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ABSTRACT 

Bone is a composite material consisting of inorganic material (biological apatite), 
embedded in an organic matrix (collagen type I). Both functionality and integrity of 
bone are related to those constituents. The mineral gives bone tissue mechanical 
strength while collagen is responsible for its elasticity. Pathological conditions like 
osteoporosis, osteopetrosis, osteomalacia are related chemical composition changes of 
the tissue. In the current study, an attempt was made to quantify both mineral and 
organic component simultaneously in a fast and accurate way, by employing Raman 
Spectroscopy. Two approaches were followed: one using peak ratios and a second 
implementing chemometric analysis. Results showed that calibration models based on 
ratios of the 961 cm-1 vibration for apatite to the 1667 cm-1 for collagen and the 
chemometric analysis of the obtained spectra exhibited similar ability of prediction 
but chemometric model was characterized by superior accuracy. 

 

 

INTRODUCTION 

Bone is a composite material constituting by two main phases, the bone mineral 
which is an inorganic material resembling geological hydroxyapatite [Ca5(PO4)3(OH)] 
(usually called biological apatite, BAP) and the organic matrix which is collagen I [1]. 
Additionally, there is also a small fraction of non collagenous proteins and lipids plus 
8-10% w/w absorbed water. Many bone diseases like osteoporosis, ostepetrosis and 
osteomalacia are characterized by changes in the composition of BAP and/or 
collagen. Therefore, knowledge of the bone mineral to collagen ratio is of outmost 
importance for diagnostic reasons [1-3].  

Many analytical techniques have been employed for the study of bone: X-ray 
Diffraction, X-ray Absorption, chemical analysis. Vibrational spectroscopic 
techniques (Infrared Absorption and Raman Scattering) have been used for the 
identification of apatite and collagen in bone [4]. The lack of sample pretreatment for 
analysis by Raman spectroscopy renders it a promising technique for the in vivo 
analysis of bone and consequently a diagnostic tool for many diseases [5, 6].  
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The scope of the present work is the construction of a calibration model based on 
biological apatite and collagen chemically extracted from bone to be used for the 
quantification of constituents in healthy as well as pathological bones. 
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MATERIALS AND METHODS 

Isolation of BAP and collagen from bovine bone samples 

Bovine bones were cut to small parallelepiped pieces 1.0cmx0.5cmx0.2cm in 
dimensions. Lipids and proteins were removed by immersion of samples in a 1:1 
methanol-chloroform mixture, according to a delipidization protocol [7, 8]. Apatite 
was isolated by treatment of hydrazine as proposed by Termine et. al [9], while 
collagen was obtained after BAP dissolution in EDTA [10-13]. Both collagen and 
BAP extracted from bones were characterized by X-ray powder Diffraction, Raman 
and IR spectroscopy.  

Pulverization of samples was accomplished in a cryogenic mill (6750 
Freezer/Mill). Binary mixtures ranging from 60 to 95% w/w in BAP, were prepared 
by careful weighing of proper amounts and manual mixing.  

 

Instrumentation 

Raman spectra were recorded with a FRA 106/S FT-Raman (Bruker) instrument with 
the following characteristics: The laser excitation line used was the 1064 nm line of a 
Nd:YAG laser. A secondary filter was used to remove the Rayleigh line. The 
scattered light was collected at an angle of 180o (backscattering). The system was 
equipped with a LN2-cooled Ge detector (D 418). The power of the incident laser was 
400 mW on sample’s surface. The recorded region of all the spectra was 20-4000 cm-1 
and for every sample six repetitive spectra were acquired, each one being the average 
of 200 scans. Finally, typical spectral resolution was 4 cm-1.  

Collection of spectra was done while the sample was rotating using a home-made 
system. Thus, heating of the sample was avoided while the collected signal 
represented the average of a much larger sample area eliminating the effect of local 
inhomogeneities.  

