probe was adopted 

throughout all the experiments, using of a 100x objective lens in order to exclude  

Ta
bl
e	  
4.
I:	  
De
ta
ils
	  o
f	  s
tu
di
ed
	  ca
se
s.	  

Im
pl
an
ta
ti
on
	  

ti
m
e	  

(I
m
pl
an
te
d/
	  

Re
vi
se
d)
	  

/	   /	   /	  

9	  
m
on
th
s	  

(0
8/
20
11
	  -‐	  

05
/2
01
2)
	  

2	  
m
on
th
s	  

(1
2/
20
11
	  -‐	  

02
/2
01
2)
	  

Su
rf
ac
e	  

co
nd
it
io
n	  

Pr
is
tin
e	  

Pr
is
tin
e	  

Pr
is
tin
e	  

Pr
is
tin
e	  

M
et
al
	  

sm
ea
r	  

Im
pl
an
t	  t
yp
e	  

/	   /	   /	  

Ac
tiv
e	  

Ar
tic
ul
at
io
nT

M
	  E
1®
	  

Du
al
	  M
ob
ili
ty
	  H
ip
	  

Sy
st
em

;	  	  
Bi
om

et
®
	  

Or
th
op
ed
ic
s,	  

W
ar
sa
w
,	  I
N
,	  U
SA
	  

D
ia
m
et
er
	  

	  (m
m
)	  

40
	  

28
	  

28
	  

28
	  

28
	  

M
an
uf
ac
tu

ri
ng
	  

ye
ar
	  

20
09
	  

20
11
	  

20
14
	  

20
10
	  

20
10
	  

St
at
e	  

Pr
is
tin
e	  

Pr
is
tin
e	  

Pr
is
tin
e	  

Re
tr
ie
va
l	  

Re
tr
ie
va
l	  

Sa
m
pl
e	  

ZT
A	  
#1
	  

ZT
A	  
#2
	  

ZT
A	  
#3
	  

ZT
A	  
Ca
se
	  A
	  

ZT
A	  
Ca
se
	  B
	  



4.3 Results 
 

   61 

photons scattered from out-of-regions of the probe. The ZTA samples were placed on 

an x-y axes motorized stage (lateral resolution of 0.1 µm), which allowed the collection 

of maps on the surface. Moreover, through finely tuned z-axis displacements, it was also 

possible to collect maps at different depth below the bearing surfaces. Intensity and 

spectral positions of selected Raman bands were obtained upon fitting the raw collected 

spectra with mixed Gaussian/Lorentzian curves. Quantitative calculations of the (local) 

monoclinic volume fractions, Vm, have been made from Raman intensity data by using 

the following equation, proposed by Katagiri et al. [82]: 

	   𝑉! =
1
2 (𝐼!

!"# + 𝐼!!"#)

𝑘𝐼!!"# +
1
2 (𝐼!

!"# + 𝐼!!"#)
   (4.1)	  

where It and Im are the intensities of the tetragonal and monoclinic bands, respectively, 

centered at the frequencies given by the respective superscripts; k=2.2 is a correcting 

factor for the difference in scattering cross-section between the monoclinic bands (at 

178 and 189 cm-1) and the tetragonal band (at 148 cm-1).  In order to quantitatively 

evaluate the phase composition in the nine pristine ZTA heads (i.e., 3 for each year of 

manufacturing), five Raman maps, each consisting of 25 spectra (i.e., for a total of 125 

spectra taken with a span of 10 µm), were collected on the surface of each ZTA sample. 

Note that all samples were kept under vacuum sealing until the Raman measurement, so 

no contamination or spontaneous aging related to long time air or humidity environment 

exposure should be taken into consideration here. For in-vitro accelerated aging of the 

ZTA samples, pristine femoral heads were placed for 200 h in a conventional autoclave 

operating a 121oC (under 1 bar water-vapor pressure). 

4.3 Results 

4.3.1 Morphology of the retrieval surfaces by scanning laser microscopy 
Both retrievals were obtained from patients who underwent primary THA during the 

year 2011. As previously mentioned, both retrievals were explanted upon revision 

surgeries within 1 year from the implantation date (i.e., after 2 and 9 months for ZTA 

heads, henceforth referred to as Cases A and B, respectively). 

The first 28 mm head (Table 4.I, Case A) had a pristine surface and showed neither 

macroscopic damage nor metal contamination (cf. Figure 4.1(a)), even at high 
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magnification (Figure 4.1 (b)). The second 28 mm head (Table 4.I, Case B) revealed a 

large black metal smear across the surface, Figure 4.1(d). 

The respective surface morphologies at increased magnification and the relative height 

profile laser are given in Figure 4.1(b, e) and (d, f) for Cases A, and B, respectively. The 

calculated values of average roughness are 0.019± 0.003µm for case A and 0.034± 

0.009µm for case B.  

	  

Figure 4.1: Picture, micrograph and related height profiles for Case A (a,b,c) and for 

case B (d. e, f). 

4.3.2 Raman microscopy results 

4.3.2.1  Raman analyses on pristine and in-vitro simulated ZTA femoral heads  

Figure 4.2 shows average Raman spectra collected on the surface of the pristine ZTA 

heads manufactured in different years. The spectra are shown in the area of interest, 

which include the spectral bands needed for assessing monoclinic phase fractions 

according to Eq. (4.1). Raman bands belonging to the monoclinic and tetragonal 

polymorphs are labeled as M and T, respectively. The band located at 145 cm-1 is 

assigned to the Eg vibrational mode of tetragonal ZrO2, while the doublet located at 178 

and 189 cm-1 is assigned to the Ag+ Bg and Ag modes of the monoclinic polymorph, 

respectively [106, 107]. The Raman band of Al2O3 at ~415 cm-1, as detected in ZTA, 

was by far less intense than the bands belonging to the zirconia polymorphs, and is 

labeled A in the spectra.  
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Figure 4.2: Average Raman spectra of the pristine ZTA material manufactured in 2009, 

2011 and 2014. 

The average values of calculated monoclinic volume fractions for each ZTA head series 

are plotted in Figure 4.3(a) as percentages of the total ZrO2 fraction in the material (i.e., 

~17.5 vol.%). The two individual terns of pristine heads from the years 2009 and 2011 

(ZTA#1 and ZTA#2 in Table 4.I) belonged to the same production lots. Those samples 

showed similar values of monoclinic volume fraction, within the standard deviation bar. 

In the case of samples from the year 2014 (ZTA#3 in Table 4.I), one of the investigated 

femoral heads belonged to a different production lot as compared to the other two. The 

three samples show a lower value of monoclinic volume fraction but, if we consider this 

single tern of femoral heads, only one sample presents a very low amount of this 

polymorph as compared to the others. This is the one that showed the lowest monoclinic 

content among all the investigated samples. The standard deviations of monoclinic 

fractions within each ZTA head invariably indicate relatively high scatter but, even 

considering such scatter, the low monoclinic content of one the 2014 heads (i.e., that 

belonging to a different lot) reduced the average value of the entire set of the most 

recently commercialized samples. The sample that showed an average value of the 

ZTA#3 series was subjected to hydrothermal treatment. Average histograms before and 

after exposure to hydrothermal environment for 200 h at 121oC (under 1 bar water-

vapor pressure), are compared in Figure 4.3(b).  
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Figure 4.3: Average values of calculated monoclinic volume fractions for each pristine 

ZTA head series (a) and histograms before and after exposure to hydrothermal 

environment for 200 h at 121oC (under 1 bar water-vapor pressure) of ZTA#3 (b). 

4.3.2.2 Raman analyses on the retrieved femoral heads 
Raman spectral mapping were collected on the retrieved sample surfaces to compare, 

the monoclinic volume fraction content of the main wear zone (MWZ) to that of the 

non-wear zone (NWZ). The region selected for the NWZ was symmetrically opposite to 

the MWZ. In the NWZ, no trace of metal contamination or wear could be detected by 

laser microscopy for both retrieved samples. Regarding the MWZ of Case B, the area 

was almost entirely covered by the metal smear. The Raman signal collected on the 

thickest part of the metal reveals the presence of a layer of partially oxidized titanium in 

its rutile polymorph [108], which spectrum is showed in Figure 4.4. However, selecting 

an area only partially covered by a very thin layer of metal we could clearly observe the 

Raman signals from zirconia polymorphs (i.e., despite some hiding effect involved with 

the presence of metal contamination layer).  

Figure 4.5(a) shows histograms of monoclinic fractions for the MWZ and NWZ of Case 

A, while maps for these two zones are shown in Figure 4.5 (b) and (c), respectively. 

Similarly, for Case B, Figure 4.5 (d) shows histograms of monoclinic volume fractions, 

while maps of this parameter in the MWZ and NWZ are given in (e) and (f), 

respectively. The mapping experiments revealed fractions of monoclinic phase fraction 

in the MWZ of both samples. The phase transformation patterns detected for Case B 

were consistent with surface topologic patterns, including the metal stripes left on the 

head surface  
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Table 4.II summarizes the Vm (average) values and relative standard deviations as 

obtained from NWZ and MWZ sampling for Cases A and B retrievals, and those from 

pristine ZTA heads as manufactured in different years. 

 

	  

Figure 4.4: Raman spectrum of the metal cover founded in the Case B retrieved 

femoral head 

 

Table 4.II: Average content of Vm in the studied cases. 

Sample 
Non-wear zone Vm 

(%) 
Main wear zone Vm 

(%) 
Vm Increment 

(%) 

ZTA #1 28.7±2.9   

ZTA #2 20.6±4.1   

ZTA #3 17.5±10.7   

ZTA	  Case	  A	   28.7±4.1 38.3±5.2 33.4 

ZTA	  Case	  B	   31.4±4.2 48.1±3.7 53.0 
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To investigate the bulk state of the retrievals, several maps were collected on a selected 

area with translating the laser focal plane from the free surface of the bearing toward in-

depth positions. Understanding the in-depth profile of phase transformation is important, 

because the residual stress gradients generated by the tàm phase transformation profile 

below the sample surface might strongly accelerate wear damage [100]. Maps of 

monoclinic volume fraction collected at different depths under the surface are showed in 

Figure 4.6 (a) and (b) for the MWZ of Cases A and B, respectively.  

The corresponding average profiles are given in Figure 4.7 (a). It should be pointed out 

that the profiles shown in Figure 4.7 (a) only give an apparent monoclinic volume 

fraction, since they include a bias associated with in-depth size of the laser probe and 

caused by the relatively high transparency of the ceramic oxide phases. Such averaging 

effect actually leads to an underestimation of the measured content of monoclinic phase. 

However, this bias can be eliminated through a suitable deconvolution procedure, 

already validated and reported elsewhere in details [105]. Based on experimental data, 

the character of the in depth function of Vm(z) can be hypothesized as a monotonically 

decreasing function of the following type: 

	  

Figure 4.6: In-depth monoclinic distribution maps of the Case A (a) and Case B (b) 

wear zone. 
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   (4.2)	  

where V0 represent the monoclinic fraction at the bearing surface, TS is the thickness of 

the layer that retains the constant V0 value, and V is an activation parameter that depends 

on mechanical stress and biological environment. By introducing the probe parameters 

for the ZTA material and using an iterative best-fitting routine, one becomes able to find 

the parameters that satisfy the experimentally determined Vm(z0) function, and thus to 

eliminate the probe bias. In Figure 4.7 (b), the deconvoluted profiles are shown, as they 

resulted from the above-described best-fitting computational procedure. It appears clear 

that the surfaces of both retrievals were highly transformed and the thickness in which 

transformation took place was of ~5 µm. 

	  

Figure 4.7: Apparent (a) and deconvoluted (b) monoclinic volume fraction in-depth 

profiles for case A and B. 

4.4 Discussion 
In the last section we presented the comparison, in terms of monoclinic volume fraction, 

between a pristine femoral head before and after the in-vitro aging. The comparison 

reveals that, after long-term exposure in autoclave, the content of the monoclinic phase 

on the ZTA head surface was doubled. These values are in good agreement with the 

already published data [100]. According to previously published activation energy data 

for the present ZTA material [102], 1 h in autoclave under the above conditions 

approximately corresponds to ~1 y in the human body, provided that hydrothermal 

loading could be considered as the only trigger of polymorphic transformation. 
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In other words, the expected time in-vivo, needed for doubling the content of 

monoclinic polymorph at the surface of the ZTA head by the only hydrothermal effect, 

should correspond to several human lifetimes. Regarding the retrieved case, both 

femoral heads belongs to the unconstrained dual mobility hip implants, proposed by 

Bousquet in France in 1976 [109, 110]. This implant configuration is an alternative 

treatment for the recurrent cases of hip dislocation: using a large-inside-diameter outer 

metal shell and a bipolar component, these implants were expected to provide additional 

bearing support and to greatly improve the range of motion with conspicuously 

eliminating impingement and the probability of dislocation. Even though this type of 

implants seems greatly reducing the dislocation rate [110], exceptional cases, like the 

ones presented in this paper, exist. The Raman experiments performed on the retrieved 

heads revealed quite high values of monoclinic phase fraction in the main wear zone 

(MWZ) of both samples.  

The retrieved Case A does not show any surface contamination or roughening, after 

dislocations occurred, and the femoral head yet showed a pristine-like surface, as one 

would expect it to be after only nine months of operating service but a quite high 

amount of monoclinic polymorph could be found in the selected area.  

The retrieved Case B, which showed a metal smearing on the surface, has a complicated 

clinical history, as already reported by McPherson and Sherif [111]. This implant was 

revised after several dislocations, each time reduced by means of a hip dislocation 

reduction maneuver. At the time of the revisions, the surgeon found that the ceramic 

head has completely dissociated from the polyethylene liner, articulating against the 

inner part of the metal cup.  Looking at the clinical history of this sample [111], we 

could infer that the huge black metal smear was formed after dislocation, when the head 

was articulating against the metal shell rather than on the polyethylene acetabular cup. 

Raman spectroscopic data clearly shows the formation of rutile TiO2 layer. In this case, 

it should be pointed out that the implanted head worked well even subjected to 

enhanced stresses, as induced by the mechanical friction against the metal cup. As a 

matter of fact, no micro-crack or grain pull-out was recorded upon microscopy 

inspections. At a first glance, the amount of tetragonal zirconia transformation seems 

due only to mechanical stresses and could be viewed as positive aspect, since the ball 

preserved its surface integrity.  
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The NWZ of both Cases experienced similar values of monoclinic volume fraction. The 

Vm values obtained from the NWZ of both retrievals were consistent with that measured 

on the 2009 pristine balls (ZTA#1 series). However, owing to the limited amount of 

information available here, we cannot infer whether a substantial transformation process 

already occurred even in the NWZ after such short implantation times or whether the 

two ZTA heads, manufactured during the year 2010, already presented such high 

fraction of monoclinic polymorph after the manufacturing process. In comparison to the 

NWZ, the MWZ of both femoral head retrievals experienced an increment in 

monoclinic phase of about 33.4% and 53.0% for Cases A and B, respectively. Such 

values are unexplainably high when extrapolations from in-vitro hydrothermal 

simulations are taken as a basis for comparison for such short-term exposure times.   

For both cases the ZTA material experiences a process of tàm phase transformation 

that proceeds from the surface toward the bulk of the component. As seen from both 

maps and profiles, a gradual decreasing of monoclinic content could be found with 

increasing depth of the focal plane. From the topological maps we can also notice that 

on the top surface the monoclinic transformation patterns are highly inhomogeneous, 

and so phase composition. In other words, the bearing surface is comprehensive of “hot 

spots” of highly transformed areas. In contrast, the maps at depths of 100 µm are quite 

uniform even though their average Vm value is still relatively high (cf. also Vm values in 

Table 4.I). The inhomogeneous distribution of monoclinic phase at the bearing surface 

as compared to bulk can be helpful in understanding the possible trigger for phase 

transformation, since both compressive and tensile stress states can be generated. 

Residual and applied stress states at the surface of the ZTA femoral heads are important 

triggers of polymorphic transformation, having a significant impact on wear resistance 

and, thus, on the in-vivo lifetime of the component. Spectral shifts occur toward 

opposite directions with respect to a stress-free (reference) state, when the material is 

subjected to tensile or compressive stress states. The residual stresses retained in ZTA 

upon manufacturing procedures have been the object of deep studies, especially in the 

context of the polymorphic transformation of zirconia dispersoids [7, 112-114]. When 

the ZTA composite retains the zirconia phase in its tetragonal polymorph upon cooling 

from sintering temperature, the thermal expansion mismatch between zirconia and 

alumina phases imposes that the average residual stress in the tetragonal phase should 

be tensile, while the Al2O3 matrix should experience a residual stress of compressive 
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nature to balance it [100]. If a fraction of zirconia transforms into the monoclinic phase 

upon cooling, a strong stress state of compressive nature develops in this phase. This is 

because the tetragonal polymorph transforms into the monoclinic one with a volume 

expansion and, constrained by the surrounding alumina phase in such expansion process, 

becomes trapped into a compressive stress state. The linear rates (i.e., 

piezospectroscopic coefficients) at which an uniaxial stress influences spectral shifts in 

the Raman bands located at 145 (t-ZrO2), 178 (m-ZrO2), and 415 (Al2O3) cm-1 have 

precisely been calibrated as -0.6, -0.9 and -0.76 cm-1/GPa, respectively [99, 115]. Note 

that all the above piezospectroscopic coefficients are negative, which means that a 

tensile stress field involves shifts toward lower frequencies and, vice versa, compressive 

stresses shift all bands toward higher frequencies. Figure 4.8 (a), (b), and (c) show the 

variations of the average peaks position relative to the 145 the 180 and the 415 cm-1 

Raman bands, respectively, as found in the two investigated retrievals. Average spectra 

were obtained from maps collected in both NWZ and MWZ at the surface and at 100 

µm (indicated as MWZ and MWZ100 in the plots) in depth of both Cases A and B 

retrievals, and compared with average values collected on the surface of unused ZTA 

heads. By considering as a reference for band position these latter values, one could 

eliminate from the stress computation any effect from residual stress fields piled up 

during manufacturing, with the result that only stress contributions piled up during in-

vivo service become visible. Moreover, our previous in-vitro studies of hydrothermal 

simulation on the same ZTA bioceramic have elucidated the relationship between 

polymorphic tàm transformation at the femoral head surface and the development of 

residual stress fields in each individual phase of ZTA [100]. 

We have re-plotted in Figure 4.9 (a) the outputs of the above in-vitro study, which 

should be considered as the contribution given by residual stresses arising from 

hydrothermally driven phase transformation to the observed shifts of individual Raman 

bands. Figure 4.9 (b) shows a comparison between the shifts, ∆𝜔!!, related to the 

residual stress induced by hydrothermal process (i.e., as obtained from data in Figure 

4.9 (a) through the piezospectroscopic coefficients pertaining the individual Raman 

bands as described above) and the average spectral shifts, ∆𝜔!"#, observed in different 

zones of the two ZTA retrievals (i.e., as obtained upon subtraction of the standard 

frequencies of Raman bands from individual phases collected on unused ZTA heads). 

Figure 4.9 (b) presents its most striking feature in the fact that the average frequencies 
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retrieved for t-ZrO2 from both MWZ and NWZ of Cases A and B are positive values. 

Thus, they all should apparently represent compressive stresses of quite high (i.e., 

several GPa) magnitude. Note that this is against the established notion that in ZTA 

subjected to polymorphic transformation, as observed upon in-vitro simulation, the 

residual t-ZrO2 phase should undergo a tensile stress state (cf. Figure 4.9 (a)). On the 

other hand, band shift data referring to the monoclinic polymorph, agree with in-vitro 

experiments for Case A retrieval and for the NWZ of Case B retrieval, but they fail in 

predicting the piezospectroscopic behavior of the monoclinic band in the MWZ at the 

surface of both retrievals and in the depth of Case B (i.e., indicating a tensile rather than 

a compressive stress field contributed by in-vivo service).  

	  

Figure 4.8: Variations of the average peaks position relative to the 145 (a) the 180 (b) 

and the 415 cm-1 (c) Raman bands, respectively, as found in Case A and B. 

 

 

Figure 4.9: Contribution given by residual stresses from tetragonal to monoclinic phase 

transformation to the observed shifts of individual Raman bands (a) and comparison 

between the related shifts ∆𝜔!! and the average spectral shifts, ∆𝜔!"#, observed in 

different zones of Case A and Case B retrievals (b). 
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In Figure 4.9 (b), the behavior of the alumina vibrational band on the entire surface of 

Case A and in the NWZ of Case B points to a compressive stress field apparently in 

agreement with in-vitro predictions, while spectral shifts collected at the surface and in-

depth zones of Case B MWZ contradict the in-vitro predictions. The most striking 

feature in our study is that the MWZ on the Case A retrieval, which has an intact 

surface, present a relative increment of monoclinic volume fraction above the NWZ of 

33.4%. Although the starting value of monoclinic volume fraction is quite high, 

according to the hydrothermal simulation data collected in-vitro, the amount of in-vivo 

polymorphic transformation after only 9 months of implant should be undetectable to 

our Raman probes (i.e., within the measured standard deviation). Moreover, it is not 

probable that articulation against the soft polyethylene counterpart could induce strong 

residual stress fields into the ceramic surface. 

The interpretation we give for the above discrepancy between in-vivo data and in-vitro 

predictions, which prove here only predictive for a merely hydrothermally driven 

surface destabilization, invokes additional factors of chemical or tribological nature to 

contribute the observed spectral shifts. Those aspects obviously are not included in 

hydrothermal simulations in-vitro, but might undoubtedly represent the 

mechanochemical severity of the environment in which the ZTA bearing surface is 

embedded in-vivo. Moreover, another aspect of our findings here is related to the fact 

that the bearing counterpart of the studied ZTA femoral heads was a polyethylene 

counterpart. Accordingly, the main trigger for the abnormal amount of polymorphic 

transformation, which we found taking place quickly in the post-operative period, could 

not be simply ascribed to the mechanical stress fields generated during normal service at 

the bearing surface. 

For what concerns the retrieved Case B, metal transfer to ceramic femoral head surfaces 

has widely been reported in the published literature [116-118]. So far, the consequences 

of metal transfer toward a ceramic femoral head have mainly been discussed in terms of 

roughening of the head surface and/or increasing polyethylene wear in total hip 

replacements. Müller et al. [116] have examined ceramic femoral heads from both 

alumina-on-alumina and alumina-on-polymer pairings. All the studied heads resulted 

from revision of total-hip-replaced implants with titanium-containing acetabular 

components and showed metallic deposit on their surface. Microscopic analyses 

revealed that such deposits consisted of titanium, as a result of repeated contacts 
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between the femoral head and the posterior part of the metal back. In alumina-on-

alumina couples the titanium deposits showed a variety of roughness profiles. However, 

a clear difference was common to all the hard-on-hard implants as compared to alumina 

heads articulating against polyethylene: the titanium deposited onto femoral heads 

during dislocation were gradually abraded within the harder alumina-on-alumina 

bearing couple during normal gait (and subsequently released into the body by synovial 

fluid), while the increased surface roughness of the femoral heads belonging to hard-on-

soft bearings damaged the polymeric acetabular inlay and increased the wear of the 

bearing surface through a third-body wear mechanism. A later report by Bal et al. [117] 

also described cases of metallic transfer to alumina, which occurred intraoperatively or 

while reducing a dislocated total hip, as the consequence of femoral head contacts to the 

rim of the metal acetabular shell. A relatively large number of 14 cases of metal-stained 

alumina femoral heads, all retrieved from ceramic-on-ceramic articulations, were 

thoroughly examined by using electron microscopy and noncontact profilometry. The 

surface roughness of metal-stained alumina heads was found significantly greater than 

that of unused alumina heads, and the focus of the discussion was placed on the 

enhanced surface damage that metallic debris induced onto the alumina microstructure 

(e.g., grain detachment and surface pitting). A more recent report by Eberhardt et al. 

[118] attempted to clarify the mechanisms behind metal staining in both CoCr and ZrO2 

materials by means of in-vitro experiments. Wear simulation in dry environment 

demonstrated an increase in polyethylene wear with femoral surfaces roughened by 

metal transfer as compared with control surfaces, which was consistent with general 

conclusions made for lubricated wear couples [119, 120]. Contributions of the transfer 

element to wear were equally significant for CoCr and ZrO2 femoral heads, consistent 

with previously published data by Kim et al. [104] on alumina heads.  

In this paper, we took a step forward in the description of the effects of metallic debris 

in hard-on-soft hip implants. Besides confirming the roughening effect already reported 

by previous investigators [116-118], our Raman microprobe data newly unveiled a 

chemical destabilization of the tetragonal zirconia phase in ZTA materials. Note that we 

obtained this result by directly monitoring the local variations in vibrational response of 

the zirconia lattice.  

With these evidences on the chemically driven phase destabilization of t-ZrO2 in ZTA 

femoral heads, the question now shifts on the actual environmental conditions that could 
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induce lattice diffusion in a ceramic phase. Hardly reached by synovial (lubricant) fluid, 

“trapped” in a polymeric envelop with very low thermal conductivity, and incapable, 

unlike metal components, to internally propagate heat because of its own low thermal 

conductivity, the ceramic bearing surface might reach unexpectedly high local 

temperatures under the effect of frictional forces.  

4.5 Conclusion 
Pristine and short-term retrieved ZTA femoral heads incorporating polyethylene 

acetabular cups with a dual mobility configuration have been investigated by means of 

confocal Raman spectroscopy. An analysis of polymorphic volume fraction on the nine 

pristine balls, manufactured in different years, showed a positive trend in decreasing the 

content of monoclinic polymorph toward the new generation material. However, the 

data also showed how difficult could be the obtainment of a full stabilization of the 

tetragonal polymorph. In the NWZ, the retrieved samples show high value of 

monoclinic volume fraction, but comparable with the pristine balls from the same 

generation. Analysis of MWZ revealed high values, contradicting any predictive in vitro 

estimation for polymorphic transformation when activated by a merely hydrothermal 

trigger. Polymorphic transformation also spread along the subsurface of the femoral 

heads for several tens of microns [30~40 µm] below the bearing surface of the femoral 

heads. Metal debris trapped in-between the sliding surfaces involved contamination by 

metal ions, which could induce structural alterations to the crystal structures of the ZTA 

material, leading to an acceleration of the rate of tetragonal-to-monoclinic 

transformation after quite short-term in-vivo exposures. Piezo-spectroscopic algorithms, 

applied in comparison with in-vitro exposed ZTA products, conspicuously failed in 

explaining the observed spectral shifts only in terms of residual stresses and highlighted 

a contribution of chemical nature induced probably by metallic contamination. In 

conclusion, crystallographic destabilization of the ZTA bearing surfaces appeared as a 

more complex phenomenon than the simple hydrothermally activates one. For ZTA 

implants operating under real rather than simulated conditions, additional factors should 

be taken into account when judging about material stability. Among those factors, we 

have newly located here a chemical effect, which could play a role even if the 

kinematics of the hard-on-soft joint articulation takes place correctly. 
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5 VIBRATIONAL ALGORITHMS FOR 
QUANTITATIVE CRYSTALLOGRAPHIC 
ANALYSES OF HAP-BASED BIOMATERIALS: 
I, THEORETICAL FOUNDATIONS 

5.1 Introduction 
The Raman effect is a quite unique physical phenomenon that can directly bring into 

view the vibrational states of molecular groups contained in the studied sample through 

analyzing the emitted spectrum of light. Unequivocally becoming fingerprint identifiers 

for specific materials, Raman spectra have extensively been used for a quick 

determination of the chemical composition of both inorganic and organic materials in 

diverse fields of application.[121-123] Among those fields, Raman spectroscopy has 

long been known as an insightful tool for chemical characterizations and classifications 

of complex biological samples of various complexity.[123-127] However, the potential 

of Raman spectroscopy is not only limited to chemical analyses, but it also encompasses 

fundamental aspects of crystallography and (elastic) deformation mechanics. In a recent 

review paper,[128] Pezzotti has put forward a series of new algorithms for 

quantitatively resolving both crystallographic and mechanical stress information (i.e., in 

their full vectorial and tensorial characteristics, respectively) from polarized Raman 

spectra of inorganic crystals. Those algorithms were also extensively validated for a 

number of single-crystalline and textured (polycrystalline) samples, [128-131]  thus 

bridging the gap between fundamental research and applicative (and quantitative) 

Raman methodologies. 
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In this paper, we build upon those previous studies and attempt to extend our theoretical 

findings to rationalize the Raman behavior of the hydroxyapatite crystal, as a paradigm 

example among inorganic biomaterials. In focus here are the crystallographic aspects of 

the Raman behavior of hydroxyapatite in response to monochromatic (visible and 

polarized) light, and the spectral modifications associated with the presence of 

crystallographic textures. A preliminary literature survey on these topics brought to our 

attention several studies of teeth enamel, in which attempts were made to locally resolve 

crystallographic orientation in biogenic apatite samples by means of polarized Raman 

spectroscopy. [132-140] A pioneering study was early reported by Tsuda and 

Arends,[132] who investigated single-crystals of synthetic hydroxyapatite by means of 

orientational microprobe Raman spectroscopy. These researchers semi-empirically (and 

quite cleverly) realized that the intensity of the Raman bands were invariant with 

respect to the orientation of the a- or b-axis in a single-crystalline sample. Accordingly, 

they concluded that the Raman emission from hydroxyapatite crystals only depended on 

c-axis orientation. In the same paper, a preliminary Raman characterization of 

crystallites near the intact outer enamel surface of human teeth was also shown, with the 

spectra revealing an average orientation of the c-axis perpendicular to the outer surface. 

In a later paper,[133] the same authors reviewed some applicative aspects of Raman 

microprobe spectroscopy and near-infrared (Fourier transformed) Raman spectroscopy 

in the study of dental hard tissue. In this latter paper, however, no additional theoretical 

insight was given, but the main emphasis was shifted to examine the mineral 

components present in enamel and dentin, and to the calcium fluoride crystalline form 

developed in/on enamel. Exploiting the strong orientational dependence of the polarized 

Raman signal from textured enamel, a series of papers by Ko et al.[134-136] have 

introduced a Raman procedure that provides morphological information and 

biochemical specificity in detecting incipient carious lesions in human teeth. The 

observed spectral changes were attributed to demineralization-induced alterations of 

enamel crystallite morphology and orientation. A similar approach was also proposed 

by Ionita,[137] but in this latter case the discussion shifted to the effect of carious 

lesions on the enamel structure only in terms of an alteration of local crystallographic 

symmetry. In two later papers, Choo-Smith et al. [138, 139] have discussed the 

efficiency of the Raman spectroscopy technique in the detection of early caries in 

comparison with optical coherence tomography. Hill and Petrou [140] suggested a 

slightly different approach, consisting in the use of the luminescence-to-Raman 
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intensity ratio for distinguishing between diseased and healthy areas of the tooth, and 

for providing a semi-quantitative measure for judging about the stage reached by the 

disease. A recent review paper by Prabhakar et al. [141] on non-invasive methods for 

caries diagnosis aimed at assisting practitioners in developing their knowledge of 

modern management of dental caries. This comprehensive review paper listed polarized 

Raman spectroscopy among the most innovative approaches to preventive dentistry.  

While leaving untouched the phenomenological importance and the novelty of the 

above-mentioned studies, we have noticed a lack of rigorousness in putting forward the 

underlying physics for the observed variations of the Raman spectrum of 

hydroxyapatite. Given also the hierarchical complexity of the enamel structure, built up 

in a regular assembly of parallel rods of micrometric diameter (i.e., in turn consisting of 

nanometric crystallites, [142]) no clear link could be established between local 

structures, their statistical patterns, and the recorded Raman spectra. More specifically, 

two fundamental items seem to be conspicuously missing in the pre-existing literature: 

(i) a quantitative knowledge of the full set of Raman tensor elements (RTE) for the 

apatite structure, based on which the dependence of crystal orientation in space could 

rigorously be described in terms of three Euler angles in space; and, (ii) a mathematical 

formalism for statistically interpreting the collected Raman spectra which could 

rigorously lead to quantitative information about the statistical distribution of 

crystallographic texture within the nanostructured enamel assembly. With this in mind, 

we attempted here to provide, as exhaustively as possible, those missing items. The 

advantages related to our new establishments, in terms of both quantitativeness and 

rigorousness of Raman analysis of both healthy and diseased teeth, will explicitly be 

shown in in the next chapter. [143] 

5.2 Experimental procedure 
A small (natural) hydroxyapatite single-crystal (of Central Aldan source) with a 

hexagonal structure and nominal composition Ca5(PO4)3(F,Cl,OH) was purchased 

through the web from a Chinese vendor. The crystal was of irregular (roughly 

prismatic) morphology, approximately 6x 3x 5 mm3 in dimension. Given the yellowish 

green appearance of the crystal, it was suggested that it contained a small fraction of 

impurities, namely either trace amounts of CrO4
3+(Cr5+) or the presence of a complex 

hole-center defect represented as SiO3
--(Ce3+K+). [144, 145] This natural crystal showed 
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a wide flat facet, which could easily be recognized as the (1221) plane of its hexagonal 

crystal structure by means of X-ray diffraction analysis (RINT 1400V, Rigaku, Tokyo, 

Japan). On the other hand, a series of healthy incisors and molar teeth could be obtained 

from donors (human patients upon clearance of ethical procedures) at the Department of 

Immunology and Dental Medicine of the Graduate School of Medical Science of Kyoto 

Prefectural University of Medicine. All the Raman spectroscopic experiments described 

in this paper were carried out in a backscattering configuration, with using a triple 

monochromator, using the instrumentation described in section 2.2.7. All the confocal 

experiments described in this section were conducted with a pinhole aperture of 100 µm 

and with employing an objective lens with a magnification of 100x. The dimensions of 

the confocal probe were evaluated according to previously established procedures using 

the probe response function approach. [128-131] The diameter of the probe waist in the 

focal plane and the penetration depth to which emission of the Raman signal reached 

90% of the total Raman intensity were found to be ~2 and 104 µm, respectively, with 

focusing on the free surface of the tooth, and ~2 and 82 µm, respectively, with focusing 

on the tooth cross-section (in the enamel area). With the aid of a goniometer jig, spectral 

positions and intensities of Raman bands were monitored upon rotating the sample 

under polarized light either in parallel or in cross configuration. Throughout the rotation 

experiments, polarization directions were labeled according to the Porto notations. [33] 

According to these notations, specification of, for example, 𝑥 𝑧𝑧 𝑦 means that the 

incoming light enters the x-axis of the crystal being polarized along the z direction and 

the scattered light, polarized parallel to the z-axis, is collected along the y-axis. A bar on 

top of the first axis notation then indicates that the axis possesses opposite orientation 

with respect to the specific versus of the incoming light. Spectral Raman lines were 

analyzed using a commercially available software package (Origin 9.1, OriginLab Co., 

Northampton, MA, USA). Fitting was performed according to Gaussian-Lorentzian 

functions after subtracting a linear baseline. All mathematical procedures were carried 

out with the aid of commercially available computational software. [146]  

5.3 Results and discussion 

5.3.1 Structure, selection rules and Raman spectrum of hydroxyapatite 
Hydroxyapatite is a hexagonal crystal belonging to the space group P63/m (dipyramidal; 

𝐶!"!  in Schönflies notations) and to the point group 6/m (C6h), [147] with 44 atoms per 
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unit cell. In its most common species, it is a naturally occurring mineral form of calcium 

apatite with the formula Ca5(PO4)3(OH) (i.e., although it is usually written 

Ca10(PO4)6(OH)2 to denote that the crystal unit cell comprises two entities). 

Hydroxyapatite represents the hydroxyl end-member of the complex apatite group, with 

its OH- ion that could eventually be replaced by fluoride, chloride or carbonate units, 

thus giving rise to fluoro-apatite, chloro-apatite, or carbonate-apatite compounds, 

respectively. Because of its large unit cell size, the hydroxyapatite crystal has long 

empirically been explored and only recently has becoming attentioned through more 

rigorous approaches. Stoichiometric hydroxyapatite has a calcium-to-phosphate ratio of 

1.67, and relatively large unit cell dimensions of a=b=9.432 Å and c=6.881 Å.  

The structure of the hydroxyapatite unit cell is shown in Figure 5.1 (a) and (b) for two 

different three-dimensional views of the crystal (i.e., c-axis and a-axis view, 

respectively). The main symmetry elements are: (i) one mirror plane, perpendicular to 

the c-axis (at z=1/4); (ii) one screw axis 63 at the unit-cell origin, parallel to the c-axis 

and associated with an inversion center at (0,0,0); (iii) three screw axes 21 parallel to the 

c-axis at the center of the unit cell in (1/2,1/2,z), (1/2,0,z), and (0,1/2,z). Each axis is 

associated with the inversion centers (1/2,1/2,0), (1/2,0,0), and (0,1/2,0), respectively; 

and, (iv) two improper rotation axes 6 , parallel to the c-axis at (1/3,2/3,z) and 

(2/3,1/3,z). Accordingly, in the overall vibrational behavior of hydroxyapatite, there can 

be found 33 Raman active modes can be found, in addition to 20 infrared active modes, 

according to the following irreducible representation: [126, 147, 148] 

 Γ = 22𝐴 + 22𝐵 + 22𝐸! + 22𝐸! (5.1)	  

Among the vibrational modes in Eq. (5.1), all the A, E1, and E2 modes are Raman 

active, while only the former two are also infrared active. However, bands arising from 

the internal vibrations of the phosphate ion (PO4
3-) dominate the experimentally 

detected Raman spectrum of hydroxyapatite. The free PO4
3- ion with Td symmetry 

possesses nine normal vibration modes: (i) the totally symmetric P-O stretching mode, 

𝜈!; (ii) the doubly degenerate O-P-O bending mode, 𝜈!; (iii) the triply degenerate 

antisymmetric P-O stretching mode, 𝜈!; and, (iv) the triply degenerate antisymmetric O-

P-O bending mode, 𝜈!. These vibrational modes are schematically shown in Figure 

5.1(c). Due to the lower symmetry of the local crystal field, both shift and splitting of 

the Raman bands are expected, as a consequence of molecular distortions.  
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However, an advantageous consequence of this physical circumstance is that the profile 

of the Raman spectra can give relevant information concerning both crystal structure 

and chemistry. In the hexagonal symmetry of the hydroxyapatite cell, the degeneracy of 

the Raman modes is entirely lifted. Accordingly, in the Raman spectrum of 

hydroxyapatite the above-mentioned four spectral regions are well distinguishable. 

Figure 5.2 (a) and (b) show the Raman spectra obtained from the 1221  plane of the 

hydroxyapatite single-crystal sample with parallel and cross polarization geometries, 

respectively. The four spectral regions 𝜈!~𝜈!  are labeled in inset to both spectra and 

emphasized with broken lines in Figure 5.2 (b). The phosphate symmetric-stretch peak 

is the most intense Raman band in both polarization configurations and can be observed 

at around 962 cm-1. Sharpness and an increasing wavenumber for this band usually 

indicate a more crystalline stoichiometry of the hydroxyapatite crystal.  

	  

Figure 5.1: The lattice cell structure of hydroxyapatite is represented in (a) and (b) for 

two different views of the crystal. In (c), the vibrational modes of the hexagonal cell 

structure are schematically represented according to the irreducible representation given 

by Eq. (3.2) 
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Figure 5.2: Raman spectra obtained from the 1221  plane of the hydroxyapatite 

single-crystal sample with parallel and cross polarization geometries in (a) and (b), 

respectively. 

The intense singlet at ~962 cm-1 will henceforth be simply referred to as the 𝜈! 

fundamental vibrational mode. The 𝜈! region of the spectrum mainly consisted of two 

bands located at ~432 and ~442 cm-1, which represent the doubly degenerate O-P-O 

symmetric bending. The bands comprised in the 𝜈! group, all arising from the triply 

degenerate antisymmetric stretching vibrations of the P-O bonds, can be observed in a 

high frequency region at ~1025, 1047, and 1087 cm-1. These bands correspond to the 

factor group splitting of the bending vibrations of the PO4
3- ion. Finally, also the bands 

located at ~579, 592, and 608 cm-1, which belong to the 𝜈! fundamental vibrational 

mode and arise from the triply degenerate bending vibrations, could clearly be resolved. 

These latter bands displayed relatively high intensities in cross mode for the 1221  

plane of the hydroxyapatite single-crystal sample. 

5.3.2 Raman tensor elements from hexagonal hydroxyapatite single-crystal 
A general expression for the angular dependences on Euler angles of the intensities of 

the Raman active modes, Ij, (i.e., with the index j in this case referring either to the A1 or 

to E1 and E2 vibrational bands as shown in Eq. (5.1)) can be retrieved by expanding the 

Loudon equation [149] with substituting in it for the Euler transformation matrix, 𝚽!"#, 

and its inverse, 𝚽!"#, in their usual meaning. These transformation matrices enable one 

to transform the tern of Cartesian coordinates associated to the principal axes of the 

hexagonal crystal, 𝑋!"# ,   𝑌!"# ,   𝑍!"# , into Cartesian frame selected as representative of 
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the laboratory coordinates, 𝑥!"# ,   𝑦!"# ,   𝑧!"# . Our choice of Cartesian coordinates and 

Euler angles is shown in inset to Figure 5.2 (a). The origin for the out-of-plane 

(zenithal) angle, 𝜃, was taken in correspondence the normal direction of the investigated 

crystal plane. On the other hand, the origin for the in-plane (azimuthal) angle, 𝜓, was 

set as the normal direction of the plane containing the   𝑍!"# and   𝑧!"! axes. The general 

equation governing the Raman intensity in the Euler space, according to section 2.2.3, 

can then be stated as: 

	   𝐼! ∝ 𝑒!Φ!"#ℜ!Φ!"#𝑒!
! (5.2)	  

where 𝒆! and 𝒆! are the unit polarization vectors of the electric field for incident and 

scattered light, respectively; and, 𝕽! are the Raman tensors for different Raman active 

modes, which for the P63/m dipyramidal structure of hydroxyapatite are:30 

	   ℜ!! =

𝑎 0 0

0 𝑎 0

0 0 𝑏

	   ℜ!!(!) =

𝑎 0 𝑐

0 0 𝑑
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(5.3)	  

	   ℜ!!(!) =

𝑒 𝑓 0

𝑓 −𝑒 0

0 0 0

	   ℜ!!(!) =

𝑓 −𝑒 0

−𝑒 −𝑓 0

0 0 0

	  

where the constants a, b, c, d, e and f represent the six RTE constants. If we assume, as 

it applies to our experimental setup, the unit polarization vectors as shown in Eq. (5.2), 

then, an expansion of Eq (5.2) after substituted for Eq.(5.3) leads to a set of independent 

equations expressing the expected Raman intensities produced by the available 

vibrational modes (A1, E1, and E2) modes as a function of Euler angles in space, as 

follows: 

	  
 

(5.4)	  

	    (5.5)	  

	    (5.6)	  

   
I A1

 ∝ a − a − b( )sin2θ sin2ψ⎡⎣ ⎤⎦
2

1

2
2sin sin2

2A
a bI θ ψ⊥ −⎡ ⎤⎛ ⎞∝ ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 

IE1 X( )
 ∝ −2sinθ sinψ cosϕ −d cosψ + ccosθ sinψ( )⎡⎣{

+sinϕ ccosψ + d cosθ sinψ( )⎤⎦}2



5.3 Results and discussion 
 

   85 

	    (5.7)	  

	    (5.8)	  

	    (5.9)	  

	  
 

(5.10)	  

	  

 
(5.11)	  

	  
 

(5.12)	  

	  
 

(5.13)	  

The two distinct vibrational components of the intensity of the E1,2 modes, namely 

E1,2(X) and E1,2(Y), can be linked to each other through the following equation: 

	    (5.14)	  

where the superscripts ∥ and ⊥ locate the parallel and cross configurations of the Raman 

probe, respectively. Substituting into Eq. (5.14) the eqs.(5.6)~(5.13), one obtains: 

 

IE1 Y( )
 ∝ 2sinθ sinψ sinϕ d cosψ − ccosθ sinψ( )⎡⎣{

+cosϕ ccosψ + d cosθ sinψ( )⎤⎦}2

IE1 X( )
⊥ ∝ sinθ cosϕ −d cos2ψ + ccosθ sin2ψ( )⎡⎣{

+sinϕ ccos2ψ + d cosθ sin2ψ( )⎤⎦}2

IE1 Y( )
⊥ ∝ sinθ −cosϕ ccos2ψ + d cosθ sin2ψ( )⎡⎣{

+sinϕ −d cos2ψ + ccosθ sin2ψ( )⎤⎦}2

   

IE2 X( )
 ∝ − cosϕ cosψ − cosθ sinϕ sinψ( ) sinϕ( f cosψ − ecosθ sinψ )⎡⎣{
+cosϕ(ecosψ + f cosθ sinψ )⎤⎦ + sinϕ cosψ + cosθ cosϕ sinψ( )

× cosϕ(− f cosψ + ecosθ sinψ )⎡⎣ + sinϕ(ecosψ + f cosθ sinψ )⎤⎦}2

   

IE2 Y( )
 ∝ sinϕ cosψ − cosθ cosϕ sinψ( ) sinϕ( f cosψ − ecosθ sinψ )⎡⎣ ⎤⎦{

−(cosϕ cosψ − cosθ sinϕ sinψ ) cosϕ( f cosψ − ecosθ sinψ )⎡⎣

− sinϕ(ecosψ + f cosθ sinψ )⎤⎦⎥
⎫
⎬
⎭

2

  

IE2 X( )
⊥ ∝ cosθ cos2ψ f cos2ϕ − esin2ϕ( )− 1

2
1+ cos2θ( )⎡

⎣⎢

sin2ψ (ecos2ϕ + f sin2ϕ )⎤⎦
2

  

IE2 Y( )
⊥ ∝ −cosθ cos2ψ ecos2ϕ + f sin2ϕ( )− 1

2
1+ cos2θ( )⎡
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	    (5.15)	  

	    (5.16)	  

	  
 
IE2
 ∝ 1

2
e2 + f 2( ) cos2ψ + cos2θ sin2ψ( )2  (5.17)	  

	    (5.18)	  

From a quick examination of Equations (5.4) and (5.5), and (5.15)~(5.18), it becomes 

immediately clear that, in the specific crystal structure belonging to the C6h space group, 

the angular dependence of the intensities of the Raman modes, E1 and E2, are 

independent of the Euler angle, φ. Equations (5.4), (5.5), and (5.15)~(5.18) represent the 

link between the irreducible representation of the crystal, given by Eq. (5.1), and the 

observable Raman intensity for the different vibrational modes listed in it. This set of 

equations can be used either to calibrate the six RTE constants (i.e., through conducting 

polarized Raman experiments on known crystallographic planes) or to assess unknown 

crystallographic orientations, provided that the full set of RTE constants are known to a 

degree of precision. In the following, we shall assess the six RTE constants from in-

plane rotation experiments to monitor the polarized Raman emission from the single-

crystal sample. 

Equations (5.4), (5.5), and (5.15)~(5.18) were used as trial functions to determine, 

through a best-fitting routine applied to the experimental data, the full set of six RTE 

constants for hexagonal hydroxyapatite. In the present study, values of a, b, c, d, e, and f 

were determined from the measured intensity variations of bands located at around 1048 

(A1 mode; parallel and cross), 617 (E2 mode; cross), 593 (A1 mode; parallel), 581 (E2 

mode; cross), and 449 cm-1 (E2 mode; parallel). Intensity dependences on the in-plane 

rotation angle, 𝜓, are plotted together with the best-fitting curves in Figure 5.3 (a)~(f), 

respectively. In our choice of Euler angles, the 1221  plane of the hydroxyapatite 

single-crystal sample corresponded to 𝜃=40o and 𝜑=30o. In-plane rotation experiments 

were conducted with selecting the origin of the Euler angle, 𝜓, in correspondence to the 

a-axis of the crystal. Confirmation of RTE results could be obtained upon comparing 

the curves that best fit the experimental data as a function of rotation angle, 𝜓, on 

different crystallographic planes in either parallel or cross configuration (not shown 

 
IE1
 ∝ 2 c2 + d 2( )sin2θ sin2ψ cos2ψ + cos2θ sin2ψ( )

IE1
⊥ ∝ 1

8
c2 + d 2( )sin2θ 3+ cos2θ cos4ψ( )

2

2 2 2 4 2 21 ( ) cos (3 cos4 ) cos sin 2 sin 2
8EI e f⊥ ⎡ ⎤∝ + + + +⎣ ⎦θ ψ θ ψ ψ
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here). As a general output, the experimental data fit the theoretical predictions to a good 

degree of precision in both cases of parallel and cross modes. A relatively higher scatter 

could be found for some specific band embedded in overlapped spectral regions, but 

this scatter was mainly due to fitting errors. Table 5.I list all the retrieved (average) RTE 

values together with the respective statistical scatters,±∆. A quantitative knowledge of 

the full set of RTE constants represents the basis for the spectroscopic evaluation of 

local crystallographic orientation in hydroxyapatite-based biomaterials. 

	  

Figure 5.3: Intensity variations of bands located at ~1048 (A1 mode; cross and 

parallel), 617 (E2 mode; cross), 593 (A1 mode; parallel), 581 (E2 mode; cross), and 449 

cm-1 (E2 mode; parallel as a function of the in-plane rotaztion angle, 𝜓, are presented 

together with the respective best-fitting curves in (a), (b), (c), (d), and (f), respectively. 
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Table 5.I: RTE constants as retrieved from a hydroxyapatite single-crystal sample. 

Values in brackets represent the values obtained on highly oriented (healthy) tooth 

enamel. 

Raman tensor elements Value ±Δ 

a -0.6077 (-0.6124) 0.09350 

b -1.6156 (-1.6301) 0.03613 

c 1.01800 (1.0566) 0.05314 

d 1.01800 (1.0566) 0.05314 

e 1.024001 0.02863 

f 1.024001 0.02863 

5.3.3 ODF formalism and its application to human teeth structures 
The statistical distribution of the c-axis direction of hydroxyapatite crystallites 

constituting the enamel structure of human teeth can be retrieved from rotational sets of 

Raman spectroscopic data. The method enabling such determination (i.e., the so-called 

orientation distribution function (ODF) formalism) consists of Wigner functions 

expanded in a series of Legendre polynomials, according to rotational symmetry 

considerations. [150, 151] The definition of the Wigner functions in turn requires the 

definition of an additional set of Euler angles, (𝛼,𝛽, 𝛾) , whose spatial position is 

relative to a right-handed macroscopic system of Cartesian axes 𝑋!"# ,   𝑌!"# ,   𝑍!"# , 

which we have already referred to as the crystal frame. Figure 5.4 represents a draft of 

all the Cartesian coordinates and Euler angles employed in this study, also showing our 

choice of angle, 𝛾. Such angle indicates the degree of anticlockwise rotation about the 

𝑦!"# -axis of the average crystallographic orientation within the probe volume. The 

analytical formulation of the probability of finding a hydroxyapatite unitary lattice cell 

with crystallographic orientation comprised between the angles (𝛼,𝛽, 𝛾) and ((𝛼 +

𝑑𝛼,𝛽 + 𝑑𝛽, 𝛾 + 𝑑𝛾)  can be retrieved through the definition of an orientation 

distribution function, 𝑓(𝛼,𝛽, 𝛾) ≥ 0, as follows: [150] 

	  
 (5.19)	  

where the function, 𝑓(𝛼,𝛽, 𝛾), is referred to as the orientation distribution function. In 

first approximation, azimuthal dependences can be neglected, thus assuming that the 

f α ,β,γ( )
γ =0

2π

∫β=0

π

∫α=0

2π

∫ sinβdαdβdγ = 1
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orientation distribution function is only dependent on the polar angle, 𝛽 . This 

assumption is equivalent to consider a uniaxial symmetry of the crystalline texture with 

respect to the Y-axis. The orientation distribution function can in turn be expressed as an 

expansion of of Legendre polynomials, as follows: 

	  
 (5.20)	  

The coefficients, 𝑃! cos𝛽 , of the series expansion are referred to as the “order 

parameters” and should be determined experimentally, while the Legendre polynomials, 

𝑃! cos𝛽 , of order 2 and 4 are given as: 

	  
 (5.21)	  

	    (5.22)	  

Upon defining, ,𝛽! = arctan !"#!
!"#! !!!

 as the angle comprised between the Ycry-axis and 

the projection of the 𝑦!"#-axis of the crystal orientation onto the plane (𝑦!"#! , 𝑧!"#! ) with 

𝑧!"#! ≡ 𝑧!"#, it follows that: 𝜃 = 𝜃! − 𝛽!, where 𝜃! is the angle locating the preferential 

orientation of the textured microstructure (i.e., of the c-axis of the hydroxyapatite 

crystals; cf. Figure 5.4). According to the ODF formalism, any of the equations 

belonging to the system of equations (5.4), (5.5), and (5.15)~(5.18) can then be 

rewritten in a way that includes the statistical distribution of crystallite c-axis, as 

follows: 

	  

 (5.23)	  

with the subscript k to the Raman intensity indicating any of the available vibrational 

modes of hexagonal hydroxyapatite. Upon expressing the orientation distribution 

function with only considering the first two terms of the Legendre polynomial 

expansion, one can set: 

	   	   (5.24)	  

f β( ) = 2i +1
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P2 cosβ( ) = 3cos2 β −1( )
2

P4 cosβ( ) = 35cos4 β − 30cos2 β + 3( )
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∫β=0

π

∫α=0

2π

∫

f β( ) = Aexp − λ2P2 cosβ( )⎡⎣ ⎤⎦ + λ4P4 cosβ( )⎡⎣ ⎤⎦{ }



5 Vibrational algorithms for quantitative crystallographic analyses of HAp-based 
biomaterials: I, Theoretical foundations 

90   

where A is a constant and the parameters λi (i = 2,4) are the so-called Lagrange 

multipliers (i.e., as defined by Jaynes in his statement of the principle of maximum 

information entropy). [152] Average values of the Legendre multipliers can be then 

defined, as follows: 

	  
	   (5.25)	  

	   	   (5.26)	  

Once the orientation distribution function, 𝑓(𝛽), is known, Equations (5.19), (5.25) and 

(5.26) can be numerically solved for the three unknown parameters , 𝜆!, and 𝜆!. The 

order parameter, 𝑃! cos𝛽 , which is usually referred to as the Hermans orientation 

parameter, [150] assumes the value 0 when the orientation of the domains is fully 

random, and values 1 and -0.5 for a perfectly textured orientation of the hydroxyapatite 

c-axis of the hydroxyapatite lattice parallel and perpendicular to the average texture 

orientation, respectively.  

P2 cosβ( ) = P2 cosβ( )
γ =0

2π

∫β=0

π

∫α=0

2π

∫ f α ,β,γ( )sinβdαdβdγ

P4 cosβ( ) = P4 cosβ( )
γ =0

2π

∫β=0

π

∫α=0

2π

∫ f α ,β,γ( )sinβdαdβdγ

A

	  

Figure 5.4: Draft of our choices of Cartesian coordinates and Euler angles. The angle, 

𝛾, indicates the degree of anticlockwise rotation about the ylab-axis of the average c-

axis orientation within the probe volume. 
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The Hermans’ orientation parameter has been selected by other authors as the primary 

parameter to judge about the alignment of elongated structural features. [153] The 

additional order parameter displayed in the Legendre polynomial expansion, 

𝑃! cos𝛽 , also contributes to describe the degree of orientation of the structure. 