 

RESULTS AND DISCUSSION 

The intensity of a Raman line depends on a number of factors including incident laser 
power, frequency of scattered radiation, absorptivity of the materials involved in the 
scattering and the response of the detection system. Thus, the intensity of the Raman 
peak (absolute or integrated, A), I(ν), can be represented as [14]: 

 

Iν=IoKνC    or   Aν=IoKνC  (1) 
 

where I0 is the intensity of the excitation laser line, ν the Raman shift, and K(ν) a 
factor which includes the frequency-dependent terms: the overall spectrophotometer 
response, the self-absorption of the medium and the molecular scattering properties; C 
is the concentration of the Raman active species. 
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Thus, the concentration ratio of two components A and B of a mixture is linearly 
related to the ratio of the intensities of their characteristic peaks at i and j wavenumber 
respectively: 

i i
A A A
j j

B B B

I K C
I K C

= ×   (2) 

The Raman spectra of BAP and collagen as well as a typical artificially made 
mixture are presented in Fig. 1. The spectrum of the mixture is dominated by one 
intense peak at 961 cm-1 attributed to the symmetric stretching mode of PO4

3- of BAP, 
and another one at 2937 cm-1 which belongs to the vibration of (ν-CH2) of collagen 
[15]. Therefore, these two peaks are suitable for the quantification of BAP and 
collagen. 

The peak at 1667 cm-1 (Fig 1), ascribed to amide I, can be also used for collagen 
quantification. In this way interference from organic impurities still remaining after 
the dilipidization protocol, can be avoided. In this study, calibration curves taking into 
consideration both collagen vibrations (1667 cm-1 and 2937 cm-1) and the 961 cm-1 
peak for BAP using either absolute intensities or the integrated peak areas, were 
constructed. 

The vibration at 961 cm-1 (Fig 2) is overlapping with a peak at 920 cm-1 which 
corresponds to the ν(C-N) vibration of proline (amino-acid of collagen) [15]. 
Consequently, the integrated area corresponds to the sum of areas of these two peaks.  

Similarly, the peak intensity is the sum of two intensities, namely: 
961 961 961 961 961 961

BAP COL BAP COL=I +I         and       A =A +A   I  (3) 
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Figure 1. Raman spectra of: (A) 
Collagen, (B) 70/30 mixture of 

BAP/Col, (C) BAP. 
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Figure 2. Morphology of the peak 
at 961 cm-1 corresponding to BAP that 

is overlapping with the 920 cm-1 

collagen. The dash line indicates the 
calculated integrated area.  
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Equations (1)-(3) can be transformed to: 

 

961 961 961961 961 961

    BAP COL COLBAP BAP BAP
j j j j j

COL COL COL COL COL COL COL

K K KI X I K X
I K X I K X K

+
= ⋅ ⇒ = ⋅ +   (4) 

and 

961 961 961961 961 961

    BAP COL COLBAP BAP BAP
j j j j j

COL COL COL COL COL COL COL

K K KA X A K X
A K X A K X K

+
= ⋅ ⇒ = ⋅ +   (5) 

where XBAP and XCOL are the mass fraction of BAP and collagen respectively and 
XBAP+XCOL=100. Indicator j corresponds to the 1667 cm-1, if the peak of amide I is 
used and to the 2937 cm-1 if the peak of CH2 vibration is used. From equations (4) and 
(5) it is expected that intensities ratios or integrated areas ratios are linearly correlated 
to the ratio of mass fraction of BAP and collagen. 

Totally, four calibration lines were created: Two using the peaks at 961 cm-1 and 
2937 cm-1 (intensity height and area) and two using the peaks at 961 cm-1 and 1667 
cm-1 (intensity height and area). 

 

Validation of the calibration curves 

Only three of the repetitive spectra were used for the construction of the calibration 
curve. The rest comprised a test set for the validation of the methodology.  