According to a parametric study by Perez et al., [153] the contribution of this latter 

parameter refers to a second-order effect as compared to 𝑃! cos𝛽 . Although we will 

list both 𝑃! cos𝛽  and 𝑃! cos𝛽  parameters as the output of our ODF assessments, 

for the purpose of this study it suffices to discuss about the degree of orientation of the 

investigated domain structures by only considering the Hermans’ parameter as an 

indicator of the degree of orientation of the enamel structure. Note, however, that at 

each location of a given textured location the average crystallographic orientation of the 

crystallites, as well as the ODF itself, is in principle unknown. Note that we assume 

here, in first approximation, that the set of six RTE as determined for the hydroxyapatite 

single-crystalline sample (cf. previous section), is also accurate for the enamel structure 

(an experimental validation of this statement will be given in the next section). Under 

this assumption, there are six unknown parameters involved with the statistical 

estimation of the local structure at any given location, as follows: (i) two average Euler 

angles, 𝜃 and 𝜓, that locate the average c-axis orientation in space; (ii) two instrumental 

constants involved with the device optics (i.e., needed for transforming the 

proportionality relations in equations (5.4), (5.5), and (5.15)~(5.18)) into equalities; and, 

(iii) two order parameters, 𝑃! cos𝛽  and 𝑃! cos𝛽 , which in turn contain the three 

parametric constants, A, 𝜆!, and 𝜆!. This set of six unknown parameters can be obtained 

according to Equations (5.19), (5.25) and (5.26). Six independent equations can be 

derived according to equation (5.23) from the six Raman selection rules of hexagonal 

hydroxyapatite (equations (5.4), (5.5), and (5.15)~(5.18)). Accordingly, if one has 

knowledge of the six RTE (i.e., experimentally calibrated as shown in the previous 

section) the number of unknown parameters at each probed location equals the number 

of available equations. However, in order to improve the reliability of our spectroscopic 

assessments, we performed an in-plane rotation at each measurement location around 

the axis perpendicular to the local plane of measurement (i.e., around the axis of the 

incoming laser beam in back-scattered configuration). This procedure allowed the 

collection of polarized spectra at a series of different angles and, thus, the obtainment of 

a set of six independent equations for nine different in-plane angles in the interval, 

0 ≤ 𝜓 ≤ 𝜋 2, for a total of 54 equations, (i.e., largely exceeding the number of 
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unknown parameters). A computational routine was built that randomly selected six 

independent equations for assessing the six unknown parameters, and evaluated the 

exactness and precision of the computed values by means of the remaining equations. 

The above procedure was applied to two separate experimental protocols carried out on 

both molars and incisors, which dealt with the evaluation of average crystallographic 

directions and the statistics of their angular distribution in the textured enamel structure 

of healthy human teeth. Drafts showing the procedure of these experiments and our 

respective choices of Cartesian systems and Euler angles are given in Figure 5.5(a) and 

(b) for molar and incisor teeth, respectively. In Figure 5.5 (c) and (d), one healthy molar 

tooth and one healthy incisor tooth among the investigated samples are shown, 

respectively. In the context of the experimental procedure depicted in Figure 5.5, the 

dependences of relative intensity for all the Raman bands of human enamel were 

recorded at 8 different locations on the crown surface of the healthy molar tooth and at 6 

different locations on the crown surface of the healthy incisor tooth as a function of in-

plane rotation angle, 𝜓 (i.e., at angular intervals, Δψ = 15o). Polarized Raman spectra 

from healthy enamel were morphologically similar to those of the investigated 

hydroxyapatite single-crystal sample (as shown in Figure 5.2). However, enamel spectra 

were always less intense than those collected on the single-crystalline sample (i.e., 

typically 20 times less intense for the same condition of spectral acquisition). More 

details regarding spectroscopic comparisons between tooth enamel and hydroxyapatite 

single-crystal samples will be given in the next section. The set of rotation experiments 

was repeated twice for parallel and cross configuration of the optical probe. All the 

retrieved dependences indeed revealed trends that could be rationalized by means of 

periodic functions. Examples of in-plane angular dependences are shown in Figure 5.6 

(a)~(f) for the Raman band at ~962 cm-1 (A1 mode; parallel and cross polarization) for 

eight different locations on the crown of a healthy molar teeth. Similar experiments 

were eventually repeated for healthy molar samples, as obtained from different adult 

patients, and they showed similar results. Similar characterizations were made for an 

incisor tooth. In-plane angular dependencies were collected in this case for the 962 cm-1 

band (A1 mode) in both cross and parallel probe configurations. All the retrieved 

angular dependencies could be fit to a degree of precision to theoretical trial functions, 

according to (equations (5.4), (5.5), and (5.15)~(5.18) for the selected configuration of 

the polarization filter (cf. fitting curves in Figure 5.6).  
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Figure 5.5: Experimental protocols followed in Raman characterizations of molar and 

incisor teeth (in (a) and (b), respectively). In (c) and (d), the investigated healthy molar 

tooth and healthy incisor tooth are shown, respectively. 



5 Vibrational algorithms for quantitative crystallographic analyses of HAp-based 
biomaterials: I, Theoretical foundations 

94   

Based on plots of relative intensity, as collected according to the protocol shown in 

Figure 5.5, and solving at each measurement location a system of any three equations 

from the above-mentioned (expanded) set of selection rules, Euler angles could be 

computed. These angles locate the (average) orientation of the crystallographic texture 

in space. Moreover, a fitting routine to trial functions including the ODF, i.e., according 

to Eq. (5.23), was also carried out, thus resolving both the statistical distribution of the 

c-axis within the texture and the order parameters for different areas on the crown of 

molars and incisors Figure 5.7 (a) and (b) show ODF distributions (with the respective 

average value of out-of-plane Euler angle, 𝜃!, and Hermans’ parameters, 𝑃! cos𝛽 , 

given in inset) as retrieved at different locations on the crown of molar and incisor teeth, 

respectively. Table 5.II summarizes all those relevant parameters, as obtained from the 

polarized Raman characterizations at 8 locations on the molar tooth and 6 locations on 

the incisor tooth (cf. drafts in inset to the respective figures). 

Table 5.II: Euler angles representing the preferential orientation of the hydroxyapatite 

crystallites in healthy human teeth (8 locations in a molar tooth and 6 locations in an 

incisor tooth; cf. drafts in Figure 5.5 (a) and (b), respectively). The ODF parameters, 𝜆! 

and 𝜆! , the Hermans parameter, 𝑃! cos𝛽 , and the second-order parameter, 

𝑃! cos𝛽 , are also listed for each investigated location. 

 Location (molar) θ
p
 ψ

p
 λ

2
 λ

4
 𝑃! cos𝛽  𝑃! cos𝛽  

1 40 ̊ 90 ̊ -7.1 -6.0 0.960 0.872 

2 26 ̊ 110 ̊ -5.1 -5.0 0.947 0.837 

3 24 ̊ 90 ̊ -6.0 -5.1 0.951 0.846 

4 38 ̊ 95 ̊ -7.1 -6.0 0.960 0.872 

5 42 ̊ 105 ̊ -7.1 -8.0 0.968 0.897 

6 43 ̊ 90 ̊ -8.0 -8.1 0.969 0.901 

7 20 ̊ 90 ̊ -5.2 -7.8 0.965 0.889 

8 30 ̊ 120 ̊ -7.1 -6.0 0.960 0.872 

 Location (incisor) θp
 ψ

p
 λ

2
 λ

4
 𝑃! cos𝛽  𝑃! cos𝛽  

1 52 ̊ 85 ̊ -5.2 -7.8 0.965 0.889 

2 40 ̊ 85 ̊ -5.1 -5.0 0.947 0.837 

3 35 ̊ 40 ̊ -6.0 -5.1 0.951 0.846 

4 15 ̊ 21 ̊ -7.1 -6.0 0.960 0.872 

5 32 ̊ 36 ̊ -7.1 -8.0 0.968 0.897 

6 38 ̊ 90 ̊ -8.0 -8.1 0.969 0.901 

 



5.3 Results and discussion 
 

   95 

 

 

	  

Figure 5.6: In-plane angular dependences on the Euler angle, 𝜓, for the Raman band at 

~962 cm-1 (A1 mode; parallel and cross polarization) as collected at eight different 

locations on the crown of a healthy molar teeth (cf. locations in inset in comparison 

with Figure 5.5(a)).. 
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Figure 5.7: In (a) and (b), ODF distributions as retrieved at different locations on the 

crown of molar and incisor teeth, respectively (cf. average value of out-of-plane Euler 

angles, 𝜃!, and Hermans parameters, 𝑃! cos𝛽 , as given in inset). 
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The main outputs of the results shown in Figure 5.6, Figure 5.7 and Table 5.II can be 

summarized as follows: 

(i) Since all the investigated locations were close to the cuspal portion of the teeth, the 

high degree of alignment (i.e., as generally found for all the investigated locations) 

seems to confirm that biomineralization of enamel produces the most highly ordered 

structure where actually the largest mastication load is expected. However, the 

preferential direction of the crystal c-axis in the textured enamel structure of the crown 

of healthy human molars was not found to exactly match the local direction 

perpendicular to the sample surface. Depending on the location examined, the out-of-

plane angle, θ p , was inclined up to 40o with respect to the local perpendicular axis to 

the surface). On the other hand, the in-plane orientation pattern (i.e., the Euler angle, 

ψ p ) showed better uniformity in incisor teeth than in molar ones (cf. values Euler 

angles in Table 5.II ). As a general trend among different donors, the crown of healthy 

incisor teeth systematically showed larger fluctuations in the average values of both θ p  

and ψ p  angles as compared to those found in molar ones. 

(ii) As already mentioned, all the locations examined, either on molar or incisor teeth, 

showed a high degree of alignment ( 𝑃! cos𝛽 >0.94) around the preferential 

orientation of the c-axis of the hydroxyapatite structure. In the incisor tooth, the highest 

degree of alignment was found at the sides of the cuspal portion (cf. the sharper 𝑓(𝛽) 

trend at locations 1, 5, and 6 in Figure 5.7 (b)). Also in molar teeth, as a general trend, 

locations with the highest degree of alignment were not exactly located at the top of the 

cuspal portion (i.e., where the alignment is expected to be perpendicular to the occlusal 

surface in order to match the mastication points) but at the beginning of the flank region 

(cf. locations 5 and 6 in Figure 5.7 (a)). 

(iii) Both in molar and incisor teeth, locations at the top of the cuspal portion showed 

the highest fractions of crystallites oriented at 𝜃! ± 𝜋 2 (cf. 𝑓(𝛽) distributions in inset 

to Figure 5.7 (a) and (b), respectively). However, such fractions were orders of 

magnitude smaller than those recorded around the preferential orientation angle, 𝜃!. 

The above-listed general outputs of the polarized Raman assessments are in agreement 

with a similar study recently published by Simmons et al. [154] and performed 

according to position-sensitive synchrotron X-ray diffraction. However, additional 

morphological details in the distribution of enamel crystallite orientation could be 
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visualized here, according to an in-plane spatial resolution about 100 times higher for 

the Raman probe as compared to synchrotron X-rays. Some explanations are offered 

hereafter for such additional details of crystallographic orientation on the crowns of 

healthy molars and incisors according to basic notions of oral histology [142, 155] and 

considering the microstructure/probe interaction. It is known that the arrangement of the 

hydroxyapatite crystallites within each enamel rod is highly complex and strongly 

affected by the behavior of the cells initiating enamel formation. [142] Hydroxyapatite 

crystals in the central part of the enamel rods are quite precisely oriented with their c-

axis parallel to the long axis of the rod, while those in the side zones of the enamel rod 

might have c-axis diverging by as much as 35o. Moreover, the crystallites in the inter-

rod regions are oriented with their c-axis at 90o with respect to the long axis of the rods. 

In their corner-stone paper in prosthetic dentistry, Fernandes and Chevitarese [156]  

were the first to disprove the commonly accepted notion that enamel rods are 

perpendicularly oriented to the tooth surface. In their microscopic investigation of 

orientation of enamel rods, these researchers found a mean angulation of 60o for axial 

surfaces, while the enamel rods were consistently parallel to the long axis of the tooth 

with a mean angulation of 55o. Edges of the cusps and occasional locations at the 

cervical area were also found to be exceptions to the general trend, with enamel rods 

quite precisely oriented perpendicular to the tooth surface. Our polarized Raman data 

indeed confirm in full the microscopic observation described in the paper by Fernandes 

and Chevitarese. [156] 

Enamel rods are typically 4~5 µm thick, but can be quite long (≥100 µm). In other 

words, the volumetric dimension of a single enamel rod approximately matches that of 

our Raman probe. Figure 5.8 (a) shows a schematic draft of the interaction between the 

confocal Raman probe and the enamel microstructure at different locations. According 

to this draft, the clear bimodal distribution in the 𝑓(𝛽) with two maxima at 𝛽=0 and 90o, 

(only) found at locations on the top of the cuspal portion in both molar and incisor teeth, 

arises from these locations being the only ones in which the orientation of the 

crystallites in the inter-rod region is nearly perpendicular to the axis of the incident light 

(cf. Case 1 in Figure 5.8 (a)). On the other hand, rod inclinations on the flanks of the 

teeth lead to the conspicuous disappearance of a distinct crystallite population oriented 

at 90o with respect to the optical axis of the laser beam (cf. Case 2 in Figure 5.8 (a) 

crystallites within the rod and in the inter-rod region both with c-axis inclined with 
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respect to the impinging direction of the laser). Moreover, the lower degree of 

alignment (i.e., the broader ODF) found around the direction θ p  (β = 0 ) at these same 

locations can also be the consequence of either the so-called gnarled enamel texture 

(i.e., in the case of the incisor teeth) [157] or damages and local microfracture at the 

crown surface. The sharper crown of the incisors as compared to molars and the 

different function of the two types of teeth in the act of mastication might involve 

higher mechanical stress magnitudes in incisors and, thus, a higher probability of 

localized micro-damages (i.e., inter-rod separation) and wear. Natural cracks in enamel 

are usually found to run along the long axis of the rods, namely parallel to the nominal 

rod orientation. [158] Crack propagation occurs within the protein-rich inter-rod spacing 

and the crack path follows the direction provided by enamel rods. 

	  

Figure 5.8: (a) Schematic draft of the interaction between the confocal Raman probe 

and the enamel microstructure at different locations on the top of the cuspal portion and 

on the flanks of the tooth; (b) model drawn for explaining the interaction between local 

surface damages and the laser probe, and the related impact on the detected ODF 

distribution. 
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In other words, the local fluctuations found by the Raman probe in incisor crowns might 

also reflect different degrees of damage, prism separation, and microscopic 

consumption for individual enamel rods. Surface damages might expose to the laser 

probe different crystal faces as shown in a simple model drawn for explaining the 

impact of micro-damages on the detected ODF distribution in Figure 5.8 (b). 

Leaving aside further histological discussions, which are beyond the scope of this paper, 

the spectroscopic outputs of this section were found to be in good agreement with 

previous papers and matching evaluations by independent spectroscopic and 

microscopic techniques by other authors. Polarized Raman data have clearly shown the 

possibility to locally evaluate with an improved spatial resolution the average 

crystallographic orientation (in terms of Euler angles in space) and the statistical 

distribution around it (in terms of ODF statistical distributions) of nm-sized 

hydroxyapatite crystallites inside individual enamel rods. 

5.3.4 Validation of RTE values: single crystal vs. textured teeth structures 
Scientists yet debate about the nature of the hydroxyl-group environment in the crystal 

structure, namely whether or not the constituent atoms are completely disordered over 

their positions or they simply obey local ordering of the groups within a periodicity 

dictated by the presence of microscopic domains. [159-161] From a purely chemical 

viewpoint, two types of carbonate substitution have been described in hydroxyapatite 

compounds: type A (OH- substituted for by CO3
2-) and type B (PO4

3- substituted for by 

CO3
2-). Raman studies on carbonated apatites have shown spectral variations especially 

in the 𝜈! PO4
3- region. However, two main bands have consistently been reported at 

~1070 and 1046 cm-1. Two distinct wavenumbers for the 𝜈! carbonate mode have been 

suggested to depend on whether substitution belongs to type A or B at 1108 and 1070 

cm-1, respectively. [162] Dental enamel possesses a carbonate content of 2~4 wt.% [163, 

164] with a reported 90% of type B and 10% of type A. [164] Several Raman studies 

have been reported on carbonated apatites, [165-170] which focused on the effect of 

carbonate uptake on Raman spectra, especially on the number of bands and their 

wavenumber assignment. Note that discussing about this point is crucial in our study 

not exactly for labeling non-apatitic environments, but for understanding the effect of 

chemical variation on the retrieved RTE values.  
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The substitution of carbonate ions for OH- or PO4
3- ions induces the formation of 

vacancies and related distortions in the atomic arrangement. More specifically about 

type A carbonate apatite, the substitution of a monovalent ion by a divalent one should 

be compensated for by the formation of one vacancy. This substitution in turn results in 

the loss of the 63 screw axis, while preserving the existence of the C3 axis. Accordingly, 

the six phosphate groups of the unit cell loose their equivalence in the lattice and 

presumably split into two groups, one organized around a vacancy and one around a 

carbonate ion. [169] In this context, a shoulder and the main band should both be 

observed for the 𝜈!  mode region of phosphate, which refer to the two different 

environments of vacant sites and divalent ions, respectively. Moreover in oxy-

hydroxyapatites (i.e., hydroxyapatites containing OH- ion vacancies) the ionic 

distribution along the c-axis of the hexagonal structure is disturbed. However, in this 

latter case, such disturbance should concurrently occur with a strong alteration of other 

vibrational domains. Although the existence of two different types of phosphate 

environments in oxy-apatite is an experimentally confirmed fact, Raman spectral 

modifications in the 𝜈! and 𝜈! domains could be more subtle and, thus, more difficult to 

assess, leading to the actual impossibility to distinguish between the two phosphate 

groups as in the case of  𝜈!. Generally speaking, ion substitutions might involve a 

number of different alterations in the crystal lattice and, accordingly, in the Raman 

spectrum. If one assumes a statistical distribution of carbonate and phosphate groups, 

the periodicity of the lattice should be altered and selection rules could eventually break 

down beyond a threshold for substitutional range. However, site symmetry should yet 

be adequate for interpreting spectroscopic data through a comparison with a 

hydroxyapatite single crystal. For example, the substitution for one PO4
3- in the unit cell 

with a CO3
2-, which actually represents the case of apatite structures containing ~6 % 

carbonate, suffices to make all phosphate groups independent. Moreover, the presence 

of vacancies and/or substituents, as chemical modifications, should lead to different 

vibrational frequencies and/or band broadening. The scope of this section is to discuss 

the extent of a possible “chemical effect” on the RTE obtained from a single-crystal 

sample and to judge whether those values could be applied to crystal orientation 

assessments in dental enamel samples. A comparison between Raman spectra from the 

single-crystal sample and dental enamel is shown in Figure 5.9(a)-(f) for different 

polarization configurations. Distinct vibrational areas, namely 𝜈! , 𝜈! , and 𝜈! , are 

displayed and deconvoluted into individual Gaussian components. Unfortunately, the 
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spectral area 𝜈! was too weak in the enamel samples to be properly resolved and 

deconvoluted. The outputs of a comparison between single-crystal and enamel spectra 

can be summarized as follows: 

(i) The fine crystal size of dental enamel involved a general effect of band broadening 

as compared to the single-crystal sample. Although such effect was not so extreme, a 

less strict periodicity in Raman intensity upon rotation could be noticed (cf. previous 

section). We have nevertheless assumed a statistical distribution of the substituents and 

defects, and yet interpreted the recorded spectra an interpretation from the point of view 

of site symmetry only. 

(ii) The presence of textured domains involved orientational dependences in Raman 

relative intensities collected at different locations, which required the use of statistical 

algorithms for properly describing crystal symmetry and crystal orientation. 

(iii) No band inconsistency with site symmetry could easily be detected. With the 𝜈! 

PO4
3- band appearing in a spectral region where no other intense band from carbonate 

structures exists, only a broadening effect and a slight shift to lower frequencies could 

be detected in the enamel 𝜈! spectra as compared to single-crystal (~25% larger full 

width at half height and ~3 cm-1 band-top shift in enamel 𝜈! in both parallel and cross 

configurations; cf. Figure 5.9 (a) and (b)). These findings suggest that, independent of 

the origin of the apatitic sample, this band can be used as a reference to measure crystal 

orientation. 

(iv) The relative intensity of the band at around 1070 cm-1 (i.e., normalized to the ν1  

PO4
3- band) gives a good estimation of the type B carbonate content. Moreover, studies 

of synthetic apatites have revealed a relationship between the half-width of the ν1  band 

of PO4
3- and carbonate content. [162] However, band broadening is not only associated 

with the presence of carbonate, but also depends on the polycrystalline nature of the 

tooth samples and their structural disorder. In all the enamel samples investigated in this 

study, we could not detect any significant variation in relative intensity upon comparing 

single-crystal hydroxyapatite and enamel spectra, which supports the notion that healthy 

enamel experiences a quite low carbonate content and high crystallinity. 

(v) The band at 1070 cm-1 was always embedded in the ν3  spectrum and partly 

overlapping the A and A1+E2 bands (i.e., at 1047 and 1087 cm-1, respectively; cf. spectra 

in Figure 5.9 (c) and (d)). However, a careful deconvolution treatment of cross-
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polarized spectra (cf. Figure 5.9 (d)) revealed a minor peak (seen as a shoulder to the 

A + E2  band) assigned to CO3. This peak experienced similar relative intensity in both 

single-crystal and enamel spectra.  

(vi) No significant difference between single-crystal and enamel samples could be 

noticed in the ν4  region of the Raman spectrum (cf. Figure 5.9 (c) and (d)), except for 

an inversion in the relative intensity trend between E2 and A vibrational modes (only) in 

parallel probe configuration (Figure 5.9 (c)). Such trend variation could simply be 

attributed to the different crystallographic orientation at the locations monitored on 

single-crystal and textured enamel samples. 

Given the above outputs in comparing polarized spectra collected from single-crystal 

hydroxyapatite and dental enamel, we shall not expect dramatic differences between the 

RTE values recorded on single-crystal and healthy enamel samples. However, an 

experimental validation of the RTE values obtained on the single-crystal sample was 

attempted using the enamel structure of a healthy incisor, as described hereafter. The 

experimental protocol followed in this further experiment is shown in the draft of Figure 

5.10. A healthy incisor tooth was sectioned along its coronoapical axis and Raman 

spectra recorded near the incisal edge from both top surface and cross section in both 

cross and parallel probe configurations. Care was taken to probe approximately the 

same volume of material upon directing the laser beam along different directions. Top-

surface measurements in cross and parallel configurations are shown in Figure 5.10(a) 

and (b), respectively. The corresponding Porto notations are shown in inset to each 

figure. In the case of cross polarization, data were collected upon introducing a rotation 

of 𝜋 4 (i.e., according to a rotated Cartesian system, 𝑥′𝑦′𝑧′) since, unlike the parallel 

configuration, a periodicity of 𝜋 2 was expected. Cross-section measurements were 

similarly performed in parallel and cross configurations as shown in Figure 5.10 (c) and 

(d), respectively.  

Figure 5.11 (a) and (b) show Raman spectra collected on the incisal edge of a healthy 

incisor tooth with laser focused on the top surface (cf. experimental conditions in Figure 

5.10(a) and (b)). Spectra collected in parallel configuration were exactly the same for 

both 𝑧 𝑥𝑥 𝑧 and 𝑧 𝑦𝑦 𝑧 probe setting (cf. the two spectra shown in Figure 5.11 (a)).  
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Figure 5.9: Comparison between Raman spectra as collected on the single-crystal 

sample and dental enamel in different polarization configurations: vibrational areas, 𝜈! 

(parallel and cross configurations in (a) and (b), respectively), 𝜈!, (parallel and cross 

configurations in (c) and (d), respectively), and  𝜈! (parallel and cross configurations in 

(e) and (f), respectively). Spectra are deconvoluted into individual Gaussian components 

as labeled in inset. 
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Figure 5.10: Experimental protocol followed on a healthy incisor tooth sectioned along 

its coronoapical axis. In (a) and (b), top surface measurements in cross and parallel 

configurations are shown, respectively. Cross-section measurements in parallel and 

cross configurations were also performed as shown in (c) and (d), respectively. The 

corresponding polarization conditions are given in Porto notations as shown in inset to 

each figure. 

An almost complete coincidence was also found in comparing spectra collected in cross 

configuration upon rotating the polarized probe by 𝜋 4  (cf. the two spectra 

corresponding to measurement conditions 𝑧 𝑥𝑦 𝑧 and 𝑧 𝑥′𝑦′ 𝑧 shown in Figure 5.11 

(b)). Moreover, only the appearance of A and E2 bands could be detected in parallel 

mode and only the E2 band was displayed in cross mode, with the strongest A1 band 

becoming rather weak. These characteristics correspond to an almost total alignment of 

the c-axis of the textured apatite structure perpendicular to the teeth surface. As 

expected, collecting parallel and cross polarized spectra from the same region, but with  
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Figure 5.11: In (a) and (b), Raman spectra collected on the incisal edge of a healthy 

incisor tooth with laser focused on the top surface in parallel and cross configurations, 

respectively (cf. experimental conditions in Figure 5.10 (a) and (b); Porto notations and 

band labeling in inset). In (c) and (d), Raman spectra collected on the cross section of a 

healthy incisor tooth with the laser probe in parallel and cross configurations, 

respectively (cf. experimental conditions in Figure 5.10 (c) and (d); Porto notations and 

band labeling in inset). 

the axis of the optical probe perpendicular to the sample cross section (cf. experimental 

conditions in Figure 5.10(c) and (d)), a variation in intensity could be detected for 

different in-plane angles. Again, invoking the selection rules, if the inclination of the c-

axis with respect to the plane of measurement is ~90o, one would expect to observe only 

bands belonging to the A and E2 modes in both parallel and cross modes, and no bands 

at all in cross mode for an in-plane rotation angle, ψ = π 4 . The two sets of polarized 

spectra in Figure 5.11 (c) (𝑥 𝑧𝑧 𝑥 and 𝑥 𝑦𝑦 𝑥  ) and (d) (𝑥 𝑦𝑧 𝑥 ) and 𝑥 𝑦′𝑧′ 𝑥 ) 
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indeed revealed a reasonable agreement with these expectations, although the spectrum 

in cross mode at  𝜓 = 𝜋 4 was not completely flat but, nevertheless, quite weak. 

With the above notions in mind regarding the specific location investigated, we 

collected the full angular dependences on the cross section as a function of the in-plane 

Euler angle, 𝜓. The results of in-plane rotation experiments are shown in Figure 5.12 

(a), (b), and (c) for the 960 cm-1 band (A1 mode), and the doublet at around 590 cm-1 (A 

mode) and 580 cm-1 (E2 mode), respectively. The retrieved dependencies were then 

fitted to trial functions as given in equations (5.4), (5.5), and (5.15)~(5.18) to retrieve 

from best-fitting routines the RTE constants a, b, c, and d. Unfortunately the weakness 

of bands belonging to the ν2  mode impeded us to retrieve values of f and e from the 

dental enamel structure. Note that we have neglected ODF parameters in these  

computations, because the assessments shown in the previous section actually revealed 

a quite high degree of alignment (i.e., 𝑃! cos𝛽 ≈ 1). The RTE constants retrieved 

for the enamel structure are shown in brackets in Table 5.I, in direct comparison with 

those retrieved from the single-crystalline sample. The agreement found between RTE 

values from different samples suggests that common values can be assumed for single-

crystal hydroxyapatite and enamel structures. The shown validation of the RTE 

constants of the enamel structure of hydroxyapatite opens the way to quantitative 

crystallographic assessments in dental histology.  

5.4 Conclusion  
Since local crystallographic structures and textures can enormously impact on both 

structural and functional properties of hydroxyapatite-based biomaterials, the 

development of a reliable local-probe method capable to resolve such features at the 

microscopic scale has long been considered of paramount importance in modern 

biomedical science. Understanding enamel orientation is very important in restorative 

dentistry, since enamel locations unsupported by underlying dentin easily become prone 

to fracture. In this study, we have shown that the polarized Raman probe possesses such 

a high spatial resolution (i.e., close to the single micrometer in plane and in the order of 

the tens of micrometers in depth) and that Raman selection rules can quantitatively be 

applied in crystallographic assessments of hydroxyapatite-based biomaterials. A 

verification of the crystallographic structure of enamel in healthy human teeth was then 

pursued, as a paradigm example of biogenic material.  
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Figure 5.12: Results of in-plane rotation experiments for the 960 cm-1 band (A1 mode), 

and the doublet at around 590 cm-1 (A mode) and 580 cm-1 (E2 mode) results of in-plane 

rotation experiments are shown in (a), (b), and (c), respectively. Fitting to trial functions 

are given according to equations (5.4), (5.5), and (5.15)~(5.18). Data were collected on 

the cross section of a healthy incisor tooth (near the incisal edge) with the laser probe in 

both parallel and cross configurations (cf. experimental conditions in inset). 
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This study was also a first step in extending quantitative Raman algorithms based on 

selection rules to biomaterials, which will be pursued further in a companion paper 

focused on the Raman characterization of enamel/dentine interface and decayed human 

teeth. From a more general perspective, the polarized Raman spectrum incorporates 

distinct features, which play key roles in understanding the effects of environmental 

factors on the molecular and crystallographic structure of hydroxyapatite. However, 

building up a reliable algorithm for quantitative Raman measurements in hydroxyapatite 

necessarily required the obtainment of reliable data on a synthetic single-crystal (i.e., 

the RTE constants) and their validation in the case of biological samples. These so far 

missing items were newly collected in this paper. Now, with those tasks finally 

accomplished, the ease and rapidity with which Raman spectra could be retrieved from 

teeth samples directly launch this technique as a primary candidate for diagnostic 

purposes. Ongoing hardware improvements of Raman spectroscopes for in situ 

assessments and automatization of the newly proposed algorithms are then expected to 

shift the basic characterizations presented here to the level of routine procedures. 

Should such a stage of technological advancement be achieved as in the case of other 

applications of quantum metrology, making local crystallographic assessments in 

biogenic samples will become as customary as measuring time with a quartz crystal. 
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6 VIBRATIONAL ALGORITHMS FOR 
QUANTITATIVE CRYSTALLOGRAPHIC 
ANALYSES OF HAP-BASED 
BIOMATERIALS:II, APPLICATION TO 
DECAYED HUMAN TEETH 

6.1 Introduction 
Progress in diagnostic dentistry, including risk assessment, early detection, and a better 

understanding of the biological development of dental caries, have led to an increasing 

propensity to prevention and management of tooth decay rather than to surgical 

removal. [171] A first step toward such paradigmatic shift has been the introduction of 

minimally invasive dentistry, which in turn is based on advances in science and, from a 

technological viewpoint, relies on the development of new diagnostic tools. However, 

besides cultural and economic obstacles to the actuation of this new practice, a 

somewhat common lack of confidence has been shown by clinicians to adopt new 

diagnostic strategies. This trend might be related to a lack of practice establishment and, 

consequently, of evidence in supporting the improved capability of newly developed 

diagnostic techniques. In particular, no unanimous consensus is yet reached in locating 

an improved methodology for accurately detecting tooth decay at its earliest stage. [172] 

Several diagnostic tests, including micro-radiographic, fiber optic transillumination, 

laser fluorescence, and electrical conductance methods, [173-176] were previously 

judged insufficient to support generalizable estimates and yet prone to scatter in their 

ultimate outputs. [172] Operator-dependent factors in their routine application might 
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also be located as a further problem in practical applications. Moreover, an exhaustive 

baseline protocol for clinically assessing early stages of tooth decay has yet to be 

developed. [172, 177] 

For modern societies an increasingly poor state of oral health has been foreseen, which 

is directly related to the newly developed eating habits and patterns. Such situation has 

triggered a shift in focus from reactive to preventative dental care. The earlier the 

enamel dissolution could be detected and treated by minimally invasive methods, the 

greater the chance for preservation of the structural integrity and functionality of the 

tooth. In this context, an improved understanding of the roles of crystallinity, texture, 

chemical and mechanical changes resulting from early enamel decomposition on tooth 

surface layers definitely represents a path to follow in further progress. Quantitative 

analyses of the microscopic changes of enamel mineral structure under demineralization 

conditions, if available, could actually clarify how crystallinity and its texture affect the 

demineralization process within the tooth structure. In other words, understanding and 

becoming able to quantitatively monitoring the most basic crystallographic and 

chemical processes starting from the molecular unit of enamel is the key to future 

developments of preventative treatments and remineralization therapies. 

Enamel prism orientation is known to greatly influence tooth strength and wear 

resistance. Decussated prisms are efficient at resisting crack propagation, while prisms 

that are perpendicular to the enamel surface are more efficient in resisting wear. [178, 

179] Besides those structural properties, also the pathology of the enamel ultrastructure 

(when affected by systemic disorders) and the mechanisms of matrix-mediated 

biomineralization in dental enamel in health and disease are related to precise 

crystallographic features. These latter aspects have recently been studied by Al-Jawad et 

al. [180] by two-dimensional synchrotron X-ray diffraction. This is a quite sophisticated 

and precise technique to spatial quantification of preferred orientation in mineralized 

healthy deciduous dental enamel. Moreover, it can also bring information on disrupted 

crystallite organization in enamel affected by systemic diseases. Main outputs of 

synchrotron X-ray analyses were: the lattice spacing of the hydroxyapatite phase, the 

crystallite size and aspect ratio, and the quantified preferred orientation of crystallites 

across intact tooth sections. The spatial resolution in the most advanced devices, e.g., as 

that used in the paper by Al-Jawad et al., [180] is in the order of 20 x 20 µm. Significant 

differences in mineral crystallite orientation were reported for affected enamel, as 
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compared to healthy mineralized tissue. In particular, unlike healthy tissue, no spatial 

gradients of crystal orientation could be found in affected enamel, which indicates a 

continual disruption in crystallite alignment during mineral formation. Another study on 

extracted human teeth by polarized Raman spectroscopy also showed that early caries 

possess a lower degree of Raman polarization anisotropy than sound tooth enamel, 

which was proposed for discrimination between early dental caries and sound enamel. 

[135] These studies have emphasized the importance of local crystallographic 

measurements in dentistry and have provided practical tools to investigate the influence 

of therapeutic interventions or external stressors that impact on amelogenesis. 

In the stream of the above conceptual and experimental studies, this paper attempts to 

address the concerns posed by the scientific community regarding the earliest stages of 

tooth decay, with a focus on activity within the enamel surface layers. We start from the 

standing point that current diagnostic techniques, including the most advanced 

synchrotron X-ray analyses, might lack the spatial resolution and/or the handiness, in 

addition to the sensitivity necessary to resolve the subtle changes occurring in the 

surface enamel crystal structure at the early stage of its demineralization process. 

Assessments of early enamel demineralization require finely tuned probing of 

chemically modified enamel at the molecular scale. Building upon the new theoretical 

findings of Raman spectroscopy for the hexagonal hydroxyapatite crystal presented in 

the last chapter, we provide here their application to the analysis of demineralization on 

the crystallographic and chemical structure of surface enamel. With applying here the 

developed Raman algorithms, we attempt to address the fundamental question of 

whether a common and reliable fingerprint could be found in the Raman spectrum of 

enamel structures that are next to decay, at the incipiency of the demineralization 

process and before degenerative processes actually initiate. With such fingerprint 

spectroscopically recordable, the non-invasiveness, radiation-free, and high-resolution 

characteristics of the Raman probe should ensure a rejuvenated driving force for the 

ongoing therapeutic developments; namely, prevention, diagnostics, and, ultimately, 

non-surgical management of non-cavitated lesions. 

6.2 Experimental Procedure 
A series of four decayed incisor and six decayed molar teeth was obtained from donors 

(human patients upon clearance of ethical procedures, according to the Declaration of 
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Helsinki and upon review by the Institutional Review Board and informed consent) at 

the Department of Immunology and Dental Medicine of the Graduate School of 

Medical Science of Kyoto Prefectural University of Medicine. X-ray images of 

individual samples were collected by a diffractometer (Digora Optime UV, Soredex, 

Tuusula, Finland; distributed by J. Morita Mfg. Manufacturing, Fushimi-ku, Kyoto, 

Japan). Comparisons were carried out with healthy incisor and molar teeth, which were 

already presented in the last chapter. [181] This selected set of samples was taken from 

a larger series of more than 20 human teeth with lesions of different degree, which were 

also screened for confirmation but are not reported here for brevity’s sake. Note that, 

unlike the synchrotron X-ray diffraction method described in Ref. [180], the Raman 

spectroscopy characterizations described in this paper did not require any sample 

manipulation, such as slicing and polishing. In order to avoid manipulative biases in the 

recorded spectra, no bleaching or chemical etching was applied prior to spectroscopic 

characterization. 

Details of the Raman instrumentation and measurement conditions have extensively 

been given in section 2.2.7. Briefly, the Raman spectroscopic experiments were carried 

out in a backscattering configuration with using a triple monochromator (T-64000, 

Horiba/Jobin-Yvon, Kyoto, Japan) equipped with liquid nitrogen-cooled charge coupled 

device (CCD), a confocal pinhole, and (cross or parallel) polarization filters. The 

excitation source was a green laser beam (532 nm) Nd:YVO4 diode-pumped solid-state 

laser (SOC JUNO, Showa Optronics Co. Ltd., Tokyo, Japan) operating with a power of 

200 mW. The microprobe exploited an objective lens 100x with a numerical aperture of 

0.5. We calibrated the spectrometer with a Si single-crystal wafer before any 

experimental session. The nominal resolution of our triple-monochromator spectrometer 

was 0.1 cm-1, but it could further be enhanced upon introducing a suitable emission of a 

neon lamp, concurrently collected together with each spectrum as an internal standard to 

the monochromator. 

Confocal experiments were carried out with a pinhole aperture of 100 µm. The diameter 

of the probe in the focal plane and its penetration depth were ~2 and 104 µm, 

respectively, with focusing on the free surface of the tooth, and ~2 and 82 µm, 

respectively, with focusing on the tooth cross-section. In-plane rotation experiments 

were carried out with the aid of a goniometer jig to rotate the sample under polarized 

light. In our choice of Euler angles, we have set the origin for the out-of-plane (zenithal) 



6.3 Results and discussion 
 

   115 

angle, 𝜃, at the normal direction of the investigated crystal plane. On the other hand, the 

origin for the in-plane (azimuthal) angle, 𝜓, was set as the normal direction of the plane 

containing the 𝑍!"#  and 𝑧!"#  axes. Spectral Raman lines were analyzed using a 

commercially available software package (Origin 9.1, OriginLab Co., Northampton, 

MA, USA). Fitting was performed according to Gaussian-Lorentzian functions after 

subtracting a linear baseline. All mathematical procedures were carried out with the aid 

of a commercially available computational software. [146] 

6.3 Results and discussion 

6.3.1 Samples and their histopathological description 
Figure 6.1 shows a series of six selected samples of decayed teeth (two lower incisor 

teeth, labeled 1 and 6, and four molar teeth, labeled 2~5), which were all from different 

patients and were investigated with respect to their Raman spectroscopic responses in 

different zones. One maxillary lateral incisor (Sample 1) and one maxillary central 

incisor (Sample 6) were both heavily cavitated, with quite spread dentinal lesions. 

However, unlike Sample 6 heavily cavitated at all locations near the incisal ridge and in 

correspondence of the cervical zone of the cementoenamel junction (CEJ) (cf. .Figure 

6.1 (6)), Sample 1 also showed one location in which the decayed zone spread through 

the dentinoenamel junction (EDJ) in a dentin zone located below intact enamel structure 

(cf. large arrow in inset to the X-ray image in .Figure 6.1 (1)). Moreover, in Sample 1, 

several locations near the upper crown could be found in which the enamel surface 

showed traces of translucency, but yet with no cavitation having occurred. These 

additional areas were clearly at the initial stage of demineralization and were not 

obviously visible in the X-ray radiograph (cf. smaller arrows in the X-ray image of 

Figure 6.1 (1)). Among molar samples, Samples 3 and 5 were both maxillary third 

molars heavily cavitated down to their dentin structure. In Sample 3, the main cavitated 

area was cervicolingually located (cf. large arrow in the X-ray image of Figure 6.1(3)), 

but an additional (smaller) cavitated area could also be found, which was also 

cervicolingual in the upper crown, but was confined within the enamel layer (cf. smaller 

arrows in the X-ray image of Figure 6.1 (3)). On the other hand, in Sample 5, cavitation 

occurred at the lower edge of the anatomic crown, near the CEJ (cf. large arrow in inset 

to the X-ray image in Figure 6.1 (5)). Moreover, a series of slightly cavitated regions 

could be found on the opposite side of the anatomic crown in a region similarly close to 
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the CEJ (cf. small arrows in the X-ray image of Figure 6.1(5)). Samples 2 and 4 were 

left maxillary second molar and left maxillary third molar teeth. Apparently less severe 

enamel lesions in Sample 2 were on the facial side almost equidistantly located between 

the top of the crown and the CEJ (middle third). More severe lesions for this sample 

were found on its buccal and occlusal sides, as shown in a later section. On the other 

hand, inspection of Sample 4 revealed caries on the mesial side. In both these latter 

samples carious lesions could not easily be resolved on X-ray radiographs (cf. Figure 

6.1 (2) and 1(4)). However, at a visual inspection, the enamel surface of Sample 2 

qualitatively appeared more damaged than that of Sample 4. 

Not shown in Figure 6.1 but shown in a later section, another heavily cavitated lower 

incisor (Sample 7, henceforth) was sectioned along a longitudinal plane (i.e., parallel to 

the mesial view), and used for compositional and crystallographic investigations of a 

zone in the neighborhood of the EDJ, from both enamel and dentine sides. The above-

described carious lesions might be considered to represent a standard population of 

commonly found caries at their different stages of development, from early 

demineralization of the enamel surface to heavy cavitation down to the entire dentin 

structure.  

	  

Figure 6.1: The series of six selected samples of decayed teeth (two lower incisor teeth, 

labeled 1 and 6, and four molar teeth, labeled 2~5): photographs and X-ray radiographic 

pictures on the upper and lower sides, respectively. All samples were from different 

patients. 
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This population, which was allotted to different kinds of teeth, became available for 

Raman spectroscopic characterizations and was analyzed with the above 

histopathological notions in mind. Now, the challenge of the forthcoming sub-sections 

is that of rationalizing the obtained spectroscopic outputs in terms of general and 

quantitative notions as extracted from the vibrational behavior of the hydroxyapatite 

molecules. 

6.3.2 Crystallographic textures and their distributions in diseased teeth 
Enamel demineralization and the subsequent phenomenon of cavity formation are 

characteristics arising from the concurrent effects of chemical decay and erosion 

experienced by decayed teeth. Demineralization starts first, triggered by the formation 

of acid in dental plaque (and the related drop down in local pH) through the metabolism 

of sugary substances. The structural consequence in the apatite structure is a slow 

decomposition of the enamel surface of the tooth, with Ca2+ and PO4
3- systematically 

leaving the hydroxyapatite crystallites and creating vacancies in the crystal structure. In 

healthy teeth, this ionic leaching is well counterbalanced through a remineralization 

process, taking place within the salivary protein film. However, the 

demineralization/remineralization balance might eventually break down at a certain 

time and, subsequently, a lack of ionic replacement might occur. Henceforth, we shall 

refer this situation as the “threshold for incipient tooth decay”. If left untreated, tooth 

decay might eventually proceed along the depth and spread into underlying layers of 

dental tissue, thus giving rise to an irreversible state of cavitation. Note that, despite the 

general consensus that has been reached about the phenomenological analysis of caries 

formation, the details of the demineralization/remineralization processes at the 

molecular scale are yet under debate. [142, 182-187] Notwithstanding the yet missing 

details, some scientists (e.g., Featherstone [188]) have described the caries as a fully 

reversible disease, provided that they are detected early enough, i.e., at around the 

above-mentioned threshold. Provided that demineralization could be quantified at its 

earliest stage, before any cavitation could take place, methods to avoid surgery could be 

conceived and tested by short-term clinical trials. In other words, the diagnostic 

challenges would shift on how to unequivocally and quantitatively obtain a finely tuned 

judgment on the local state of chemical balance between bacterial demineralization and 

salivary remineralization. 
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From a crystallographic point of view, unrecovered quantities of minerals in 

hydroxyapatite crystal structure of the enamel surface lead to increasing accumulation 

of point defects (i.e., Ca2+ vacancies and PO4
3--unit vacant sites), with an increased 

degradation of crystal perfection in its constituent prisms. This precursory stage to 

caries development is clinically not visible, but it represents a crucial trigger for decay. 

The first experimental attempt made in this study was based on the idea that, as 

demineralization spreads on the enamel surface but before cavitation can occur, there 

should be zones in which demineralization is at its incipient state. This statement is 

based on the notion that caries lesions develop into several distinct zones. At the 

boundary of a progressively more visible pattern under the optical microscope as 

structural deterioration progresses, one should find the so-called translucent zone, which 

is the first visible sign of caries and coincides with a one to two percent loss of 

minerals. [189, 190] We looked for the translucent zone and, through a comparison with 

other characteristic zones of the decayed teeth, attempted to locate a spectroscopic 

boundary between the yet intact zone and the caries lesion. Robinson et al. [190] 

reported that the lost fraction of minerals in the translucent zone was ~30% and ~13% 

for calcium and phosphorus, respectively. In the body of lesion, these fractions 

increased by ~20% and ~50%, respectively. These notions and our experience with 

Raman spectroscopy of biomaterials suggested to us that the Raman probe could have 

enough sensitivity to resolve such features. Figure 6.2, Figure 6.3, Figure 6.4, Figure 6.5 

show the details of Raman analyses of the decayed enamel structure of Samples 1, 4, 5, 

and 6, respectively, as depicted in Figure 6.1. In each figure, an enlarged photograph of 

the investigated area on the decayed tooth is given in (a), while (b) shows a draft of the 

decayed zone and a line scan along which the enamel structure was probed by polarized 

Raman spectroscopy. Three spectroscopic parameters were monitored upon line 

mapping, namely Raman band intensity, band shift, and band full width at half 

maximum (FWHM). Plots of these three parameters as a function of the line scan 

abscissa, x, are given in the part (c) of each figure. In all cases, the hydroxyapatite band, 

𝜈!, located at around 960 cm-1 was monitored, with the Raman probe in parallel 

polarization geometry. As a general trend and independent of individual sample and 

location investigated, the closer the probed enamel zone to the body of lesion, the lower 

the Raman intensity, the lower the Raman frequency at band maximum, and the larger 

the band FWHM.  
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Figure 6.2: Raman analysis of the decayed enamel structure of Sample 1: (a) enlarged 

photograph, (b) explanatory draft of the decayed zone and line scan probed by polarized 

Raman spectroscopy; and, (c) plots of Raman band intensity, band shift, and FWHM as 

a function of line scan abscissa, x. All plots refer to the hydroxyapatite band, 𝜐!, located 

at around 960 cm-1 monitored with the Raman probe in parallel polarization geometry. 

 

Figure 6.3:  Analysis of the decayed enamel structure of Sample 4. (a), (b) and (c) as in 

Figure 6.2  
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Figure 6.4: Analysis of the decayed enamel structure of Sample 5. (a), (b) and (c) as in 

Figure 6.2 . 

 

 

 

Figure 6.5:  Analysis of the decayed enamel structure of Sample 6. (a), (b) and (c) as in 

Figure 6.2  
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Among the monitored parameters, the frequency at band maximum and band FWHM 

appeared quite sensitive even in zones where the lesion was less pronounced (cf. 

decayed zone in Sample 4 (Figure 6.3) and translucent zone in Sample 5 (Figure 6.4)). 

In highly cavitated zones, as for example the body of lesion of Sample 6 (Figure 6.5), 

significant band broadening (up to ~100% increase) could be found, accompanied by a 

shift as high as ~8 cm-1 of band maximum towards lower frequencies. However, in 

collecting the Raman spectra during the same experimental session and under exactly 

the same conditions, the decrease in absolute value of Raman intensity was not an easily 

comparable parameter. In other words, it was not necessarily in agreement with the 

visual entity of the lesion. For example, the Raman intensity emitted from inside the 

heavily cavitated body of lesion in Sample 6 (Figure 6.5) was comparable with that in 

several (apparently) less decayed zones in Sample 4 (Figure 6.3). Similar considerations 

could be drawn for band shift at some regions apparently affected by severe damage 

under visual inspection. For example, the edge of the cavity in Sample 1 (Figure 6.2), 

experienced minimal band shifts with respect to apparently undamaged regions far away 

from the cavity. Another example of mismatch between the visually guessed severity of 

the lesion and the spectroscopic outputs was found in comparing the main body of 

lesion of Sample 4 (non-cavitated; Figure 6.3) and that of Sample 6 (deeply cavitated; 

Figure 6.5). Despite clear visual differences, the two locations showed a comparable 

Raman intensity, and similar frequency shifts and FWHM values. Because of the 

alteration of HAP microstructure (e.g., size, number and density of enamel rod), a slight 

variation of the measured FWHM could also be found among different healthy teeth and 

even at different locations of the same tooth. However, the statistical extent of these 

variations was much smaller than that observed in presence of decayed enamel tissue. 

The above qualitative considerations confirm the actual difficulty that clinicians might 

have in visually judging about the intrinsic nature (and the gravity) of dental lesions. 

However, they also clearly suggest that the polarized Raman probe senses some 

inherently structural characteristics of crystallographic and chemical nature, although 

such distinct characteristics affect the Raman spectrum in a convoluted way and might 

lead to counterintuitive results. 

Additional characterizations were attempted in Samples 2 and 3 (Figure 6.6 and Figure 

6.7, respectively), in order to obtain more precise and reliable outputs from the Raman 

assessments. Sample 2, which was only shown on its low damaged (facial) side in 
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Figure 6.1, actually showed heavily decayed zones on both its buccal side and occlusal 

surface (i.e., in correspondence of both the central and the distal fossa). Enlarged views 

of facial, buccal, and occlusal sides are given in Figure 6.6 (a), (b), and (c), respectively. 

In (d), hydroxyapatite bands, 𝜐!, collected at the same location in parallel and cross 

configurations (i.e., intensities, 𝐼∥, and, 𝐼!, respectively) are compared for locations A, 

C, and E on facial, buccal, and occlusal surfaces, respectively. The so-called 

depolarization ratio, 𝜌 = 𝐼∥ 𝐼!, was also calculated at each location, as shown in inset. 

Ko et al.23 have recently suggested that the parameter, 𝜌, can be used as a measure of 

the progression of the carial lesion; the higher the ratio, the more progressed the lesion. 

In agreement with this notion, we have found a quite low depolarization ratio at location 

A, which was from an apparently healthy part of the facial side of Sample 2 (cf. (a)), 

and one order of magnitude higher value for it at location E on the occlusal surface (cf. 

(c)), in which the caries was at a quite advanced state of progression. However, the 

depolarization ratio at location C on the buccal side of the decayed tooth was similar to 

that found at location A, namely quite lower than expected from the (visually estimated) 

severity of the lesion (cf. (b)). 

For better clarifying this anomalous finding, we collected and compared polarized 

Raman spectra in a full in-plane rotation at all the labeled locations A~E in Figure 6.6. 

As explained in the chapter 5 [181] this procedure allows one to retrieve not only the 

average values of Euler angles at each location, but also the entire population of angular 

distribution around them. The outputs of this characterization are shown in Figure 6.6 

(e) in terms of both orientation distribution function (ODF), 𝑓(𝛽), and the so-called 

Hermans’ parameter, 𝑃! cos𝛽 . An increasingly broad ODF distribution, 𝑓(𝛽) , 

corresponds to a value of Hermans parameter increasingly close to zero, namely to a 

hydroxyapatite structure closer to a randomly oriented (i.e., heavily faulted) one. As can 

be seen in the plots of Figure 6.6 (e), when these more sensitive spectroscopic 

parameters are used, no anomaly is found among the investigated locations, with the 

sharper ODF (and the higher 𝑃! cos𝛽  values) always corresponding to less decayed 

zones and vice versa. The anomaly found in comparing the depolarization ratio at 

location E with other locations corresponded to the observation of a relatively high 

(average) out-of-plane tilting angle, θ p , for the hydroxyapatite prisms at location E (i.e., 

𝜃!=45o at E vs. 𝜃!<15o at A~D and F) and a high (average) azimuthal angle, 𝜓!=80o 

(vs. 10o≤ 𝜓! ≤45o at A~D and F). 
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Figure 6.6: Raman analysis of Sample 2: enlarged views of facial, buccal, and occlusal 

sides in (a), (b), and (c), respectively; (d) comparison between hydroxyapatite 𝜐! bands 

collected at locations A, C, and E in parallel and cross configurations (i.e., intensities, 

𝐼∥, and, 𝐼!, respectively). The related values of depolarization ratio, 𝜌 = 𝐼∥ 𝐼!, are 

given in inset. In (e), ODF, 𝑓(𝛽), average orientation angles of the enamel prisms, and 

the Hermans parameter, 𝑃! cos𝛽 , as obtained from a collection of polarized Raman 

spectra upon in-plane rotation at locations labeled A~E 

 In our choice of Euler angles, [181] an increasingly larger zenithal angle, 𝜃! , 

corresponds to a c-axis of the hydroxyapatite prisms increasingly diverging from the 

local normal direction of the sample surface. The high angular variations detected in 

both zenithal and azimuthal average angles in the enamel structure seem to have a non-

negligible impact on the detected value of depolarization ratio, 𝜌. The apparently 

anomalous outputs of Raman analyses at this point will be discussed in more details in 

the forthcoming section.  

Figure 6.7 shows the details of a polarized Raman analysis of Sample 3: in (a), an 

enlarged picture of the body of lesion (cavitated) on the side of the distolingual cusp; in 

(b), a comparison of Raman spectra taken in parallel polarization at different locations 

as shown in (a) (three locations inside the cavity, A~C, and three locations in the 

demineralized zone at a distance of 40 µm from the cavity, D~F; cf. (a)).  
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A spot farther away from the cavity (location G) was also taken as a control, and the 

collected spectra were compared with that obtained for healthy enamel from the molar 

tooth shown in Ref. [181] (here, referred to as H). Spectra taken inside the cavitated 

body of lesion (locations A~C) were always significantly broader that spectra taken 

outside the cavity, although not necessarily less intense of them (cf. spectra in (b)). In 

addition, location E displayed a slightly higher FWHM but also a Raman intensity 

similar to that of healthy enamel, despite its location in the very neighborhood of the 

cavitated body of lesion. In (c), a comparison is given in terms of ODF, 𝑓(𝛽), Hermans 

parameter, 𝑃! cos𝛽 , and Euler angles for out-of-plane and in-plane (average) 

orientation, 𝜃! and 𝜓!, respectively. In-plane angular displacements could not correctly 

be resolved when the laser beam was focused inside the cavity (i.e., locations A~C), so 

we reported here only results for the locations D~H. Again, no discrepancy among 

visual and analytical outputs could be found in terms of ODF. Interestingly, the 

	  

Figure 6.7: Raman analysis of Sample 3: (a) enlarged picture of the body of lesion 

(cavitated) on the side of the distolingual cusp; (b) comparison of Raman spectra taken 

in parallel polarization at three locations inside the cavity (A~C), and three locations in 

the demineralized zone at a distance of 40 µμm from the cavity (D~F). The collected 

spectra are compared with that obtained for healthy enamel from the molar tooth 

referred to as H. In (c), a comparison is given among various locations for ODF,𝑓(𝛽), 

Hermans parameter, 𝑃! cos𝛽 , and Euler angles 𝜃! and 𝜓!. 
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anomaly found at location E this time corresponded to an average out-of-plane 

(zenithal) angle, 𝜃!= 42o (namely, with hydroxyapatite prisms with c-axis significantly 

deflected with respect to the direction normal to the tooth surface), and to an in-plane 

(azimuthal) angle, 𝜓== 90o. Similar anomalies could be noticed at several other 

locations, and they always appeared in polarized band intensity but not in ODF plots. 

As in the case of those described for Samples 2 and 3, the anomalous cases were always 

related to high values of both angles, 𝜃! and 𝜓!. This finding consistently suggests an 

overlapping and competitive role for certain patterns of (average) prism orientation with 

the effect of demineralization in lowering the recorded Raman intensity. In other words 

the convoluted effects of chemical and crystallographic deterioration of the enamel 

structure makes polarized Raman intensity data prone to inconsistency. A rigorous 

demonstration for this assertion will be given in the forthcoming Section 6.3.3. 