For each calibration curve ten standard samples were used. Some samples appear 
to deviate from the straight line so they were considered as outliers and extracted from 
the model. In order to evaluate the effectiveness of this extraction in terms of 
predictability of the model, the following parameters were compared: 

^
2( ) /( 2)stdstdRMSEE X X N= − −  (6) 

2( ) /obs pred tRMSEP X X N= −   (7) 

 

where RMSEE= root mean square error of estimation and RMSEP=root mean square 
error of prediction, Xstd is the % mass fraction of the mixtures used for the creation of 

the calibration line, 
^

stdX  is the corresponding % mass fraction predicted by the model 
for the above mixtures, Xobs the known % mass fraction of a test sample, Xpred the % 
mass fraction predicted by the model for the test sample, N the number of the 
calibration samples and Nt the number of samples in the test set. Obviously, the 
smaller the values of RMSEE and RMSEP the better the calibration model is. 
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Implementing the above statistical tests to our calibration models it was found that the 
best models were the following:   

Using intensity (heights) 
961

2397
0.2963 0.2103BAP

COL COL

I X
I X

= ⋅ +  (8) 

 

N Sm Sb SD R RMSEE 
8 0.00845 0.04401 0.056 0.998 1.449 

 
961

1667
1.5707 0.2597BAP

COL COL

I X
I X

= ⋅ +  (9) 

 

N Sm Sb SD R RMSEE 
9 0.4062 0.0634 0.6226 0.994 0.954 

Using integrated intensities (area) 
961

2397
0.0611 0.0764BAP

COL COL

A X
A X

= ⋅ +  (10) 

 

N Sm Sb SD R RMSEE 

8 0.00199 0.01036 0.01318 0.9
97 1.449 

 
961

1667
0.3889 0.3343BAP

COL COL

A X
A X

= ⋅ +  (11) 

 

 

N Sm Sb SD R RMSEE 
7 0.00607 0.04176 0.05848 0.999 0.673 

where N: number of calibration samples used, Sm: standard deviation of the slope, Sb: 
standard deviation of the intercept, SD: standard deviation about regression and R: 
correlation coefficient.  

The validation of the above curves was accomplished by means of the test set. In 
particular, the equations (8)-(11) were used to predict the values of XBAP for known 
samples and afterwards RMSEP was calculated from equation (7). The 95% 
confidence intervals were also calculated for each one of the ten test samples. Table 1 
summarizes the values for RMSEP and mean confidence interval (C.I.) for all the ten 
samples. 



7 

 

Table 1. RMSEP and mean confidence interval (C.I.) for the ten samples of the test 
set, for each calibration curve. 

Equation RMSEP Mean C.I. 
(8) 1,132 8,93 
(9) 0,965 16,22 

(10) 1,056 10,22 
(11) 1,252 6,99 

 

Chemometric approach 

Although the accuracy of the above models is quite good, the precision is under 
debate because the confidence intervals are large. Thereupon, a chemometrical 
approach of the Raman data was attempted. The SIMCA-P 11 software of Umetrics 
was used for chemometrical analysis. Partial least square (PLS) was the method 
applied for the quantification of BAP and collagen. In particular, the same 
methodology as before was followed. From the six repetitions those with odd number 
were used for the construction of the calibration model and the even repetitions 
comprised the test set. In PLS the whole spectrum could be used but in our case we 
found that optimal results came up using Raman data in the range 350 -1800 cm-1.  

Spectral filters (mathematical functions for signal correction) provided by SIMCA 
were implemented in order to improve our model. Indeed, testing various spectral 
filters it was found that standard normal variate (SNV) provided the best results. 
Specifically, the model had one principal component and gave R2=0.997 and 
Q2=0.997, where R2 represents the correlation coefficient of the fitted line and Q2 the 
predictive ability of the model (the closer to the unity the better the predictive ability 
of the model0. RMSEE and RMSEP were found to be 0.649 and 0.920, respectively. 
Although these values are not significantly different from the calibration models 
described by equations 8-11 the mean confidence interval for the test set was only 
0.172, demonstrating a superior precision for the chemometric model. 

 

CONCLUSION 

All the calibration models derived are characterized by small values of RMSEE and 
RMSEP, showing good fitting and prediction ability. The chemometric model yielded 
the best RMSEP but not very different from the respective values of the other models. 
In addition, the chemometric model found to be more precise since it exhibited very 
low mean confidence interval 0.172, significantly lower than the other models. 
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