6.3.3 EDJ characteristics in decayed teeth 
Figure 6.8 (a) and (b) show Sample 7 before and after longitudinal sectioning, 

respectively. Raman experiments were conducted on one side of the sectioned sample in 

the neighborhood of the EDJ (cf. arrowed zone in Figure 6.8(b)). On the section, the 

decayed and cavitated zone apparently ended about 300 µm far from the EDJ from the 

dentine side, while all the enamel section appeared free of decayed zones. In Figure 

6.8(c), unpolarized Raman spectra recorded from both enamel and dentine (non-

decayed) sides are shown with labels locating bands from both hydroxyapatite and 

collagen (i.e., amide I, II, and III) components. As seen, collagen bands could distinctly 

be resolved only on dentin side. In inset to Figure 6.8(c), an additional portion of 

Raman spectrum is shown, which was centered at around 3000 cm-1. In this spectral 

zone, a relatively intense Raman band with its maximum located at around 2930 cm-1 

could be acquired from both dentin and enamel sides, although this band was stronger in 

the former component. The assignment of this band corresponds to asymmetric bending 

vibrations of the (CH3) species in proteins. [191] According to the spectroscopic 

calibrations shown in an early paper by Kontoyannis and Vagenas, [192] the relative 

fractions of hydroxyapatite and proteins contained in a biological sample can be 

retrieved from the relative intensity of their strongest Raman bands, namely, the 

hydroxyapatite band, 𝜐! (i.e., in the present samples found at around 960 cm-1) and the 

(CH3) asymmetric bending band from type I fibrils (at around 2930 cm-1). Provided that 
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the bands are recorded under exactly the same spectroscopic conditions, the volume 

fraction of collagen, 𝑉!, can be calculated according to the following phenomenological 

equation: 

	  
Vc =

0.46

0.36 + I960
I2930

⎛
⎝⎜

⎞
⎠⎟

	  
(6.1)	  

where I represents the intensity of the band identified by the subscript. Equation (6.1) 

gives the possibility to locally characterize and to map with the Raman probe the 

distribution of collagen fractions in the neighborhood of the EDJ. Figure 6.9(a) shows 

the results of this characterization on the cross-sectioned surface of Sample 7 along a 

line perpendicular to EDJ. The most striking feature, which could be found in the 

Raman line-scan across the EDJ interface, is that the structural transformation from the 

soft collagen-rich dentin side to the hard hydroxyapatite-rich enamel side occurs 

through a relatively mild gradient of 𝑉!. Such structural gradient develops over a length 

of approximately 15 µm from both sides of the EDJ. This length is about 20 times 

shorter than the distance between the internally diseased zone of the tooth and the EDJ 

from dentin side. Therefore, the presence of a cavitated zone in the inner part of the 

tooth does not seem to affect the phase structure of the EDJ. This assertion is also 

substantiated by the similarity between the Raman data collected on the present sample 

of diseased tooth and those collected in a previous work at the EDJ of a healthy tooth 

according to the same spectroscopic method adopted here. [193] Looking for additional 

features in the EDJ structure at the molecular scale, we investigated the hydroxyapatite 

(𝜈!) and collagen (amide I) bands, as collected in a line scan across the EDJ, with 

respect to their intensity, band positions at maximum, and FWHM values. The results of 

these additional characterizations are shown in Figure 6.10 (a) and (b) for 

hydroxyapatite and collagen bands, respectively. In this case, the line scan was extended 

over about 1 mm length across the EDJ to include part of diseased zone on the dentin 

side. As expected, we found low intensity, lower frequencies at band maximum, and 

significantly broader morphology for the hydroxyapatite band, 𝜈!, in the zone of the 

caries (cf. (a)). Raman intensity continued to gradually increase starting from the 

healthy portion of dentin until the enamel side (i.e., due to the above-discussed 

fractional increase in inorganic constituent across the EDJ) (cf. upper plot in Figure 6.10 

(a)).  
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Figure 6.8: Sample 7 before and after longitudinal sectioning in (a) and (b), 

respectively. Arrows in (b) locate the EDJ, across which Raman analyses were 

conducted. In (c), unpolarized Raman spectra recorded from enamel and dentine (non-

decayed) sides are labeled for both hydroxyapatite and collagen (i.e., amide I, II, and 

III) Raman bands. In inset to (c), a separate portion of Raman spectrum displays an 

additional band located at around 2930 cm-1 arising from asymmetric bending 

vibrations of the (CH3) species in proteins. 
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On the contrary, regardless of phase composition, the frequency at maximum of the 𝜐! 

band sharply increased outside the diseased zone, and stabilized to nearly constant 

levels (at ~960 cm-1) starting from a distance ~200 µm away from EDJ on dentin side 

until a distance of ~600 µm from EDJ on the enamel side (cf. middle plot in Figure 

6.10(a)). The parameter FWHM along the line scan quickly decreased outside the 

diseased zone of the line scan and then continued to decrease mildly across the EDJ and 

through the enamel side (cf. lower plot in Figure 6.10 (a)). These Raman data confirmed 

the spectroscopic notions already found in our study of the enamel tooth surface (cf. 

previous section), namely that the structure of hydroxyapatite in diseased zones emits a 

less intense, broader, and shifted (to lower frequencies) Raman signal. This trend seems 

also to apply to the hydroxyapatite structure belonging to dentin, despite its much lower 

fractional content. On the amide I side (Figure 6.10(b)), the Raman intensity trend 

across the line scan (cf. upper plot in Figure 6.10(b)) was the opposite as that of the 

hydroxyapatite band, as expected from fractional considerations, also in this case 

apparently independent of the presence of a diseased zone in the bulk. The frequency 

plot (cf. middle plot in Figure 6.10(b)) was highly scattered, but seemed to stabilize at 

around 1663 cm-1 in the enamel zone despite its very low intensity. The FWHM 

parameter (cf. lower plot in Figure 6.10(b)) displayed a quite broad and constant pattern 

in the diseased zone and a gradual decrease towards the EDJ, until reaching stabilization 

at around 35 cm-1 near the enamel area. One interesting feature could be found in 

evaluating the statistical distribution of c-axis orientation angles in the enamel area of 

the cross-section line-scan in the neighborhood of the EDJ. Data from this further 

characterization are shown in Figure 6.9(b), according to the ODF formalism introduced 

in the last chapeter and already discussed in the previous section. The plot shows the 

experimental trend retrieved for the Hermans parameter, 𝑃! cos𝛽 , on cross section 

of (Sample 7) incisor tooth as a function of the scanning abscissa, x. Also in this case 

the Raman line scan was performed along a path perpendicular to EDJ, starting from the 

EDJ and approximately ending at the enamel surface. The 𝑃! cos𝛽  value tended to a 

value ~0.03 starting from a distance of ~200 µm from EDJ, which means that the 

hydroxyapatite crystallites in that zone possessed a loosely textured orientation of their 

c-axis. A sharp increase in the 𝑃! cos𝛽  orientation parameter was then observed 

over a scanning length of about 500 µm until reaching a nearly constant value ~1 in the 

interval of ~400 µm below the enamel structure.  
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Figure 6.9: (a) Results of Raman characterization on the cross-sectioned surface of 

Sample 7 along a line perpendicular to EDJ (i.e., abscissa, x). The plots show the 

distribution of hydroxyapatite and collagen volume fractions across EDJ; (b) plot of 

Hermans parameter, 𝑃! cos𝛽 , as a function of the scanning abscissa, x, across EDJ. 

 

Figure 6.10: Results of Raman characterizations for hydroxyapatite (𝜐!) and collagen 

(Amide I) bands in (a) and (b), respectively. Line scans as a function of the abscissa, x. 

perpendicular to EDJ are extended over about 1 mm length across the EDJ to include 

part of diseased zone on the dentin side. Band intensity, band shift, and FWHM in top, 

middle, and bottom plots, respectively. 
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In this latter zone, the c-axis of the hydroxyapatite crystallites was thus quite strongly 

aligned around the direction of the long axis of enamel prisms. Although the gradient in 

the degree of texture depended on location and, thus, on the local thickness of enamel, 

the data from a cross-section scan shown here are in good agreement with data 

previously collected on the enamel surface of healthy teeth in Ref. [181]. This confirms 

that, in the case investigated here, the presence of an internally diseased zone in the 

dentin bulk did not affect the enamel structure near the tooth surface. 

In early research, Lucas [194] noticed that the first enamel formed at the EDJ, although 

yet to be studied in detail, possessed a random crystalline orientation. This assertion was 

simply based on observation under a light microscope. Recently, Jiang et al [195] 

measured the degree of orientation of hydroxyapatite crystallites in zones both near the 

EDJ and close to the free surface of tooth enamel. These researchers have found a 

substantially lower degree of alignment near the EDJ as compared to enamel surface. In 

this paper, we substantiated the qualitative observation by Lucas [194] with quantitative 

data on the c-axis angular distribution in space of hydroxyapatite crystallites. Moreover, 

a substantial improvement in spatial resolution with respect to the study by Jiang et al. 

[195] could be achieved, since we succeeded in resolving from surface to EDJ the 

crystallographic trend along the tooth depth with a micrometric resolution. Our Raman 

study revealed a linear texture gradient from a fully random state nearby the EDJ to 

nearly full alignment in the neighborhood of the enamel free surface. There are 

fundamental implications involved with the in-depth loss of textural degree with respect 

to the fracture resistance of teeth, in addition to strong chemical composition gradients 

in the neighborhood of the EDJ. [196, 197] Bechtle et al. [196] attributed the main role 

in toughening (and the possibility of crack arrest at the EDJ) to the elastic modulus 

mismatch between enamel and dentin phases. Accordingly, the phenomenon of crack 

arrest at the EDJ was explained via the presence of the larger compliance from dentin 

side in the neighborhood of the EDJ. These data were consistent with our early Raman 

characterizations of bovine teeth under high compressive load, which showed the 

retainment of a fully stress-free configuration nearby the EDJ under an increasingly 

compressive external load.[193] On the other hand, Imbeni et al. [197] reported that 

instead cracks tend to penetrate the EDJ and only arrest when they enter the dentin 

structure adjacent to the interface, due to a crack-tip shielding mechanism from crack-

wake ligament bridging. A detailed discussion on the above fracture mechanics 



6.3 Results and discussion 
 

   131 

arguments in relation to both crystalline structure and toughening behavior of human 

teeth is obviously beyond the scope of this paper. However, the Raman 

characterizations described in this paper unequivocally confirmed that a substantial 

decrease in Young’s modulus should be a quite reasonable expectation because: (i) the 

fraction of proteins quickly increases starting from ~10 µm before EDJ from enamel 

side; and, (ii) a complete loss of hydroxyapatite texture is found in the last 200 µm 

before reaching the EDJ from enamel side. Extrapolating the Young’s modulus data 

given by Jiang et al. [195] and also considering both the compositional and 

crystallographic gradients found in this study (i.e., as shown in Figure 6.9((a) and (b)), 

the total mismatch in Young’s modulus between enamel surface and EDJ can be 

assessed in the order of a factor 10. Our propensity is thus in favor of the interpretation 

by Bechtle et al. [196] on the origin of crack arrest during propagation from the enamel 

surface toward the EDJ. Moreover, we have found in this study that it is not only the 

elastic mismatch between enamel and dentin that plays the main role in toughening, but 

also (partly) an elastic mismatch within the chemically and texturally graded enamel 

structure itself. 

6.3.4 Unsuitability of the depolarization ratio in caries assessments 
This section is dedicated to a clarification of the inherent reasons why the depolarization 

ratio, 𝜌, might lead to inconsistency in the analysis of decayed enamel structures, as 

phenomenologically stated in Sec. 3.2. Figure 6.11 shows a parametric study on the 

dependence of the depolarization ratio, 𝜌, on both in-plane and out-of-plane Euler 

angles, 𝜓 and 𝜃, respectively. The plots are based on the selection rules that were 

explicitly derived in chapter 6 for the hexagonal structure of hydroxyapatite. [181] In 

Figure 6.11(a)~(f), we have plotted the expected dependences of the Raman intensity as 

collected in parallel mode, 𝐼∥  in cross mode, 𝐼! , and of the depolarization ratio, 

𝜌 = 𝐼∥ 𝐼!, as a function of the zenithal angle, 𝜃, with the azimuthal angle set at: 𝜓=0o, 

15o, 30o, 45o, 60o, 75o, and 90o, respectively. The plots in Figure 6.11(g) summarize the 

findings and show plots of the depolarization ratio, 𝜌 = 𝐼∥ 𝐼!, as a function of ψ for 

different 𝜃 angles. As seen from the plots, the parameter 𝜌 greatly varies as a function 

of the two Euler angles, being independent of them only for 𝜃=0 and/or   𝜓=0. Note that 

the trends shown by these angular dependences can explain the anomalies previously 

found in Raman polarized intensity at locations C (in Figure 6.6) and E (in Figure 6.7). 
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In other words, the depolarization ratio, 𝜌, can be used as a rigorous measure of 

demineralization only when comparing locations in which the enamel prisms are 

similarly oriented at 𝜃,𝜓=0, or in the case the compared locations experience similar 

average values of both azimuthal and zenithal angles for the local population of enamel 

prisms. Figure 6.12 (a) and (b), which show the statistical distributions of zenithal and 

azimuthal angles retrieved from healthy enamel (cf. both molar and incisor control teeth 

shown in Ref. [181]), prove that this is hardly the case. This statistical analysis was 

conducted on a total number of 5 healthy tooth samples, including those already shown 

previously. The total number of collected Raman spectra was ~500, and the statistical 

plots were made with considering all points irrespective of samples being incisor or 

molar teeth and of the location on them. As previously shown, [181] both angles,𝜃!  and 

𝜓!, might significantly vary among different tooth samples, as well as among different 

locations within the same tooth. Our statistical analysis, although necessarily limited in 

the number of analyzed samples, revealed a relatively broad distribution of zenithal 

angles, 𝜃! , in the interval between 5o and 65o (cf. Figure 6.12.(a)), with an average 

value of 𝜃!  =35.4o. On the other hand, the distribution of azimuthal angles, 𝜓! , was 

typically bimodal, with the two maxima displayed at average angles 𝜓!= 32.3o and 

91.6o. The latter peak was slightly more pronounced than the former one (cf. Figure 

6.12(b)); however, we shall attribute this difference to a merely statistical error related 

to the limited sampling available. These findings are not in disagreement, but rather 

complete a recent study by Al-Jawad et al. (performed with about one order of 

magnitude lower spatial resolution than our Raman experiments); [180] they also 

disprove early beliefs, according to which the crystallographic structure of surface 

enamel was taken with the c-axis constantly perpendicular to the tooth surface 

according to a greatly simplified interpretation. [132] In Figure 6.11(g), we have plotted 

by broken lines the interval within which, based on the statistical plots in Figure 6.12, 

one should expect a fluctuation of the depolarization ratio, 𝜌 . The displayed 

fluctuations, which were detected on healthy tooth samples, are of a non-negligible 

magnitude (i.e., might vary up to a factor 6). Note that such fluctuations are only related 

to the local orientation of hydroxyapatite crystallites within the Raman probe and have 

no relationship with the demineralization process.  
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Figure 6.11: Parametric study of the dependence of the depolarization ratio, 𝜌, on Euler 

angles, 𝜓 and 𝜃. In (a)~(f), dependences of Raman intensity in parallel mode, 𝐼∥, cross 

mode, 𝐼!, and depolarization ratio, 𝜌 = 𝐼∥ 𝐼!, as a function of the zenithal angle, 𝜃, 

with the azimuthal angle set at: 𝜓=0o, 15o, 30o, 45o, 60o, 75o, and 90o, respectively. In 

(g), plots summarizing the range of fluctuation of   𝜌 = 𝐼∥ 𝐼! , for enamel prisms 

oriented at different Euler angles.  
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Figure 6.12: Statistical distributions of zenithal, 𝜃!, and azimuthal, 𝜓!, angles retrieved 

from the healthy enamel of molar and incisor (control) teeth: (a) relatively broad 

distribution for the zenithal angles in the interval between 5o and 65o (average value of 

𝜃!  =35.4o); and, (b) bimodal distribution of azimuthal angles with two maxima 

displayed at average angles 𝜓!= 32.3o and 91.6o.. 

For the above reasons, we conclude here that the depolarization ratio, 𝜌, without a 

knowledge of the average azimuthal and zenithal angles of inclination of the 

hydroxyapatite prisms in the Raman probe, is not a suitable parameter for the 

quantitative assessment of tooth decay. 

6.3.5 Chemical and crystallographic “fingerprints” in decayed teeth 
The previous sub-sections of this paper have revealed clear spectroscopic differences 

between healthy and decayed enamel structures, which can be categorized into three 

main features: a decrease in Raman band intensity, a band broadening effect, and a band 

shift towards lower wavenumbers in decayed structures. Moreover, a tangible difference 

was found in the population of c-axis orientation for the hydroxyapatite crystallites 

contained in healthy and decayed prism structures. Interestingly, all these characteristics 

seemed to be monotonically linked to the progress of the disease, as well as to the 

distance from the body of the lesion. Accordingly, our main challenge shall now shift to 

the rationalization of such spectroscopic behavior in terms of physically sound 
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arguments, thus linking the above-mentioned spectroscopic parameters to the 

microscopic aspects of the demineralization process. 

As a first step forward, we shall precisely locate which chemical species actually 

contribute to the observed Raman bands in enamel samples. Ab initio lattice dynamics 

calculations for the hydroxyapatite structure (i.e., in its structural formulation: 

Ca10(PO4)6(OH)2) have recently been performed by Calderín et al. [198] A quick survey 

of the phonon density of state obtained in these calculations show that all the observable 

phonon bands in our Raman which appear in the spectral interval between 560 and 1100 

cm−1, are related to vibrational modes of the PO4
3− groups. Theory shows that only 

Raman bands appearing at wavenumbers below 400 cm−1 actually include contributions 

from Ca2+ ions, intermixed with the vibrational modes of PO4
3− groups. Moreover, 

comparisons between projected and total phonon density of states at the Γ -point of the 

Brillouin zone show that the major contribution to the optical modes near 900~1000 

cm−1 comes from P and O atoms, with a very small contribution from the OH− groups. 

Note, however, that these theoretical predictions give a value for the non-degenerate P-

O stretching vibrations, 𝜈!, slightly different from that found in our experimental study 

of single-crystal hydroxyapatite. [181] As far as the  𝜈!, vibrational group (i.e., observed 

in the interval 550~630 cm-1) is concerned, it is almost entirely due to the internal 

motion of the PO4
3− groups. Additional calculations using a classical potential approach 

were in agreement with the output of the ab initio data. [199] In this latter study, 

phonon frequencies at the Γ-point lead to Raman active modes with symmetry A, which 

correspond to P-O stretching vibrations, again shifted to higher frequencies with respect 

to the experimentally found values (i.e., 985 cm−1 vs. 963 cm-1 found in our studies of 

hydroxyapatite single crystal). Despite the discrepancies in the absolute values of 

Raman frequencies, little doubt is left that vibrational contributions from both columnar 

and screw-axis Ca atoms were not available in our enamel spectra. In other words, the 

spectral features that we have retrieved in this paper for decayed tooth enamel bring to 

us only information about the role-played by PO4
3− in the demineralization process. 

Now, let’s assume that the disordered (amorphous) hydroxyapatite structure of 

demineralized enamel yet preserves the tetrahedral building blocks (PO4
3− groups) of 

the crystalline hydroxyapatite phase at the local scale. This assumption is substantiated 

by the presence of a strong sp3 P-O bonding; with electronic structure calculations 

clearly indicating that, unlike the mainly ionic character of the C-O bonds, the P-O 
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bonds in the PO4
3− groups of crystalline hydroxyapatite are strongly covalent. [200] 

Next, we can figure out that, for any individual P-O vibrational mode, the overall 

contribution to the observed Raman spectrum consists of a broad sub-band, which stems 

from the amorphous phase, and of a sharp sub-band related to the crystalline phase. In 

other words, a distribution of frequencies for each vibrational mode, which arises from a 

random distribution of bond lengths and bond angles in the short-range order, is 

expected to lead to inhomogeneous broadening of an otherwise symmetrically bell-

shaped Raman band. The breakdown of crystalline order is considered here as the main 

contribution to Raman band broadening, although an additional (minor) contribution 

might also arise from a decrease in lifetime of phonons in finite (disordered) domains. 

Additional discussion about this point will be given later in this section. Assuming now 

as negligible the differences in polarizability between crystalline and amorphous phases 

for Raman emission from P-O bonds in the tetrahedral PO4
3− building blocks, the 

intensity ratio between Raman emission from the differently assembled hydroxyapatite 

phases should be proportional to the ratio of densities of P-O bonds in the probe volume 

and, thus, to the volumetric ratio between the phases. This being the case, it should be 

possible to extract the amorphous fraction from Raman data by deconvoluting the 

experimental Raman peak and using the ratio of the respective contributions assigned to 

the crystalline and amorphous phases. 

According to the above-mentioned arguments, the reduction in Raman intensity found 

in demineralized enamel as compared to healthy enamel and single-crystal sample [181] 

can be discussed in terms of classical selection rules considering how the lattice 

vibration wavevector breaks down in a disordered solid. [201] In a perfectly crystalline 

solid, the Raman scattering intensity of any given vibrational mode corresponds to the 

folded vibrational density of states for zero optical phonon wavevector (𝑞 = 0) at the Γ-

point of the Brillouin zone. [202] While this generally applies with high precision in the 

hydroxyapatite single-crystal samples and yet with a fairly good exactness in a healthy 

tooth-enamel structure, [181] in demineralized (i.e., disordered and, thus, partly 

amorphous) dental enamel, the phonon density of states at 𝑞 = 0  might also be 

contributed by vibrational modes with different symmetry labels from different points 

of the Brillouin zone. However, due to intense overlapping among such different 

contributions from the same phonon energies, the decrease in long-range order (namely 



6.3 Results and discussion 
 

   137 

the degree of disorder in the hydroxyapatite structure) is hardly retrievable from 

monitoring a decrease in Raman band intensity.  

A number of authors have previously characterized structural variations of crystallinity 

among different hydroxyapatite samples by means of a crystallinity index associated 

with the spectral width of 𝜈! PO4
3- bands. [148, 167, 203-208] As discussed above, the 

width of these bands arises from the effect of inhomogeneous broadening, potentially 

involving both microscopic distortions of the crystal structure and macroscopic 

electrostatic effects. However, the latter effects are far from negligible for 𝜈! bands. In 

contrast, the width of the non-degenerate 𝜈!  PO4
3- band, which is simply due to 

symmetric stretching, should be weakly affected by electrostatic effects, and, thus, 

mainly dominated by disorder through anharmonic coupling of phonons. Accordingly, 

inhomogeneous broadening is expected that can be analyzed merely in terms of 

crystallographic features. A confirmation of this statement could be found in a study by 

Balan et al. [209] in which a better consistency could be found between broadening of 

Raman and infrared bands in the 𝜈! vibrational zone as compared to the 𝜈! one. Based 

on this reasoning and on the suitable circumstance that the A1 band has no overlap with 

other Raman bands in the enamel spectrum (and, thus, can be deconvoluted into sub-

bands with better precision), the width of the 𝜈! PO4
3- band was selected here, unlike 

studies by other authors, [148, 167, 203-208] as the most accurate probe of 

demineralization in tooth enamel samples. However, it is worth noting that, because of 

the nano-sized structure of the tooth enamel rods, the absolute value of the width of this 

band for tooth analysis is dependent on the experimental conditions, e.g., temperature, 

probe size (i.e., in turn influenced by objective lens, slit aperture), number of 

monochromators, detector spectral sensitivity, etc.. 

As far as band-shift trends are concerned, a shift towards lower frequencies should be 

found to progress with progressing of the demineralization process, which can be 

explained by invoking the presence of two distinct band components, namely, the 

“amorphous” demineralized phase and the intact crystalline phase within the Raman 

probe. It then follows that the more intense the amorphous fraction, the higher the 

intensity of the amorphous band component, and the larger the shift toward lower 

frequencies. This is indeed what we have experimentally found, as shown in a 

comparison among spectra retrieved from zones with different degrees of 

demineralization (i.e., as judged from a visual inspection) (Figure 6.13). Spectra were 
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collected in parallel probe configuration, which showed the best spectral sensitivity 

according to Raman selection rules and to the inherent orientation of hydroxyapatite 

crystallites in the enamel structure. [181] Labeling of the degree of degradation was 

made by considering the degree of severity of the enamel lesion, according to standard 

notions. Score 1 refers to the detection of radiographic changes within the enamel layer; 

Score 2 is representative of cavitation with radiolucency reaching the dentinoenamel 

junction; and, Score 3 stands for radiolucent lesions penetrating approximately halfway 

through dentin. [210, 211] Trends for band broadening and shifting appear to be 

straightforward (cf. labels), which suggest that quantitatively measuring the degree of 

demineralization in dental enamel by Raman spectroscopy might result easier than 

assessing it by X-ray diffraction method. 

A final step forward in the quantification of the degree of demineralization in decayed 

teeth by Raman spectroscopy can be made by exploiting a hint from recently published 

studies by Liu et al. [212]and Miro et al. [213]  on defective hydroxyapatite structures. 

Particularly, in the latter paper, the amount of amorphous phase volume fraction, 𝑉!!, 

measured in polycrystalline hydroxyapatite samples by X-ray diffraction could be 

related through a linear relationship to the integrated intensity fraction of the amorphous 

sub-band over the overall band area with a confidence better than ± 2%. Although in the 

experimental approach of Ref. [211] the increasing amorphous fractions were 

introduced in the sample by swift heavy ion irradiation rather than by demineralization, 

we shall henceforth assume that the exploited physical principle remains valid also for 

enamel structural degradation arising from demineralization.  

Figure 6.14 (a)~(i) show a sequence of nine deconvoluted and normalized Raman 

spectra in the spectral interval of symmetric P-O stretching, 𝜈!, taken at increasing 

distances from the body of lesion (picked out from the line scan on Sample 6 in Figure 

6.5).  Deconvolution into two sub-bands, i.e., from the crystalline and the amorphous 

phases, was performed according to the criterion of letting the FWHM for the former 

sub-band fluctuating within a narrow interval of frequencies, which was the same as 

that of a healthy enamel spectrum (i.e., 8.8~9.2 cm-1). On the other hand the width of 

the amorphous sub-band was let free in order to best fit the experimental spectrum. This 

latter band generally fluctuated within a wider interval (15~22 cm-1).  In the 

deconvolution procedure, the sub-bands were taken as perfectly symmetric Lorentzian 

bells.  
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Figure 6.13: Comparison among spectra retrieved from zones with different degrees of 

demineralization, as judged from a visual inspection and classified according to 

standard criteria. [210, 211] Spectra refer to the P-O stretching, 𝜐! , singlet of 

hydroxyapatite in parallel probe configuration. Comparison is made with a single-

crystal hydroxyapatite spectrum taken exactly under the same experimental conditions, 

as described in Ref. [181]. 
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Figure 6.14: Sequence of nine deconvoluted and normalized Raman spectra in the 

spectral interval of symmetric P-O stretching, 𝜐! , taken at selected locations with 

increasing distances from the body of lesion of Sample 6. Band deconvolution was 

made into two perfectly symmetrical Lorentzian sub-bands from crystalline and the 

amorphous phases. In inset, values for the amorphous volume fractions are explicitly 

indicated as calculated from Eq. (6.2). 

The amorphous volume fraction, 𝑉!!, was calculated from the deconvoluted Raman 

spectra, according to the equation: 

	  
Vf

A = IA
IA + IC

	   (6.2)	  

where I is the Raman intensity and the subscript A and C locate the amorphous and 

crystalline sub-bands, respectively. The intensity ratio on the right side of Eq. (6.2) is 

also simply referred to as Lorentzian sub-band ratio, henceforth.  
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The values of amorphous phase fraction, as calculated from the relative intensities of 

amorphous and crystalline sub-bands, are shown in inset to each spectrum in Figure 

6.14. At heavily decayed locations, namely at quite high degrees of demineralization, 

the crystalline sub-band centered at ~962 cm-1 was quite low concurrently with the 

presence of a prominent (broader) amorphous sub-band centered at around 954 cm-1 (cf. 

Figure 6.14(a) and (b)). At such locations, the hydroxyapatite structure was almost 

completely amorphous. On the other hand, in slightly decayed zones, the amorphous 

band was null, meaning the presence of an undecayed and fully crystalline structure (cf. 

Figure 6.14 (h) and (i)). At intermediate locations (cf. Figure 6.14(c) and (g)) either the 

amorphous or the crystalline sub-bands displayed as shoulders to the overall A1 band 

(i.e., at lower and higher frequencies as compared to the experimental band maximum, 

respectively).  

If one now looks for a threshold state for incipient demineralization to be located from 

the Raman band morphology, the region of interest appear to experience an intensity for 

the amorphous sub-band that could be so weak (although not completely absent) that it 

would hardly affects the overall FWHM. However, a fingerprint for such incipient state 

of degradation in the enamel structure is exactly the notion that clinicians need for 

timely adopting diagnostic strategies. From a spectral resolution point of view, a 

parameter more accurate than FWHM seems to be required for judging about the quality 

of the enamel structure and, thus, the progress of hydroxyapatite demineralization near 

its incipience. Such parameter is the intensity ratio between the intensity of the 

amorphous sub-band and the overall band intensity (as shown in Figure 6.14), although 

its choice necessarily requires running a spectral deconvolution (fitting) procedure into 

two Lorentzian sub-bands. Moreover, a determination of the complete ODF structure 

(and the associated Hermans parameter, 𝑃! cos𝛽  ) gives the most accurate 

description of the crystallographic population developed upon demineralization as 

compared to a generic definition of “degree of amorphization” (or “decay”). However, 

the determination of ODF requires the acquisition of a close-set series of polarized 

Raman spectra rather than just a single (parallel) polarized one. 

For achieving an alternative procedure, simpler but yet more accurate, one should 

succeed in developing an algorithm to precisely assess the asymmetry of the A1 Raman 

band at very low degrees of deviation from a perfect Lorentzian. In this study, we 

explored the possibility to use a hybrid function built up with an exponential and a 
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Gaussian curve. This function represents a modified one from the morphology 

originally proposed by Lan and Jorgenson [214] for fitting slightly asymmetric 

chromatographic peak profiles. Studying this function also gave us some useful hints on 

possible choices of a threshold for band asymmetry (i.e., for incipient hydroxyapatite 

demineralization). The exponential-Gaussian hybrid function is mathematically simple 

and was proved to be numerically more stable at low degrees of asymmetry than 

exponentially modified (i.e., asymmetric) Gaussian functions. Moreover, its parameters 

maintain graphical meaning and can thus readily be determined upon making graphical 

measurements and/or applying simple equations. The mathematical form of such hybrid 

function is:[214] 

	  
 
f ω( ) = I  exp −

ω −ω R( )2
2σW

2 +τ ω −ω R( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
	  

For:	  2σW
2 +τ ω −ω R( ) > 0 	   (6.3)	  

	   f ω( ) = 0 	   For:	  2σW
2 +τ ω −ω R( ) ≤ 0 	   (6.4)	  

where 𝐼∥ corresponds to band intensity (in parallel mode in the present case), 𝜔! is the 

frequency at band maximum (provided that the constant 𝜏 ≪ 𝜎! ), 𝜏  is a constant 

introducing the exponential perturbation, and 𝜎!  is the FWHM of the unperturbed 

Gaussian. Associated with the statistical moments of such hybrid function, a parameter 

can be retrieved, which is referred to as the absolute bounded asymmetry, 𝜉, as follows:   

	  
ξ = arctan τ

σW

	   (6.5)	  

This parameter experiences values between zero (𝜏 → 0; pure Gaussian) and 𝜋 2  
(𝜎! → 0; truncated exponential), and it can efficiently be used in polynomial fitting of 

the asymmetric curves. Figure 6.15 shows a plot of the 𝜉 parameter as a function of the 

amorphous fractional parameter (Lorentzian sub-band ratio) that we assumed as the 

volume fraction, 𝑉!!. This plot was retrieved from fitting either with two convoluted 

Lorentzian sub-bands or with a single exponential hybrid function (i.e., as given in Eqs. 

(3) and (4)) the same set of line-scan spectra diverging from the body of lesion. This 

analysis demonstrated a linear relationship (with a confidence better than 1%) between 

𝜉 and 𝑉!!,  at low degrees of demineralization, namely for 𝑉!!, 5%. The trends of the 

two parameters diverge from a linear relationship and the accuracy of the hybrid 

function increasingly lowers at higher 𝑉!!, values, namely for more advanced states of 
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demineralization. In other words, the use of the parameter 𝜉 for describing the state of 

demineralization should be considered to be accurate only for 𝑉!! ≤ 5%. Note that, 

when the demineralization process takes place, the asymmetry of the P-O stretching 

Raman band always leads to skewness toward lower abscissa values, provided that the 

collected Raman spectrum is plotted as a function of a wavenumber abscissa (or in other 

energy units). The parameter 𝜉  is significantly more sensitive than FWHM, as 

demonstrated by the slope, 𝜉 =73o, of the initial (linear) portion of the plot in . Figure 

6.15, which is substantially steeper than a one-to-one relationship (i.e., slope equal to 

45o). The plot in Figure 6.15 also suggests to set a threshold value for incipient 

demineralization at a value, 𝜉=0.05, which represented the first detectable variation in 

band asymmetry. This value corresponds to a fraction of amorphous phase ~1.5%, 

which was completely undetectable by monitoring FWHM. 

	  
Figure 6.15: Plot of absolute bounded asymmetry,𝜉 , as a function of amorphous 

fractional parameter (i.e., the Lorentzian sub-band ratio). The threshold value for 

incipient demineralization, as newly proposed in this Raman study, is shown to be 

detectable by means of a fitting procedure based on a hybrid function made of a 

Gaussian and a truncated exponential. 
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6.4 Conclusion 
Raman spectroscopic analyses of decayed tooth enamel samples in comparison with 

healthy samples demonstrated that the evolution of the demineralization process in the 

constituent hydroxyapatite structure could quantitatively be studied since its very early 

development. The main conclusions on which this statement is based are, as follows: 

Although no direct monitoring could easily be obtained for vibrational bands directly 

related to Ca atoms (i.e., due to their low Raman efficiency when emitted from tooth 

samples), the demineralization process could be clearly traced back from vibrational 

trends related to the PO4
3- groups. A particularly suitable probe was found to be the non-

degenerated A1 singlet in the 𝑣! vibrational zone (i.e., corresponding to P-O stretching), 

when collected in a parallel configuration of the polarized Raman probe. 

The A1 stretching Raman band was broader in healthy enamel as compared to a 

hydroxyapatite single-crystal sample, but preserved its symmetry characteristics. 

Conversely, this band underwent lowered intensity, spectral shift toward lower 

wavenumbers, and inhomogeneous broadening following incipient demineralization; 

the more the demineralization process progressed, the more these altered characteristics 

became evident in the recorded Raman spectra. 

The unsuitability of the depolarization ratio as a parameter for judging about the 

structural state of hydroxyapatite in the enamel structure could rigorously be clarified. 

Based on an explicit exploitation of Raman selection rules given in chapter 5, it was 

demonstrated that the depolarization ratio might give misleading results, because its 

definition is based on the wrong assumption of a constant orientation of c-axis for the 

enamel prisms on the tooth surface. 

Although we were able to resolve the full distribution of c-axis orientation within the 

Raman probe (i.e., the ODF), a simplified procedure was suggested, which uses the 

absolute bounded asymmetry, 𝜉, of an exponential-Gaussian hybrid function to fit the 

A1 Raman band (collected in parallel polarization geometry). This parameter was found 

to be very sensitive in describing the demineralization process in the enamel structure 

since its very early development. 

We believe that a precise Raman algorithm has now finally become available for a 

prompt diagnostic practice in dentistry. Its validation might require additional studies 

(some are also ongoing in our laboratory). However, the data shown here clearly show 
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that a substantially improved level of diagnostic reliability has been achieved here, 

above conventional procedures based on the assessment of band intensity (i.e., 

depolarization ratio) or FWHM. Moreover, the newly proposed spectroscopic 

algorithm, unlike intensity-based assessments, is independent of incident angle of the 

optical probe, thus eliminating a main element of uncertainty during in vivo assessments 

of enamel quality. 
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7 RAMAN SPECTROSCOPY OF HUMAN SKIN: 
LOOKING FOR A QUANTITATIVE ALGORITHM 
TO RELIABLY ESTIMATE HUMAN AGE 

7.1 Introduction 
In the vibrational spectra of biological molecules, indelible “fingerprints” can be found 

for the occurrence (and frequency) of a number of otherwise hidden natural phenomena. 

The discovery and rationalization of such spectral “fingerprints” represent a socially 

useful and fascinating practice, but also pose formidable challenges to spectroscopists. 

Unlike simpler inorganic structures, an explicit description of the irreducible phonon 

representation for complicated organic molecules is a task of enormous 

cumbersomeness, which can by no means be accomplished without the help of 

computational programs. Even an “elementary” protein structure possesses a number of 

distinct vibrational modes (i.e., in the order of 104), [215] which makes the task of 

unfolding such structural complexity one of the hardest challenges in modern science. 

On the positive side, however, there is the high sensitivity of vibrational spectroscopy to 

structural features. This method can be exceptionally sensitive to even quite small 

variations of bond strength, i.e., in the order of 0.02%. [216] Such variations can 

promptly be resolved by probing with a spectral resolution better than 5 cm-1, and 

modern spectroscopes usually possess spectral resolutions at least one order of 

magnitude better than the above threshold. In other words, Raman spectroscopy 

provides us with a suitably high sensitivity for monitoring subtle bond modifications 

and molecular distortions with high accuracy.  
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From an analytical point of view, the main consequence of the complexity of 

biomolecules has been that Raman spectra have often been treated as a mere matricial 

sequence of mathematical data, with little emphasis being placed on the interpretation of 

the physical origin of individual bands in the recorded spectra. Such a statistically 

driven approach could be quite useful in locating spectral differences. However, despite 

the huge piece of information potentially contained in the Raman spectra, such 

spectroscopic “cryptograms” have most of the times remained unfolded with only a 

small (qualitative) part of their contents being physically interpreted. On the other hand, 

several research groups have continued to intensely work on basic interpretations of the 

Raman spectra emitted from biological samples. [217-223] Such basic approaches have 

enabled clarifying a number of structural features in organic molecules, including the 

interpretation of Raman bands and their spectral positions from saccharides, [219] 

lipids, [217, 218, 224] and carotenoids. [223] The presence of mono-unsaturated acyl 

groups has also been related to the first derivative value of scattering intensities 

measured at 1656 cm–1, which relate to the vibrational stretching of cis and trans 𝐶 = 𝐶 

bonds in lipids. [224] Moreover, classificatory overviews of Raman spectra for 

biomolecules have recently become available. [225]  

Specifically regarding model protein structures, Raman bands represent vibrational 

modes of both peptide backbone and its side chains. Spectral positions, intensities, and 

polarizations of the Raman bands result in being quite sensitive to protein secondary, 

tertiary, and quaternary structures, in addition to side-chain orientations and local 

environments. In a number of favorable cases, the Raman spectrum has provided a 

straightforward signature of the protein three-dimensional structure, intramolecular 

dynamics, and intermolecular interactions. [226] Specifically related to skin, its 

constituent organic molecules generally display in the Raman spectrum according to the 

corresponding model structures, but significant compositional and structural variations 

can be expected with progressing age. Collagen fibers are composed of collagen types I 

and III in a ratio that depends on their location being either in the papillary or in the 

reticular dermis. In young people, collagen fibers in the region of papillary dermis take 

the form of densely packed and irregularly arranged networks, while in the reticular 

dermis their morphology appears coarser and with loosely arranged and intertwined 

bundles. Upon aging, the amount of collagen fibers increases, packing becomes denser, 

and the stereological arrangement less twisted. [227] Moreover, elastic fibers consist of 
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an amorphous fraction (~90% of the mature fiber), which is exclusively composed of 

elastin and a micro-fibrillar component consisting of nano-structured fibrils. [228] 

Superficial micro-fibril bundles gradually thicken and merge with increasingly large 

amounts of amorphous elastin as the papillary dermis changes into reticular dermis. 

However, with increasing age, the concentration of elastin fibers in the papillary dermis 

decreases. Accordingly, fibers from the skin of older individuals lose some of their 

elasticity, thicken (fold) into agglutinated masses, and unravel.[227] While the 

anatomical details of structural skin modifications with aging are well studied and 

documented, methods for finding such features into the recorded Raman spectra are yet 

at their early development. Consequences of aging processes are obviously the changes 

in the biochemical structure of tissue, which thus should also be seen in its Raman 

spectrum. The challenge, therefore, shifts now on how to translate such qualitative 

notions into a quantitative spectroscopic algorithm capable of assessing to a degree of 

precision human age. Building upon previous outputs of different approaches to Raman 

evaluations of biological samples, we challenged in this paper the establishment of 

parameters for the quantitative assessment of human age from skin samples belonging 

to cadaveric donors. This study was mainly motivated by the need in the field of 

forensic pathology to determine within an improved degree of accuracy the age of 

human subjects lacking specific identity information. Spectroscopic outputs were 

rationalized and discussed in terms of selected parameters, including the degree of 

protein folding and the degree of lipid crystallization. Some other parameters, such as 

the fractional ratio between α-helix and β-sheet, the presence of sphingomyelin in the 

ceramide structure, and the content of collagen vs. lipids were also attentioned. It should 

be stated at the outset our awareness that this study lacks statistical relevance, which has 

been a direct consequence of the cadaveric origin of the studied samples, of the need to 

examine the skin sample within a narrow interval of time (i.e., <1 week) since the date 

of decease, and of the necessity of preliminary clearing up ethical issues with respect to 

donors. Nevertheless, specific care was taken in obtaining “standard” spectra for each 

donor with averaging on a large number of acquisitions on each sample. In other words, 

the validity of the shown concepts relies on the basic assumption that, if an age 

representing parameter (i.e., a “natural clock”) actually exists in the vibrational behavior 

of skin tissue, this should be independent of individual classes. Further studies are 

presently ongoing for obtaining a statistical validation of the proposed parameters and 

procedures. 
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7.2 Experimental procedures 
A series of cadaveric skin samples could be obtained from donors (human patients 

deceased at different ages spanning from few months to 62 y old) upon preliminary 

clearance of ethical procedures, at the Department of Forensic Medicine of the Graduate 

School of Medical Science of Kyoto Prefectural University of Medicine. Details of the 

cadaver samples available for this study are provided in Table 7.I. The samples were 

taken from abdomen locations in the body unexposed to solar irradiation. Skin samples 

were typically 10 x10 mm2 wide (cut by hand), and encompassed the full thickness of 

the skin structure, from the stratum corneum to the hypodermis. All the skin samples 

investigated in this study belonged to the same race, showing similar color (pale white 

skin, with some tone of yellow) on the skin surface. No special medical treatments were 

performed on the skin samples before and after they were extracted from the human 

bodies. More importantly, all the donors examined in this study died in a healthy 

situation and their pathological records did not show specific items either related to 

lever or other diseases specifically impacting on protein and lipid structure. Neither the 

infant nor other donors received medical therapy that might have induced changes in the 

molecular structure of their skin. Raman experiments were conducted on the skin 

samples within less than one week after the date of patient's decease. The skin samples 

were preserved at -70 oC in a freezer before Raman analysis. Immediately before the 

Raman experiments, skin samples were thawed and kept on ice. Prior to Raman 

spectroscopic characterizations, each sample was divided into smaller specimens and 

hematoxylin and eosin stain (H&E stain) histology and optical microscopy were applied 

on the cross-sections of one specimen for each sample in order to preliminary assess 

from morphological features the location of different zones of epidermis and dermis. As 

a spectroscopic reference, a sample of skin type I collagen was also investigated, which 

was purchased from Sigma-Aldrich, Co. [229] 

Table 7.I: Information on the human cadaver samples investigated in this study.  

Sample Age Sex Cause of death 

1 3 months female Aspiration asphyxia 

2 15 yrs male Hemorrhagic shock 

3 17 yrs male Drowning 

4 35 yrs male Drowning 

5 61 yrs male Cardiac rupture 
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All the Raman spectroscopic experiments described in this paper were carried out in 

backscattering optical probe configuration with using a triple monochromator (T-64000, 

Horiba/Jobin-Yvon, Kyoto, Japan) equipped with liquid nitrogen-cooled charge coupled 

device (CCD). The excitation source in the present experiments used a 532 nm 

Nd:YVO4 diode-pumped solid-state laser (SOC JUNO, Showa Optronics Co. Ltd., 

Tokyo, Japan) operating with a power of 200 mW. An objective lens with a numerical 

aperture of 0.5 was used both to focus the laser beam on the sample surface and to 

collect the scattered Raman light. All the experiments described in this paper were 

conducted with a pinhole aperture of 100 µm and with employing an objective lens with 

a magnification of 100x. All the experiments were conducted at room temperature with 

a relative humidity of 68%. Each spectrum at a measurement location was collected for 

5 scans with the accumulation time of each scan being 1 minute. For each studied 

sample, several tens of spectra were collected on the top skin surface and an average 

spectrum could be obtained with a statistical validity using commercial software 

(LabSpec Ver. 4.02, Jobin-Ivon/Horiba, Tokyo, Japan). On the cross-section of each 

skin sample, spectral line scans were also performed, starting from the stratum corneum 

to 800 µm deep in the depth direction. Spectral Raman lines were analyzed using a 

commercially available software package (Origin 9.1, OriginLab Co., Northampton, 

MA, USA). Fitting was performed according to Gaussian-Lorentzian functions after 

subtracting the baseline. 

7.3 Experimental Results 

7.3.1 Labeling the Raman spectrum of human skin 
Similar to the case of other soft tissues, the Raman spectrum of skin is dominated by the 

vibrational bands of its structural proteins, amino acids, and lipids. Figure 7.1 shows a 

Raman spectrum detected by our microprobe equipment with focusing on the stratum 

corneum of a sample (top-view spectrum) from a three months old donor. Raman 

spectra from healthy skin of infants are seldom found in the published literature. For 

this reason, we have considered this spectrum as a “reference” one since being almost 

unaffected by environmental effects. In this study, it is used for a preliminary screening 

of the emitted Raman bands and to label them according to the published literature.  
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The Raman spectrum in Figure 7.1 has arbitrarily been divided into a low-frequency 

zone (250~1800 cm-1) and a high-frequency zone (2800~3200 cm-1). In these two 

spectral zones, a total of 20 bands could distinctly be observed, as labeled in Figure 7.1 

(Bands 1~20). Table 7.II summarizes the observed Raman bands and their physical 

origin in the two attentioned spectral zones reported in literature. Bands associated with 

vibrations of amide bonds in polypeptide chains were observed, with the Amide I 

emission being dominated by C=O stretching vibrations and the Amide III band by C–N 

stretching and N–H bending vibrations. The former emission (Band 13) at ~1652 cm-1 

(here often observed, in agreement with other authors, at a slightly higher frequency of 

1657 cm-1 [230-232] is typical of mammalian keratins with mainly α-helical 

conformation. [233-235] On the other hand, the latter emission presented two maxima: 

one at 1271 cm-1 (Band 10, assigned to non-polar fragments with high proline content 

forming collagen triple helix) and the other at 1244 cm-1 (overlapped to Band 8 already 

assigned to tryptophan and phenylalanine) from polar fragments of collagen 

characterized by a low proline content. [231, 236, 237]  

	  

Figure 7.1: Raman spectrum as detected with focusing on the stratum corneum of a 

sample (top-view spectrum) belonging to a three-months old infant donor. The spectrum 

has been arbitrarily divided into low frequency and high frequency zones of 

investigation. The labeled bands are assigned in Table 7.II. 
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Band 9, which appears as a low-frequency shoulder to the 1271 cm-1 Band 10, is most 

likely an overlap of vibrational modes from the adenine and cytosine belonging to the 

β–sheet structure of Amide III (reported at ~1258 cm-1) [238] and lipids (reported at 

~1255 cm-1). [239] The strong emission detected at ~1440 cm-1 (Band 11) and the 

weaker but yet clearly detectable band at ~1750 cm-1 (Band 14) can both be assigned to 

vibrational modes in lipids (with a contribution of proteins, especially in the former 

band).[191, 233, 234, 237, 240, 241] In particular, the former band arises from CH2 

scissoring and CH3 bending, [242] while the latter one mainly represents the C=O 

stretching mode in lipid and phospholipid molecules.[243, 244] In the high-frequency 

zone, a broad overlapping emission, contributed by at least five relatively strong bands 

(Bands 15~19), could be detected, in addition to a rather weak and isolated band 

centered at higher frequencies (Band 20). In this broad emission, the sub-band labeled 

as Band 15 was centered at around 2855 cm-1 and represented the symmetric stretching 

of lipids in the liquid state. [245] However, Band 15 is likely to be overlapped by the C-

H symmetric stretching band of collagen centered at ~2850 cm-1. [246] The strongest 

sub-band in this spectral zone was centered at ~2885 cm-1 (Band 16). This band has 

been assigned to symmetric stretching in lipids. [245, 247] However, Band 16 seemed 

to show a low-frequency shoulder at around 2881 cm-1, also of protein origin, which we 

did not yet explicitly label here. 

This sub-band shoulder was related to C-H symmetric stretching in collagen. [248] 

Overlapping effects between lipids and collagen will be discussed in more details in 

later sections. Bands 17 and 18 are seen as two consecutive shoulder sub-bands to the 

overall emission toward higher frequencies. The origin of both these bands, which are 

located at 2928 cm-1 and 2956 cm-1, respectively, is probably also a composite one with 

components from both lipids and collagen. However, the former band well corresponds 

to CH3 symmetric stretching (i.e., due primarily to proteins), [249] while the latter one 

hits a frequency related to their CH3 asymmetric stretching. [250] Band 19 is weaker 

than the other bands composing the overall high-frequency Raman emission, but clearly 

appears as a more separate sub-band. Its location is at ~3010 cm-1, which corresponds to 

asymmetric stretching of =C-H groups in lipids, fatty and unsaturated acids. [247, 251] 

Finally, a quite weak but yet resolvable band was observed at ~3140 cm-1. We labeled it 

as Band 20, and it was tentatively assigned to N-H symmetric stretching. [252]  
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Table 7.II: Assignment of Raman bands in skin and skin collagen samples: v, stretching 

mode; vs, symmetric stretch; vas, asymmetric stretch; δ, bending mode; w, wagging 

mode. 

Band 

label 

Band 

position 

(cm-1) 

Principal assignment References 

Band 1 510 v(S–S) in cysteine 
[191, 233, 

234] 

Band 2 745 Symmetric breathing of tryptophan [236, 243] 

Band 3 877 v(C-C) in hydroxyproline, δ(tryptophan ring) 

[230, 233, 

236, 253, 

254] 

Band 4 919 v(C-C) of proline rings 
[191, 233, 

240, 255] 

Band 5 1003 v(C-C) in phenylalanine 
[191, 233, 

240, 255] 

Band 6 1081 v(CO3
2-) and v(PO4

3-), v(C-C) in lipids [236] 

Band 7 1157 Sphingomyelin [256] 

Band 8 1208 v(C-C6H5) in tryptophan and phenylalanine [257, 258] 

Band A- 1210 v(C-C6H5) in tyrosine and phenylalanine [242] 

Band A 1218 Amide III, v(C-N) and δ(N-H) in α-helix 
[243, 259-

263] 

Band 1* 1242 Amide III, v(C-N) and w(CH2) in collagen [264] 

Band 9 
1255, 

1258 

Amide III, adenine and cytosine β–sheet structure 

+ lipids 
[238, 239] 

Band 10 1271 Non-polar fragments of proline in α-helix 
[231, 236, 

237] 

Band 3* 1315 Amide III, δ(CH2) in α-helix collagen [264] 

Band B 1338 Amide III, v(C-N) and δ(N-H) in hydrated α-helix [244] 

Band C 1370 Ring and v(C-N) in cytosine and guanine [252] 

Band D 1395 
Symmetric δ(CH3) of the methyl groups of 

proteins 
[265] 

Band 11A 1428 Proteins + lipids, CH2 scissoring [266-268] 
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Band 11B 1450 δ(CH) in proteins + lipids [266-268] 

Band 11C 1467 δ(CH2) in proteins + lipids [266-268] 

Band 12 1526 Sphingomyelin [256] 

Band E 1520 v(C=N) in adenine and cytosine in α-helix [269, 270] 

Band F 1551 Amide II, v(C-N) and δ(N-H) [271, 272] 

Band G 1584 δ(C=C)  in phenylalanine [252] 

Band H 1605 v(C=C)  in phenylalanine and tyrosine [248, 273] 

Band I 1638 Amide I, v(C=O) in α-helix + β-sheet [246, 266] 

Band 13 1652 Amide I, v(C=O) in α-helix [230-232] 

Band J 1681 Amide I, v(C=O) in disordered structure [247, 266] 

Band 14 1750 v(C=O) in lipids and phospholipids [244, 274] 

Band 15 2855 vs(CH3) in lipids (liquid state) [245] 

Band 16- 2877 vs(CH3) in lipids (hexagonal) [275, 276] 

Band 16 2881 vs(CH3) in lipids (orthorhombic) [266] 

Band L 2910 
v(CH2) and v(CH3) in cholesterol and 

phospholipids 
[277] 

Band 17 2928 vs(CH3) in proteins [250] 

Band 17+ 2950 vas(CH3) in proteins [250] 

Band 18 2956 vas(CH3) in proteins [250] 

Band 18+ 2980 v(CHα,α’) [248] 

Band 19 3010 vas(=C-H) in lipids and unsaturated acids [247, 278] 

It has been reported that, in tissue, the spectral range 3200~3600 cm-1 is occupied by a 

broad band peaking at ~3250 cm-1, which is associated with O-H stretching vibrations 

of tissue-bound water and N-H stretching vibrations of proteins.[191, 233, 237] 

Conversely, the presence of unbound water (i.e., tetrahedral water clusters) in skin is 

represented by a band located at 180 cm-1 in the Raman spectrum.[279] The status of 

hydration of skin has been estimated through the intensity ratio between protein 

stretching band at 2938 cm-1 (which we observed at ~2928 cm-1) and the water 

stretching band at 3250 cm-1.[279] Raman spectra from skin samples before and after 

sunlight exposure revealed a total fraction of water higher by ~30% in the latter sample 

as compared to the former one.[191] We also observed water-related features in our skin 

samples. However, although it has been recognized that the water content in skin 

generally increases with age, [280] we ruled out a priori the possibility of using the 
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hydration ratio as a meaningful parameter for age assessments because of the strong 

environmental effects on the hydration state of skin and the fact that each skin layer 

might show a different hydration level. [281, 282] We indeed failed in observing a 

reliable trend in hydration levels independent of environmental effects and depending 

on age, probably also because the Raman probe reached different structures while in-

depth penetrating samples from donors with different age, thus giving different intensity 

ratios. On the other hand, an important hint in this work was that skin-aging processes 

involve conformational changes in structural proteins. In the Raman spectra of skin 

samples from old individuals and/or of skin exposed to sunlight, maxima of the Amide I 

and III bands were systematically detected at spectral positions shifted toward lower 

frequencies as compared to the spectrum of young and/or unexposed skin samples. 

Moreover, reduced intensities were generally found and a shift occurred of the CH2 

stretching band in the aliphatic side chains of amino acids towards lower frequencies. 

This latter spectral perturbation was interpreted as the consequence of structural 

changes in protein folding. [282, 283] 

7.3.2 Average Raman spectra as a function of donors’ age 
Prior to Raman spectroscopic characterizations, H&E stain histology and optical 

microscopy were applied on the cross-sections of all samples in order to preliminary 

assess from morphological features the location of different zones of epidermis and 

dermis. Figure 7.2 shows a micrograph of the investigated histological section with 

H&E stain of the sample from the 3 months old infant donor. Labels show the protocol 

for the line-scan Raman spectroscopy characterization in various regions of the skin at 

increasing depths. Similar line scans were performed on all the investigated samples 

from donors of different age. In this section, we compare typical Raman spectra 

collected as a function of patient age from the stratum corneum (i.e., at depth from the 

sample surface, z=0 µm), from a deeper zone in the epidermis zone (just below the 

stratum corneum, z=100 µm; simply referred to as “epidermis”, henceforth), and from a 

zone further in the depth, which was thought being preponderantly part of dermis in all 

the investigated samples (z=700 µm). It should be noted at the outset that the thickness 

of various zones along the depth of skin significantly varies with location in the body 

and with age. We have minimized the former difference by sampling always from the 

same part of the donors’ body (abdomen).  
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However, the latter difference is part itself of our assessments and yet stems in our 

sampling. Figure 7.3 show average spectra collected on skin cross-section samples of a 

3 months old infant, 15, 17, 35, and 62 years old donors, respectively.  

The recorded spectra showed a significant degree of complexity and there were a large 

number of features coming out from a comparison of average Raman spectra collected 

at different locations and from donors with different ages. Table 7.II lists all the Raman 

bands discussed in the remainder of this paper, together with their physical origin.  

In the following ten points, we attempt to rationalize the main features that came to light 

from the recorded Raman spectra. The main findings can be summarized, as follows: 

(i) The spectrum acquired in the stratum corneum of the 3 months old infant was 

quite different when recorded from the sample surface and from cross section 

(cf. Figure 7.1 and Figure 7.3). On the low-frequency foot of the 1150~1750 cm-

1 spectral interval, a new band appeared at around 1210 cm-1 (labeled Band A- in 

Figure 7.3), which was rather weak in the stratum corneum but became well 

resolved in both epidermis and dermis spectra. Band A- was assigned to the 

stretching mode of C-C6H5 in tyrosine and phenylalanine. [242] Additional new 

features also appeared in spectra from epidermis and dermis. Although the 

intensity ratio between Band 10 (assigned to non-polar fragments with high  

	  

Figure 7.2: Skin cross-sectional sample belonging to the 3 months old donor with H&E 

stain. Labels illustrate the procedure of Raman microprobe line scan along the in-depth 

abscissa, z, with origin at the free surface of the sample. 
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Figure 7.3: Average Raman spectrum collected on the skin cross-section sample 

belonging to a 3 months old infant.  

proline content forming collagen triple helix) and Band 9 (overlap of vibrational 

modes from the adenine and cytosine belonging to the β–sheet structure of 

Amide III and lipids) was similar in the stratum corneum for spectral 

acquisitions from top surface and cross section, four additional bands appeared 

in the latter measurements at 1218, 1338, 1370, and 1395 cm-1 (labeled as Bands 

A, B, C, and D, respectively, in Figure 7.3). Band A appeared especially 

pronounced in both epidermis and dermis, quite different from the morphology 

of a low-frequency shoulder to Band 9, as detected in the case of stratum 

corneum. It was assigned to Amide III and, specifically, to coupling of C-N 

stretching and N-H bending (mixed with vibration of side chains in proteins).  

Note also that Band 9 could be considered as being composed of two distinct 

sub-bands at lower and higher wavenumbers (at 1243 and 1274 cm-1, 

respectively). However, these two bands were both assigned to C-N stretching in 

the α-helix conformation of Amide III, [243, 259-263] and we neglected their 

distinction in this study. Band B has also been reported to arise from Amide III 

hydrated α-helix (N-H bending and C-N stretching),[244] and to be partly 

contributed by tryptophan (CH2/CH3 wagging, twisting and bending). [236] 
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Figure 7.4: Average Raman spectrum collected on the skin cross-section sample 

belonging to a 15 years old donor 

Band C was interpreted as ring and C-N stretching in cytosine and guanine, 

[252] while Band D arose from symmetric CH3 bending of the methyl groups of 

proteins. [265] Bands B, C, and D became extremely pronounced (comparable 

or even more intense than Bands 9 and 10) in both epidermis and dermis spectra 

of the infant sample (cf. Figure 7.3).  

(ii)  The intensity of the sphingomyelin band (Band 12) appeared relatively weak in 

cross-section spectra of the stratum corneum of the 3-months-old-donor sample 

(i.e., comparable with that detected on the top surface; cf. Figure 7.1 and Figure 

7.3 at z=0). This band did not appear at all in both epidermis and dermis spectra. 

Another striking feature in the cross-sectional spectra of both epidermis and 

dermis of the infant sample was a quite pronounced Raman activity in the zone 

1550~1682 cm-1. While in the spectrum of stratum corneum recorded from the 

top surface we could only observe one main band (Band 13; related to 

mammalian keratins with mainly α-helical conformation), in cross section 6 

additional bands could be observed in this spectral zone (i.e., besides Band 13), 

in both epidermis and dermis. Those bands were centered at ~1520, 1551, 1584, 

1605, 1638, and 1681 cm-1 (labeled as Bands E, F, G, H, I, and J, respectively).  
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Figure 7.5: Average Raman spectrum collected on the skin cross-section sample 

belonging to a 17 months old infant.  

Assignments were made, as follows: (a) Band E, probably an overlap of (-C=C-) 

stretching in carotenoid and C=N stretching in adenine and cytosine in α-

helix;[269, 270] (b) Band F, Amide II of proteins (N-H bending and C-N 

stretching);[271, 272] (c) Band G, C=C bending mode of phenylalanine;[242] 

(d) Band H, protein C=C stretching in phenylalanine and tyrosine;[248, 273] (e) 

Band I, Amide I band related to both α-helix and β-sheet (C=O stretching 

vibrations);[246, 266] and, (f) Band J, Amide I band related to a disordered 

structure, non-hydrogen bonds, and C=O stretching.[247, 266] Note that Band E, 

which is absent in normal tissues, might be contributed here by carotenoids 

contained in the infant nutrition artificial milk. Bands F, G, H, and I were also 

observed in the stratum corneum of the cross-section sample, but with 

significantly lower intensity. Moreover, Band F in the stratum corneum was 

shifted by few wavenumbers toward higher frequencies as compared to 

epidermis and dermis spectra. 

(iii)  When collected from cross section, Band 11 in the sample from 3 months old 

donor became clearly resolvable into three distinct sub-bands located at 1428, 

1450, and 1467 cm-1 (labeled 11A, 11B, and 11C, respectively).  
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Figure 7.6: Average Raman spectrum collected on the skin cross-section sample 

belonging to a 35 years old donor 

We have mentioned in the previous section that Band 11 can be assigned to 

vibrational modes in both lipids and proteins. Deconvolution into three distinct 

sub-bands enabled us to resolve CH2 scissoring (11A), C-H bending (11B), and 

CH2 bending (11C) components.[266-268] In the high-frequency zone of the 

cross-section spectra from the 3-months-old-infant sample, a comparison with 

topside spectra showed that the basic structure of five sub-bands was still 

preserved, but several differences were also spotted. In the stratum corneum, one 

significant variation was observed in the presence of a new band centered at 

~2910 cm-1. This new band, labeled as Band L in Figure 7.3, was assigned by 

other authors to CH3 stretching vibrations in proteins. [249, 284] However, there 

is also a clear overlap with CH2 and CH3 stretching contributions from 

cholesterol, phospholipids and creatine.[277] Significant variations in the 

relative intensity of various sub-bands could also be recorded. While spectra 

from the stratum corneum of the infant sample were found, except for the 

presence of the newly detected Band L, to experience a quite similar balance 

between sub-band intensities when recorded from top surface and cross-section,  
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a significant dropdown was found in both epidermis and dermis spectra for 

Bands 15 and 16 (cf. Figure 7.3), which could be assigned to symmetric 

stretching of liquid-state and crystalline lipids, respectively. This band was 

relatively strong only in the stratum corneum, while a new sub-band appeared, 

and was labeled as Band 16-, at ~2877 cm-1 in both epidermis and dermis. We 

justified the intensity annihilation of Band 16 with the low content of lipids in 

infant skin. The presence of Band 16- could then be interpreted according not 

only to a contribution from collagen (C-H symmetric stretching), but also with 

the presence of lipids in different physical state. Packing of lipids within skin 

lamellae is usually referred to as the lateral lipid organization. In the order of an 

increasing packing density, such lipid organization could either be liquid, 

hexagonal or orthorhombic.[275] In a healthy human stratum corneum from 

adult skin, the lipids mainly assemble themselves in an orthorhombic lipid 

organization at skin temperature, although also domains with a hexagonal or 

liquid organization exist along the in-depth abscissa.[275, 276] In infant skin, 

the lipid structure is expected to be strongly oriented toward a liquid and a 

hexagonal package. In substance, the conspicuous intensity reduction in 

	  

Figure 7.7: Average Raman spectrum collected on the skin cross-section sample 

belonging to a 62 years old donor 



7.3 Experimental Results 
 

   163 

intensity of Band 15 in spectra collected upon cross-section sampling enabled 

resolving the actual structure of what we have detected in topside spectra (cf. 

Figure 7.1) as a cumulative Band 16 (seen at around 2881 cm-1). Band 15, the 

sub-band 16-, Band 16, and Band L can all be assigned to symmetric stretching 

of CH3 units.[266] However, it is hard to distinguish where such CH3 units 

exactly belong to in the structure of skin. Bands 15 and 16 should mainly arise 

from CH3 units embedded in lipids with different physical state, namely liquid 

and crystalline (i.e., orthorhombic), respectively. Band 16- stems from CH3 units 

embedded in collagen, but should also be contributed by lipids in hexagonal 

packing (i.e., intermediate between liquid and orthorhombic structures). Band L 

is also a mixed contribution from proteins, cholesterol, phospholipids and 

creatine. Additional discussion regarding the fractional contributions of proteins 

and lipids in this spectral zone will be given in the forthcoming discussion 

section. 

(iv) On the high-frequency side of the spectral zone at 2800~3200 cm-1, for both 

epidermis and dermis spectra, the sub-band related to asymmetric stretching of 

=C-H groups in lipids, fatty and unsaturated acids (Band 19) completely 

disappeared, while a strong band newly appeared at ~2980 cm-1 shifted by about 

12 cm-1 toward higher frequencies as compared to Band 18 (cf. Figure 7.3). This 

new sub-band was labeled as 18+ and was assigned to CHα,α’ stretching. [248] 

Moreover, Band 17 at 2928 cm-1, which corresponds to CH3 symmetric 

stretching primarily in proteins, became accompanied to a new sub-band located 

at ~2950 cm-1 and labeled as Band 17+. This latter band could also be assigned 

to CH3 asymmetric stretching in proteins.[250] 

(v) As a general trend in the low-frequency region between 1150 and 1750 cm-1, the 

sample from the infant donor was the one that showed the most marked 

differences between spectra collected at the three investigated locations, namely 

at the stratum corneum, epidermis and dermis (i.e., z=0, 100, and 700 µm in 

depth from the sample surface, respectively). The remaining samples showed 

less significant variations in the spectral characteristics recorded at different 

depths with increasing donor’s age, with the least variations apparently recorded 

for the oldest 62 years old donor (compare Figure 7.3 and Figure 7.7). In 

particular, the high-frequency part of the spectra in the sample from this latter 

donor was almost exactly the same at z=0, 100, and 700 µm in depth (cf. Figure 
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7.7) and also exhibited a morphology profile similar to the spectrum recorded 

from top-side acquisition in the stratum corneum (not shown here). Regarding 

the low-frequency side of the spectrum from the oldest donor in Figure 7.7, the 

morphology of Bands 11 (lipids) and 12 (sphingomyelin) was very similar for 

detections at different locations in cross section, although their intensity ratio 

was different. The intensity ratio of Band 12 over Band 11 (considered as the 

sum of sub-bands 11A, 11B, and 11C) increased significantly in both epidermis 

and dermis of the sample from the oldest donor reaching values ~1.3 to a value 

~0.87 in the stratum corneum. Note that, in the spectra retrieved from the sample 

belonging to the youngest donor (cf. Figure 7.3), the average ratio between Band 

12 and Band 11 in the stratum corneum was very low, namely ~0.06. Similarly, 

Band 12 was also hardly resolvable in spectra collected from both epidermis 

(i.e., at z=200 µm) and dermis (at z=700 µm). Another main feature in the 

spectrum retrieved from the oldest donor investigated was that Band B, only 

pronounced in the stratum corneum, apparently tended to disappear with 

proceeding along the depth until becoming completely annihilated in the dermis. 

Band B corresponds to molecular vibrations in Amide III hydrated α-helix, in 

particular N-H bending and C-N stretching. Its full annihilation might thus 

suggest a drastic reduction of hydrated α-helix in the Amide III structure of 

dermis. Limited to the stratum corneum, the skin of the oldest patient showed a 

detectable intensity for Band G at ~1585 cm-1, while also this band tended to 

become very weak in the epidermis and almost disappeared in the dermis (cf. 

Figure 7.7). Note that we noticed the inverse trend in the skin sample from the 

infant donor, namely a conspicuous increase in the intensity of Band G in both 

epidermis and dermis as compared to the stratum corneum. Band G is related to 

the C=C bending mode of phenylalanine and its decrease suggests a lack of this 

essential α-amino acid in the skin structure. Phenylalanine is found naturally in 

the breast milk of mammals, which well explains its abundance in the skin 

sample from the infant donor. Finally, another feature appearing from the 

comparison between samples from the youngest and the oldest donors was the 

different intensity of Band J in epidermis and dermis (cf. Figure 7.3 and Figure 

7.7). This band showed a quite weaker intensity in the older donor as compared 

to the younger one, a characteristic that confirm the notion of a more disordered 

structures for Amide I in the skin of infants. 
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(vi) A morphological comparison between epidermis and dermis spectra from skin 

samples of the 35-years old and 62-years old donors showed very little 

differences, except for a stronger Raman activity in the spectral zone between 

1200 and 1400 cm-1 in the stratum corneum of the sample from the former donor 

(cf. Figure 7.6 and Figure 7.7). Independent of location and unlike the case of 

the infant donor (cf. Figure 7.3), Band J was quite weak in samples from both 35 

and 62 years old donors (cf. Figure 7.1 and Figure 7.7). A pronounced intensity 

for Band J both in epidermis and dermis was also found in samples from both 15 

and 17 years old patients (cf. Figure 7.4 and Figure 7.5). An attempt to 

rationalize the findings related to Band J will be given in the forthcoming 

discussion section. In the high-frequency zone, resolvable was also the different 

behavior of Band 19, more markedly present in the oldest donor. However, 

samples from both the 15 and 17 years old donors showed quite different 

patterns regarding Band 19, which thus seems to be quite affected by the donor 

habits and lifestyle. Regarding spectra from the stratum corneum and 

specifically the overlapping set of low frequency bands (A, 9, 10, B, C, and D), 

a comparison as a function of donors’ age revealed tangible morphological 

difference. However, spectra from the stratum corneum appeared by far the most 

difficult to rationalize with the same criteria. The spectrum from young donors 

(3 months, 15 and 17 years old, in Figure 7.3, Figure 7.4 and Figure 7.5, 

respectively) showed low intensities for Bands B and C relatively to the 

intensity of Band 10. The intensity of these bands increased in the 35 years old 

donor (cf. Figure 7.6), but it was similar to the infant donor in the spectrum from 

the 62 years old donor (Figure 7.7). A similar trend was found for the intensity 

of Band D in the stratum corneum. Some inconsistencies between the samples 

from 15 and 17 years old donors could be found in the low-frequency spectral 

zone. Although these donors were close in age, quite different spectral 

morphology could be found in the stratum corneum (cf. Figure 7.4 and Figure 

7.5). These considerations lead us to the conclusion that low-frequency Raman 

spectra from the stratum corneum could be less suitable for age analyses due to a 

strong effect of environmental conditions and individual habits. 

(vii) The high-frequency part of the Raman spectra in samples from donors of 

intermediate age was also analyzed in comparison with the two extreme cases of 

infant and older donor. In dermis spectra, Band 18+ was only present with 
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relatively high intensity in samples from the two youngest donors (Figure 7.3 

and Figure 7.4), while it disappeared in samples from the three older donors 

together with the appearance of Bands 18 (with intensity decreasing with 

increasing age) and Band 19 (with intensity almost constant with age) (cf. Figure 

7.5, Figure 7.6 and Figure 7.7). Both Band 18 (CH3 asymmetric stretching) and 

Band 18+ (CHα,α’ stretching) are related to vibrational modes in proteins; 

therefore, the preferential presence of one over the other might serve to specify 

protein quality in the donor. However, the present data do not seem to allow 

qualifying whether or not such feature specifically relates to donors’ age. For 

example, in the 35 years old sample, Band 18+ from CHα,α’ stretching was 

present in the stratum corneum and epidermis, but it disappeared in dermis (cf. 

Figure 7.6). On the other hand, in the infant donor sample, Band 18+ was 

detected in epidermis and dermis, but it disappeared in the stratum corneum (cf. 

Figure 7.3). In the sample from the 15 years old donor, Band 18+ appeared at 

any location (cf. Figure 7.4), while it disappeared at any location in samples 

from the 17 and 62 years old donors in favor of a clearly resolvable Band 18, 

present at any location along the cross section (cf. Figure 7.5 and Figure 7.7). A 

meaningful trend with increasing donor age seemed to arise in the variations of 

Raman intensity in the low-frequency shoulder of the cumulative spectrum at 

2800~3200 cm-1, namely for the group of Bands 15, 16-, 16, and L. Upon 

considering the relative intensity of Bands (16-, 16, L) vs. Band 15, namely the 

fraction of bands contributed by crystalline lipids vs. the one contributed by 

lipids in the liquid state, a consistent trend showing a tangible increase of the 

former state with increasing donor age could be observed. A plot and a more 

detailed discussion of this trend will be given in Sec. 4.2. 

(viii) Band B, which arises from N-H bending and C-N stretching in Amide III 

hydrated α-helix, seemed to provide a coherently decreasing trend with age in 

the dermis zone of all the available samples. A decrease in content of hydrated 

α-helix with increasing age indeed represents a reasonable argument from the 

viewpoint of ceramide containing structures and skin barrier functions.[285] 

This trend was less clear (i.e., more scattered) in epidermis spectra and 

completely absent in a comparison among spectra from the stratum corneum 

among the investigated samples. This means that environmental factors can also 

strongly affect hydration of α-helix in portions of skin exposed to sunlight or 
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externally treated. Moreover, dietary effects have also recently been reported in 

this context, which might alter both dryness and dehydration of the skin. [285] 

Renugopalakrishnan et al. [286] attentioned the Amide I emission (i.e., 

dominated by C=O stretching vibrations and typical of α-helical conformation in 

mammalian keratin) for spectroscopically evaluating thermal denaturation in 

chick skin. The used band corresponds to Band 13 in Figure 7.3~Figure 7.7, 

which we observed as centered at a frequency of ~1657 cm-1. Moreover, Tosato 

et al. [287] discussed Band 13 as a sensor for structural modifications of the 

amide group. The rationale of the discussion was based on the observation that 

the C=O stretching mode in Amide I is weakly coupled to the stretching mode of 

the carbon-nitrogen bond and to the in-plane deformation mode of the nitrogen-

hydrogen amide bond. Accordingly, changes in the molecular geometry due to 

degradation of collagen triple helix chains might result in the dissociation of the 

triple helix into a simple string or a double string. [287, 288] Band 13 in spectra 

at any location of our samples showed significant shifts in frequency but no 

morphological variations nor any obvious correlation with Band B in different 

samples. On the other hand, again in Ref. [289], the most striking difference on 

thermal denaturation was observed for the Amide III doublet, which we labeled 

as Band 9 (vibrational modes from the adenine and cytosine belonging to the β–

sheet structure of Amide III) and Band A (coupling of C-N stretching and N-H 

bonding in Amide III). This doublet collapsed upon denaturation to produce a 

strong band at lower frequencies at around 1243 cm-1. We also noticed a 

collapse of Band A in dermis spectra with increasing age, but no similar trend 

could be observed for Band 9. Moreover, no strong new band could be detected 

at around 1243 cm-1. Following Renugopalakrishnan et al., [286] the collapse of 

Band A could, in principle, be interpreted as a signal of incipiency for a 

denaturation process of protein and polypeptides in the Amide III structure, 

which progressively occurs with increasing age. 

(ix) The lipidic content of skin is key-factor in permeability barrier function, 

including cosmetics effects and transdermal drug delivery. Abnormalities in 

barrier function, which are related to lipid content, have been shown to lead to 

atopic dermatitis and other common cutaneous diseases.[191] Free fatty acids 

and triglycerides are affected in their compositions by ultra-violet 

irradiation,[290] and a decrease in lipid content with age leads to an increased 
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susceptibility to exogenous insults.[291] These latter two aspects are essential to 

our research because they show that, if the effect of environmental factors could 

be separated, a detailed spectroscopic knowledge of lipidic content, composition 

and structure might not only help to elucidate skin function, malfunction and 

abnormality, but it could also be a marker of the actual age of skin. An early 

study by Ghadially et al. [292] showed that fatty acids in senescent murine 

epidermal lipids are clearly different from young controls, since they contain a 

disproportionate increase in medium and long chain species. On the other hand, 

no changes were apparent in very long chain species. Moreover, in both aged 

human and mouse epidermis, a paucity of secreted lamellar body contents was 

present at the stratum granulosum/stratum corneum interface, a finding that 

matched the lipid biochemical observation showing that lipids in aged stratum 

corneum are globally reduced in quantity, without exhibiting any specific 

abnormality in species distribution or fatty acid composition. A former study by 

Gaber and Peticolas [245] suggested the use of the Raman activity of lipids in 

the spectral interval between 2850 and 2890 cm-1 (our Bands 15 and 16) for 

assessing the physical state of phospholipids. As we have discussed at the above 

point (iv), we detected in this study a clear monotonic variation with donors’ age 

of the Raman activity in this high-frequency region, which suggests the presence 

of lipids in an increasingly crystalline state (over liquid and semi-crystalline 

states) in donors with increasing age. On the other hand, if we look at the 

lipid/protein activity in the low-frequency region, as represented by Bands 11A, 

11B, and 11C at around 1440 cm-1, we could not find any monotonic trend with 

increasing age at any investigated location. This trend is probably due to the fact 

that both lipids and proteins contribute the three sub-bands. This point will be 

discussed in more details in the initial sub-section of the forthcoming discussion. 

Moreover, the balance between the intensity of various sub-bands was barely 

altered as a function of age and location (cf. Figure 7.3~Figure 7.7). Translating 

the above set of information into physical arguments, our experiments prove that 

Bands 11, which “feels” local motifs encoded into the primary structure of lipids 

and proteins (i.e., CH2 scissoring (11A), C-H bending (11B), and CH2 bending 

(11C)), is not strongly affected by age; but, regarding lipids, it is their physical 

state that monotonically changes with progressing age; namely, Bands 15 and 
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16, which reflect the tertiary structure of the lipid molecules, actually undergo a 

progressive crystallization process of lipid assembly in older patients. 

(x) The Raman activity in the interval of frequencies 1600~1700 cm-1 typically 

appeared as a triplet (Bands I, 13, and J), with Bands 13 and I being the most 

prominent in the stratum corneum and in epidermis or dermis, respectively. As 

already mentioned, Band 13 has unambiguously been assigned to the Amide I 

vibrational mode,[292] which involves mainly C=O stretching and, to a lesser 

extent, N-H in-plane bending of peptide groups.[293, 294] The exact spectral 

location of this band strongly depends on the secondary structure of the 

polypeptide chain, and could therefore be useful for estimating secondary 

structure fractions of proteins.[295] In comparing epidermis and dermis spectra 

from the oldest and the youngest donors in this study, Band 13 was found to be 

clearly shifted towards lower frequencies in the former donor. Regarding 

samples from donors with intermediate age, the sample from the 35 years old 

donor displayed Band 13 at nearly the same frequency of the sample from the 62 

years old donor. On the other hand, Band 13 from both samples from 15 and 17 

years old donors was very close in frequency to that of the infant donor. Despite 

a possible interaction with vibrational modes in lipids, a strong intensity of Band 

13 in the Raman spectra should testify a preponderance of proteins with high α-

helix content.[293, 294, 296] On the other hand, of more difficult interpretation 

is Band I, which comprises Amide I contributions from both α-helix and β-sheet 

(C=O stretching vibrations).[246, 266] A spectral shift towards lower 

frequencies of Bands 13 and I could be interpreted as a mark for the presence of 

heavier structures in α-helix and β-sheet, and thus for a larger interaction with 

lipids. The spectral intensity of Band J, which encompasses all the Amide I 

contributions from disordered structures, non-hydrogen bonds, and C=O 

stretching, [247, 266] to the sum of α-helix-representative Band 13 and α-helix 

and β-sheet-related Band I can be assumed as a direct measure of the degree of 

disorder of the protein structure in the tissue. Our data showed that, in epidermis 

and dermis, the intensity of Band J with respect to Band 13 seemed to decrease 

with increasing age, although its absolute value apparently depended on 

individual donors. This point will be discussed in more details in the 

forthcoming sections. In principle, there could also be another additional 

spectral feature that characterizes the fractional presence of β-sheet structures. 
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This is a band appearing at around 1517 cm-1, which mainly involves N-H in-

plane bending and C-N stretching of the trans peptide group of Amide II 

vibrations.[292] However, this band was hardly observed in this study. 

According to a study by Shao et al.,[297] dealing with structural changes in 

heated up proteins upon interaction with lipids, an increase of β-sheet formation 

is due to proteins-lipids and proteins-proteins interactions during environmental 

exposure. More in general, the behavior of Raman bands related to peptides and 

proteins, also including the band at 1517 cm-1, in the stratum corneum is not 

necessarily intrinsic to the skin structure, but might be altered by environmental 

conditions. For this reason, we have neglected it in our further characterizations. 

According to the spectral characterizations shown above, we attentioned the following 

spectral features: (i) the intensity ratio of Band 10 on Band 9, 𝐼!"/𝐼!, representative of 

the fractional ratio between α-helix and β-sheet; (ii) the intensity ratio of Band J on 

Band 13, 𝐼!/𝐼!", representative of the fractional ratio between disordered and ordered 

structures (in peptides and proteins); (iii) the intensity ratio of Band 12 on Band 11B, 

𝐼!"/𝐼!!!, representative of the content of sphingomyelin as compared to the overall 

amount of lipids in the sample; (iv) the intensity ratio of Band 16 on Band 15, 𝐼!"/𝐼!", 

representative of the physical state of lipids, namely liquid vs. crystalline state; and, (v) 

the spectral shift of Band 13, 𝜔!", representative of changes in molecular geometry of 

Amide I, due to degradation of collagen triple helix chains and their dissociation into 

simple or double strings. More information about the variation of these five factors 

along the in-depth axis on cross sections of the investigated skin samples is available in 

the supplementary material, and the dependence of these parameters on age will be 

further discussed in the following section. 

7.3.3 Profiles along the in-depth axis on cross sections 
Figure 7.8 and Figure 7.9 show line-scan plots of these spectroscopic parameters as a 

function of distance, z , from the surface of the skin sample. Plots are displayed for 

samples from the 3 months and 62 years old donors in Figure 7.8, while Figure 7.9 

compares the results obtained from samples belonging to the 15 years and 35 years old 

donors. For brevity’s sake, data from the 17 years old donor were not explicitly shown, 

since they were very similar to those collected on the sample from the 15 years old 

sample. As discussed in the manuscript, the intensity ratios 𝐼!"/𝐼! and 𝐼!/𝐼!" (displayed 
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in Figure 7.8(a) and (e), and Figure 7.9(a) and (e)) were considered as representative of 

the fractional ratio between α-helix and β-sheet, and of the fractional ratio between 

disordered and ordered structures (in peptides and proteins), respectively. A comparison 

between the youngest and the oldest donors in this study (i.e., as displayed in Figure 

7.8(a) and (e)) revealed a similar in-depth distribution for the ratio 𝐼!"/𝐼!, while the 

trends for the ratio 𝐼!/𝐼!" were quite different. Leaving aside data from the stratum 

corneum (strongly affected by environmental effects), we examined data collected in the 

epidermis and dermis region. In these zones, the 𝐼!/𝐼!" ratio was almost constant at ~0.7 

for the infant sample, while it was ~0 in the sample from the old donor. This finding 

was interpreted with the presence of a more crystallized and ordered structure in the 

older donor as compared with the infant donor. Looking at the samples from donors of 

intermediate age (in Figure 7.9(a) and (e)), the trend of a decreasing 𝐼!/𝐼!"ratio (i.e., of 

an increased crystallinity and structural order) in both epidermis and dermis with 

increasing age seemed to be confirmed. Moreover, also the ratio 𝐼!"/𝐼! experienced 

lower values at intermediate ages as compared to both samples from the youngest and 

oldest donors. The ratio 𝐼!"/𝐼!!!   was monitored (cf. Figure 7.8(b), Figure 7.8(f), Figure 

7.9(b), and Figure 7.9(f)) because it was thought to represent the content of 

sphingomyelin as compared to the overall amount of lipids in the sample. The amount 

of sphingomyelin showed a trend that was not monotonic with donors’ age. It was the 

highest in the deep portions of the sample from the 35 years old donor, while the 

minimum value was detected in the infant sample. Sphingomyelin (also referred to as 

ceramide phosphorylcholine) consists of a ceramide unit with an attachment of 

phosphorylcholine moiety. Although sphingolipids are the main polar lipid constituents 

of milk, they represent an important but yet minor nutrient for infants, which justifies 

the low level found for this sphingolipid in the sample from the infant donor. Holleran 

et al.1 have shown that sphingolipids, including sphingomyelin, represent ~25% of the 

lipids located in the stratum corneum and are a major element of the epidermal 

permeability barrier. Moreover, alterations in epidermal barrier function lead to a rapid 

increase in cholesterol and fatty acid synthesis, which parallels the early stages of the 

repair process. Sphingolipid synthesis was also found to increase during barrier repair, 

but with a delayed response in comparison to cholesterol and fatty acid synthesis.  
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Figure 7.8: Line-scan plots as a function of distance, z , from the surface of the skin 

sample comparing the trends found for the 3 months ((a)~(d)) and the 62 years old 

donor ((e)~(h)). Plots show the intensity ratio of Band 10 on Band 9, 𝐼!"/𝐼! and the 

intensity ratio of Band J on Band 13, 𝐼!/𝐼!"(in (a) and (e)); the intensity ratio of Band 12 

on Band 11B, 𝐼!"/𝐼!!!(in (b) and (f)); the intensity ratio of Band 16 on Band 15, 𝐼!"/𝐼!" 

(in (c) and (g)); and, the spectral shift of Band 13, ω13 (in (d) and (h)). 



7.3 Experimental Results 
 

   173 

 

Figure 7.9: Line-scan plots as a function of distance, z , from the surface of the skin 

sample comparing the trends found for the 15 years old ((a)~(d)) and the 35 years old 

donor ((e)~(h)). Plots show the intensity ratio of Band 10 on Band 9, 𝐼!"/𝐼! and the 

intensity ratio of Band J on Band 13, 𝐼!/𝐼!"(in (a) and (e)); the intensity ratio of Band 12 

on Band 11B, 𝐼!"/𝐼!!!(in (b) and (f)); the intensity ratio of Band 16 on Band 15, 𝐼!"/𝐼!" 

(in (c) and (g)); and, the spectral shift of Band 13, ω13 (in (d) and (h)). 
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Since a deficiency of any of these species will result in abnormal membrane structures, 

with a reduced capacity to impede trans-epidermal water flux,3 our findings here might 

simply show that such protective capacity in skin is maximized in the medium age of 

humans, initially increasing from infant age and then again turning back to low levels 

toward advanced ages.
 

Figure 7.8(c), Figure 7.8(g), Figure 7.9(c) and Figure 7.9(g) show the line-scan trends 

retrieved for the Raman intensity ratio 𝐼!"/𝐼!", which is representative of the physical 

state of lipids, namely liquid vs. crystalline state. A comparison between the youngest 

and oldest donors (Figure 7.8(c) and (g)) shows a clearly positive gradient up to high 

values of this intensity ratio (i.e., up to 5~6) as a function of in-depth abscissa, z, in the 

former sample, vs. a conspicuously constant (and low) value ~2 in the latter sample. 

Samples from donors from intermediate age (Figure 7.10(c), and (g)) also showed 

intermediate trends with conspicuously constant values in large portions of both 

epidermis and dermis. High 𝐼!"/𝐼!" ratios represent a preponderance of crystalline lipids 

over liquid ones, which conceivably accompany the increase in age in humans. 

Interestingly, a similar trend could be obtained from retrieving the spectral shifts, ω13, 

for Band 13 as a function of the abscissa, z (cf. Figure 7.8(d), Figure 7.8(h), Figure 

7.9(d) and Figure 7.9(h)). A gradual increase as a function of the abscissa, z, was found 

for the infant donor vs. a lesser increase up to lower frequencies in the oldest donor. 

Intermediate trends appeared in samples from donors of intermediate ages. 

 As discussed in this chapter, the shift of Band 13 toward higher frequencies has been 

considered to represent changes in molecular geometry of Amide I, due to degradation 

of collagen triple helix chains and their dissociation into simple or double strings. 

Higher frequencies, as those being observed in younger donors, thus might represent a 

higher fraction of unfolded structures in young skin samples, as also suggested by the 

higher values of 𝐼!/𝐼!" ratio. On the other hand, shifts toward low wavenumbers have 

been interpreted as the effect of squeezing out of water (and a consequent reinforcement 

of hydrogen bonds) between adjacent chains in a study of keratin fibers under strain by 

Paquin and Colomban.4 This interpretation leads to consider a higher chain packing in 

adult skin samples, which is also a reasonable output when considering the chemistry of 

skin aging. 
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7.4 Discussion 

7.4.1 Subtracting from skin spectra the contribution of standard collagen 
The Raman spectrum of dermis is dominated by collagen, which in turn constitutes the 

70% of the dry weight and 90% of the total protein content. Important contributions to 

the Raman spectrum of skin are also expected in the stratum corneum and in the 

epidermis zones. Of the about 20 types of collagen existing in the human body, skin 

consists of ~80% type I and 15% type III, while the remaining 5% is predominantly 

type IV collagen. [264, 297, 298] Figure 7.10 shows the Raman spectrum of skin (type 

I) collagen purchased from Sigma-Aldrich Co, which was collected under exactly the 

same experimental conditions of the spectra of skin as shown in Figure 7.3~Figure 7.7. 

On the low-frequency side of the spectrum, as shown in Figure 7.10(a), most of the 

bands could be labelled, similar to what detectable in the skin samples (cf. Table 7.II). 

The relatively strong intensity of the C-H vibration bands (11A, 11B, and 11C) in skin 

collagen suggests that the contribution of collagen to their overall intensity in skin 

samples is not negligible as compared to the respective contributions in lipids. Only two 

additional bands (i.e., Bands 1* and 3*) remained to be assigned, which were not 

obviously detectable in the skin samples, as they appeared on the low-frequency side of 

the collagen spectrum. Band 1* was centered at around 1242 cm-1 and could be related 

to Amide III disordered structures (C-N stretching and CH2 wagging); while Band 3*, at 

1315 cm-1, was again related to α-helix Amide III (CH2 bending mode).[264] 

	  

Figure 7.10: Raman spectrum of skin (type I) collagen, which was collected under 

exactly the same experimental conditions of the spectra of skin. The labeled bands are 

assigned in Table 7.II. 
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Regarding the high-frequency side of the Raman spectrum of pure collagen, we have 

collected six distinct bands (labeled as 15,16-,17~19 and L) with an overall morphology 

comparable to that found in skin spectra. However, non-negligible shifts (towards lower 

or higher wavenumbers) could be found for some bands. Interestingly, Band L was 

quite weak, thus suggesting a preponderant contribution of lipids on proteins. Moreover, 

Band 16, observable in skin, could not be found in the collagen spectrum. The important 

implication in these findings is that Band 15 and Band 16- observed in the skin sample, 

which were assigned to symmetric stretching of CH3 units in lipids embedded in phases 

with different physical state, also exist in collagen, with the same physical origin, but 

appearing at shifted frequencies. In an attempt to better visualize this complex 

spectroscopic situation, we normalized to the respective intensity maxima the high-

frequency side of the skin spectra along the cross-section scan (in Figure 7.3~Figure 

7.7), and from them subtracted the contribution of the similarly normalized collagen 

spectrum (Figure 7.10). The results of this procedure are shown in Figure 7.11 for 

spectra belonging to the youngest and to the oldest donors in this study (spectra from 

the 3 months and 62 years old donors in (a) and (b), respectively). In the plots, the 

Raman intensity difference, ∆𝐼 = 𝐼! − 𝐼! , is plotted as a function of spectral locations, 

where 𝐼!  and 𝐼! , represent the normalized intensities of skin and collagen spectra, 

respectively  

	  

Figure 7.11: Raman intensity difference, ∆𝐼 = 𝐼! − 𝐼! , as a function of spectral 

locations, as calculated after spectral normalization to the respective intensity maxima; 

the plots refer to the 3 months and 62 years old donors (in (a) and (b), respectively). 

Three plots are displayed for each donor, which represent averages over stratum 

corneum, epidermis and dermis. 
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In each figure, three plots are given, which correspond to different depths along the z-

axis, namely z=0 (stratum corneum), z=100 µm (epidermis), and z=700 µm (dermis). In 

the plots, positive and negative values for ΔI correspond to a preponderance of lipids or 

collagen contributions to the skin spectra, respectively. For better clarity, the spectral 

location of these bands, belonging to collagen, are also shown in inset to both figures. 

The following conclusions could be drawn as the main outputs of the spectral 

subtraction procedure: 

(i) The Raman spectrum from the dermis zone of the skin sample was completely 

composed of Type I collagen in the case of the infant donor (cf. ΔI~0 over the 

entire high frequency zone in Figure 7.11(a)). However, increasingly 

pronounced spectral contributions from lipids could be noticed at 2800~2930 

cm-1 with proceeding along the cross-section line-scan toward the surface of the 

sample. 

(ii) In the Raman spectrum from the 62 years old donor, from surface to z=700 µm, 

subtraction of the collagen spectrum from the skin spectrum produced the same 

results, independent of location along the line scan. Lipids were preponderant in 

the spectral interval 2800~2930 cm-1, while the main spectral contribution at 

higher frequencies mainly stemmed from type I collagen structures (cf. Figure 

7.11(b)). 

(iii) The spectral subtraction procedure, showing that the band labeled as 16- in skin 

indeed corresponded to C-H symmetric stretching in collagen, has provided an 

important confirmation about the possibility of using Bands 15 and 16 (centered 

at ~2855 and ~2885 cm-1, respectively) for discussing the physical state of lipids 

in skin. However, discussions on lipid structures using the above two bands 

should be limited to stratum corneum and epidermis, since their contributions in 

the spectrum from dermis were, in young donors, completely contributed by 

collagen structures. 

7.4.2 Possible spectroscopic parameters for evaluating human age 
Our attempts “to decode” skin spectra in search for a possible natural “clock” in the 

vibrational behavior of skin have indeed brought us several hints concerning the 

evolution of the chemical and physical nature of proteins and lipids with age. Figure 

7.12 shows plots of different selected parameters as a function of donors’ age.  
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As previously discussed, the intensity ratios 𝐼!"/𝐼! and 𝐼!"/𝐼! (shown as function of 

distance, z , in Figure 7.8 and Figure 7.9) can be considered as representative of the 

fractional ratio between α-helix and β-sheet, and of the fractional ratio between 

disordered and ordered structures (in peptides and proteins), respectively. The plots in 

Figure 7.12(a) and (b) display these (average) parameters as a function of donors’ age. 

In the averaging process, we have excluded the stratum corneum in order to minimize 

environmental effects. The trend for 𝐼!"/𝐼!  in the former plot, when averaged on 

different areas of the cross-section of the samples, showed a minimum for the 17 years 

old donor. This clearly non-monotonic nature was more pronounced in the epidermis 

than in the stratum corneum. We have similarly found non-monotonic plots (not shown 

here) for other parameters (e.g., the sphingomyelin ratio, 𝐼!"/𝐼!!!), as proposed above. 

On the other hand, the plot of 𝐼!/𝐼!" vs. donors’ age remarkably fitted to a high degree 

of precision an exponential decrease with donors’ age. According to our data, the 

algorithm relating the Raman intensity ratio 𝐼!/𝐼!" to age, xA , can be given as: 

	   13/ 0.74 [ 0.048 ]J AI I Exp x= × − × 	   (7.1)	  

The notion of folding and misfolding in peptides and proteins is a well-known one in 

the field of biophysics.[299-301] In order to become functionally active, newly made 

(or “nascent”) protein chains must assembly into a “fold”, namely a well definite three-

dimensional pattern. An amino acid sequence specifies the information that specifies the 

fold, which is a process thermodynamically driven by the hydrophobic effect. Structural 

rearrangement gives rise to the correct amino acid packing that corresponds to the most 

stable and active state in healthy subjects. This task is completed within intervals of 

time between the millisecond and many minutes, depending on protein size. On the 

other hand, Band 13, in the region at around 1659 cm-1, is associated with the triple-

stranded helix stabilized in collagen by a large number of interchain hydrogen 

bonds.[302] Fourier transform infrared spectroscopy data by Federman et al.[303] have 

assessed band displacements from the 1652 toward 1658 cm-1, which indicates rupture 

of the triple helix molecule within the collagen macromolecule due to degradation of 

collagen type IV by the metalloproteinase trypsin. In other words, the plot in Figure 

7.12(c), which shows the spectral displacements of Band 13 as a function of age, is 

another aspect of protein changes related to aging. It should be noted that, in case of 

collagen, newly synthesized premature collagen is imported into the lumen of 

endoplasmic reticulum and folded, modified during transported through the Golgi 
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apparatus and secreted as a mature form. During this protein maturation, misfolded 

proteins are subjected to degradation. Mature proteins are also degraded when 

damaged. This protein metabolism can be affected by both age and environmental 

stress. The protein state in the skin should thus be the result of both synthesis and 

degradation, which is altered in an age dependent manner, so young skin contains a 

higher amount of fresh collagen than old. 

In conclusion, our data in Figure 7.12(b) simply show that the amount of proteins in 

skin, which are yet to assembly into folds, are the largest in infants and gradually reduce 

with aging. This circumstance is thus the spectroscopic representation of the fact that 

the dermis of newborns contains less mature collagen than adults. Moreover, Figure 

7.12(c) shows that stabilization of triple helix is maximized at intermediate ages, a 

behavior that is in good agreement with the maximization of α-helix contents testified 

by the concurrent minimum of the intensity ratio, 𝐼!"/𝐼!   (Figure 7.12(a)). In other 

words, as far as proteins are concerned, Raman spectroscopic data have provided us 

with a consistent picture of structural evolution with age, which is in agreement with 

well-established concepts in biophysics of the ageing process. Regarding lipids, we 

show here another spectroscopic plot, which apparently contained characteristics of 

remarkable precision with respect to the evolution with increasing age. This plot is 

shown in Figure 7.12(d) and represents the relationship found between the first two 

maxima appearing in the high-frequency zone investigated, at around 2885 and 2890 

cm-1. In epidermis and dermis, the presence of more crystallized and ordered structures 

(i.e., a decreasing trend for the 𝐼!/𝐼!" ratio) through aging corresponds to a general and 

well-established notion in biophysics. [304-306]  

We plotted, in Figure 7.12(d), both the ratio of 𝐼!"# = 𝐼!"! + 𝐼!" + 𝐼! to 𝐼!" and the ratio 

of 𝐼! = 𝐼!"! + 𝐼!" to 𝐼!". Both plots show a similar trend of exponential increase with 

increasing age, although the former plot gives a more distinct separation between young 

and old donors. Note also that the former plot could be preferable to the latter one 

because it just represents the ratio between the first two maxima in correspondence of 

the lower foot of the high-frequency zone of the skin spectrum; thus, it does not require 

any spectral deconvolution procedure to be calculated. Interestingly, a plot that simply 

uses the intensity of the deconvoluted Band 16 to Band 15 leads to the opposite trend 

(i.e., a decreasing ratio with age; cf. Figure 7.8 and Figure 7.9). 
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This finding, together with the observation of the remarkably low intensity of Band L in 

collagen, suggests the preponderance of the lipid contribution (i.e., cholesterol, 

phospholipids and creatine) of Band L in skin samples. Following the definition given 

by Gaber and Peticolas, [245] we defined the order parameter for lateral interaction, 𝑆!, 

according to the following equation: 

	     
SL =

I16# I15( )− 0.7
1.5 	  

(7.2)	  

which refers to lipids in fully crystalline and fully liquid states when equal to 1 and 0, 

respectively. This parameter, given in inset to Figure 7.12(d), reflects the intermolecular 

structure of lipids and decreases in the order from lamellar liquid, hexagonal liquid 

	  

Figure 7.12: Plots of different parameters as a function of donors’ age: the intensity 

ratio, 𝐼!"/𝐼!  , (a) representative of the fractional ratio between α-helix and β-sheet; the 

ratio, 𝐼!/𝐼!", (b) representative of protein folding upon aging; the spectral shift of Band 

13, ω13, (c) representative of the amount of rupture of triple helix molecules within the 

collagen macromolecule due to degradation of collagen type IV; and, the ratios of 

𝐼!"# = 𝐼!"! + 𝐼!" + 𝐼!  to 𝐼!" and 𝐼! = 𝐼!"! + 𝐼!"  to 𝐼!" , (d) as representative of the 

process of lipid crystallization upon aging. 
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crystal, and orthorhombic crystal state. According to our data, and empirical equation 

that represents the Raman intensity ratio, 𝐼!"#/𝐼!" , as a function of age, xA , can be 

drawn, as follows: 

	   1.75
16# 15/ 1.06 [0.00028 ]AI I Exp x= × × 	   (7.3)	  

or, in alternative, in terms of the order parameter, 𝑆!: 

	   1.750.707 [0.00028 ] 0.467L AS Exp x= × × − 	   (7.4)	  

7.4.3 Needs for the Raman probe in forensic assessments of human age 
A reliable estimation of age at death, which is a main element in the identification of 

bodies of unidentified origin, is also one of the main challenges in forensic sciences. For 

example, official data from Kyoto Prefecture [307] report an average number of ~13 

persistently unidentified human bodies per year in the last 12 years. Such a large 

number of cases for an even limited geographical area could give an idea of the severity 

of this problem from the social side. A number of anthropological techniques have so 

far been put forward to estimate the age at death in children and adults, but they are 

obviously insufficient in a number of cases. These techniques include long-bone length, 

epiphyseal fusion, dental eruption, and lengths of diaphysis at birth for infant and 

juvenile remains; eruption of third molars, fusion of the spheno-occipital synchondrosis, 

pubic symphysis, auricular surface, cranial sutures, sternal rib ends (costal cartilage), 

maxillary suture closure, tooth-root translucency, and formation of osteoarthritis 

characteristics in adults (for a complete review of these methods, see Ref. [308]). 

However, two main shortcomings appear in applying these methodologies: (a) an 

increasingly lesser accuracy in adult subjects; and, (b) the absolute necessity of specific 

references depending on population. In order to overcome these deficiencies, new 

methodologies have been developed, which have so far included both biochemical and 

chemical methods. The former methods basically consist in screening the natural 

processes of aging, thus including different biochemical changes that lead to alterations 

in cells and tissues. Biochemical methods have so far relied on forensic analyses of hair, 

drugs in hair blood, and semen, based on infrared spectroscopy, chromatography, ultra-

violet, and mass spectrophotometry.[309]  The chemical methods, on the other hand, 

involve manipulation and modifications of molecules or accumulation of selected 

products as, for example, modifications that take place in DNA and chromosomes. 
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Among the chemical methods, the most accurate technique is nowadays considered to 

be aspartic acid racemization in non-collagenous bone proteins or tooth enamel,[310, 

311] although other techniques are being concurrently used depending on the forensic 

context under examination.[312] In this paper, we have described a Raman approach to 

age evaluation on skin samples, which basically belongs to the biochemical type of 

analyses since it requires no sample manipulation except for the extraction of a skin 

sample from the ventral part of the body. Although Raman spectroscopy could in 

principle also be applied in situ without any physical extraction of a skin sample from 

the body, our study has clearly shown how crucial it is to obtain cross-sectional skin 

samples in order to retrieve more detailed spectral information on protein and lipid 

structures, and to avoid biases of environmental nature unavoidably contained in the 

stratum corneum (i.e., on the top-surface) of the skin sample. Although less established 

as compared to radiographic analyses,[313, 314] Raman spectroscopy has been widely 

used in different branches of forensic science.[315, 316] However, studies using the 

Raman method for age assessments are few and yet based on phenomenological 

approaches.[317, 318] In Ref. [318], the authors used a correlation between the 

variability of Raman spectra and the stages of dentinal evolution with advancing age 

and remarkably obtained predictions of a correct age, with a mean error of ± 5 years. 

The main benefit of this method consisted in a minimal and non-destructive sample 

preparation, which in turn led to an efficient age prediction for any age group. From this 

viewpoint, our study of skin presents a similar advantage, but also necessitates more 

detailed and physics-driven Raman analyses of organic molecules. The very least 

outputs of our study are a complete labeling of Raman bands in cadaveric samples of 

skin (including an infant), their spectral deconvolution, and their different trends with 

age as a function of in-depth abscissa. Despite the limited number of cadaveric samples 

investigated, which unavoidably limits the nature of this investigation to a proof-of-

concept study, the Raman response of proteins and lipids in skin samples seemed to 

obey remarkably precise patterns, consistent with general biophysical concepts. Thus, 

Raman spectroscopy seems to provide a reliable and more straightforward path to age 

determination as compared to other spectroscopic techniques involving electrons, 

microscopic forces, or neutrons.[319-322] 
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7.5 Conclusion 
The aim of this work was to establish a correlation between age and Raman spectra 

retrieved from human skin. We explored both top-surface and cross-sectional Raman 

responses in skin samples from cadaveric donors of different ages, and found the latter 

spectra more meaningful and richer in structural details than the former ones, regarding 

both proteins and lipids. Clear correlations could be found between the relative intensity 

of selected Raman bands and the stages of protein folding and evolution of lipid 

crystallization with advancing age. Protein folding seems to be a more sensitive 

parameter for infants and young patients, while lipid crystallization follows more 

sensitive variations with age in patients in their adulthood. It is probable that an 

algorithm combining both these two spectral parameters could improve the precision of 

age estimation. Moreover, there were hints for the presence of additional “biological 

clocks” in the Raman spectrum of skin. However, the complexity of the retrieved 

spectra poses considerable challenges to additional findings. Although the limited 

number of only five cadaveric donors, which were available to our experiments, 

necessarily confines our data into a mere proof-of-concept frame, the degrees of protein 

folding and lipid crystallization seemed to represent precise predictors of biological age. 

While we hope that our findings will stimulate other researchers to prove the newly 

stated concepts, additional experiments are going on in our laboratory to enlarge the 

number of donors every time they become available to us. The proposed Raman method 

should especially be suitable for those kinds of situation where traditional methods fail 

and a prompt and minimally invasive evaluation of age is needed. 
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8 CONCLUSIONS 

In this thesis work, fundamental aspects of practical and theoretical Raman 

spectroscopy, used in some cases in combination with cathodoluminescence 

spectroscopy and X-Ray diffraction, have been investigated in detail in a variety of 

biomaterials and biogenic tissue. Combining both experimental and theoretical analysis, 

different working computational algorithms, which enable to extract crystallographic, 

chemical, and mechanical information convoluted within the polarized Raman spectra 

of these materials, have been newly developed. The results of the investigations 

reported throughout this thesis show how Polarized Raman spectroscopy (coupled with 

a confocal microprobe) is capable to quantitatively assess basic physical phenomena at 

the molecular scale in both natural and synthetic biomaterials.  

In the first part of this work (chapter 1 and 2) a general overview of Raman and 

cathodoluminescence spectroscopy basis has been given, while in the second part 

(chapter 3-7) direct method to quantitatively determine different parameters in both 

synthetic biomaterials (such as zirconia-toughened alumina) and biogenic tissue (dental 

and skin tissue) has been showed. The possibility of non-destructively and 

quantitatively measure such parameters (e.g. stress, phase fractions, orientation and so 

on) from confocal/polarized Raman spectra should be definitely helpful to materials 

scientists in order to put forward new guidelines for the development of new 

biomaterials for biomedical applications. 

Chapter 3 was dedicated to understanding how the oxygen off-stoichiometry influences 

the zirconia phase stabilization. This study was mainly conducted by means of 

cathodoluminescence (CL) spectroscopy, coupled with Raman and X-Ray diffraction 
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analysis. Emphasis was placed especially on spectral emissions related to oxygen-

vacancy sites equally detected from undoped and Y-doped ZrO2 samples, either as 

intrinsic defects or, extrinsically induced, as a means by which charge compensation of 

trivalent yttrium cations could occur. The interpretation of the behavior of the observed 

emission involved the perturbation in the periodic electrostatic potential, mainly due to 

the presence of an isolated oxygen vacancy in an otherwise stoichiometric lattice. This 

perturbation increases the potential on the neighboring sites thereby lowering the energy 

of the states of Zr ions neighbors to the vacancy with respect to bulk Zr ions far from 

the defect. The overall set of CL data allowed us to quantitatively assess polymorphic 

phase fractions by CL spectroscopy in the scanning electron microscope.  

The problem of the polymorphic transformation of zirconia was particularly evident in 

chapter 4, in which different pristine and retrieved zirconia-toughened alumina femoral 

heads have been investigated with respect to their surface stability by means of confocal 

Raman spectroscopy. In this chapter, the feasibility of Raman spectroscopy has been 

shown in assessing physical parameter such as the residual mechanical stress. Actually, 

phase transformation in-vivo was much more marked than what one could predict 

according to simply simulating a hydrothermal environment in-vitro and could not be 

simply ascribed to the mechanical stress fields generated during normal service at the 

bearing surface. Instead, the chemical consequences of metal contamination on the ZTA 

femoral head surface are shown to play the most detrimental role in phase 

destabilization.  

Besides the importance of Raman spectroscopy in the analysis of synthetic biomaterials, 

chapters 5, 6 and 7, shown the importance of Raman spectroscopy as a tool in 

biomedical diagnostic. Raman spectroscopy has the considerable advantage of being 

sensitive to both the mineral and organic components of biogenic tissue and natural 

biomaterials, thus allowing the assessment of each individual component’s properties. 

These materials also possess a good Raman sensitivity and their Raman spectra 

comprise useful bands which give structural information at the molecular level. 

Chapters 5 and 6 were fully dedicated in developing of new Raman algorithms for the 

early detection of teeth cavities with confocal/polarized Raman spectroscopy. In chapter 

5, Raman method has quantitatively been applied to the analysis of local 

crystallographic orientation in both single-crystal hydroxyapatite and human teeth. 

Close-form solutions could be obtained for the Euler angles and their statistical 

distribution resolved with respect to the average texture axis. Polarized Raman spectra 
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from single-crystalline and textured polycrystalline (teeth) samples were compared, and 

a validation of the proposed Raman method could be obtained through the found 

agreement between RTE values obtained from different samples. In chapter 6, a 

systematic investigation, based on highly spectrally resolved Raman spectroscopy, has 

been undertaken to look into the efficacy of vibrational assessments in locating 

chemical and crystallographic fingerprints for the characterization of dental caries and 

the early detection of non-cavitated carious lesions. Relevant differences in mineral 

crystallite (average) orientation and texture distribution could be revealed for diseased 

enamel at different stages as compared to healthy mineralized ones. This Raman 

procedure allows to trace back otherwise invisible characteristics in early caries, in the 

translucent zone (i.e., the advancing front of the disease), in the body of the lesion of 

cavitated caries, and at the enamel/dentin interface. 

Finally, in chapter 7, was shown the possibility of analyzing human soft tissue by means 

of Raman spectroscopy. The findings reported throughout this work suggest the 

presence of spectral markers for age identification from skin samples. Some of them 

appeared as authentic “biological clocks” for the apparent exactness with which they 

related to age. The spectroscopic approach applied yields clear compositional 

information of protein folding and crystallization of lipid structures, which can lead to a 

precise identification of age from infants to adults.  

In conclusion, from a technological point of view, a reliable non-destructive technique 

which allows the quality proof for composition, structural and chemical stability, at the 

manufacturing stage or at the post in-vivo service stage, is definitely necessary for many 

modern biomedical synthetic materials. Moreover the findings reported in this thesis 

showed how the confocal/polarized Raman spectroscopic technique can be used as a 

valid and reliable screening tool in medical diagnostic of human tissue, especially if a 

correct approach, which allows the investigation of otherwise undetectable 

characteristics, is utilized. From a scientific point of view, this implies that Raman 

working algorithms will always need to be customized case by case for each different 

materials, crystal structures, microstructures, chemical compositions, and mechanical 

stress fields. 

.
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