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Recent developments in Raman and infrared
spectroscopy and imaging of bone tissue
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Abstract. Vibrational spectroscopy is an important tool in mineralized tissue research. This review focuses on recent applica-
tions of Raman and IR spectroscopies as contrast enhancement agents, tools for studying the chemical nature of changes in
bone tissue with age and disease and understanding the molecular nature of changes in bone tissue during mechanical loading
and fracture.

1. Introduction

Vibrational spectroscopy is now acknowledged as an important tool for characterization of the chem-
ical composition and physical state of bone tissue. This topic was reviewed less than four years ago [4].
Since that time interest in and the application of both infrared and Raman spectroscopy to mineralized
tissue research has increased rapidly. Raman spectroscopy, the focus of this brief review, has progressed
from exploratory studies to substantive applications as a tool for research into age and disease related
changes in bone as well as the molecular response of bone to mechanical load.

Both Raman and infrared spectroscopy are important and complementary to each other in mineralized
tissue research. Vibrational spectroscopy uniquely provides non-destructive, quantitative information
simultaneously on the mineral and the protein matrix. Both IR and Raman spectroscopies are sensitive
to local environmental effects, such as changes in mineral substituents or protein secondary structure.
Raman spectroscopy provides superior spatial resolution and easier access to low frequency vibrations,
while infrared spectroscopy offers generally better signal to noise ratios and is more widely available.
Table 1 lists the major infrared and Raman bands of bone tissue, with assignments.

2. Bone tissue specimen preparation

Bone tissue specimens must be IR-transparent for measurement by infrared spectroscopy. In practice
this means that the specimens can be no thicker than about 5–10 µm thick and must be mounted on
IR-transparent slides. Attenuated total reflection spectroscopy is possible, but is rarely employed be-
cause is difficult to observe low frequency bands. For study of phosphate bending vibrations, which are
very sensitive to mineral properties, synchrotron IR spectroscopy and imaging remain the techniques of
choice [11,12].
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Table 1

IR and Raman band assignments for bone tissue. IR bands are in parentheses

Assignment Raman shift
(IR frequency)/cm−1

PO3−
4 ν2 422–454 (470)

PO3−
4 ν4 578–617 (566, 605)

Hydroxyproline, ν(C–C) 855 (844)
Hydroxyproline, ν(C–N) 876 (877)
CO2−

3 ν2 (860–890)
PO3−

4 ν1 857–962 (963)
Proline, ν(C–N) 921 (911)
HPO2−

4 ν3 1003–1005 (1145)
Phenylalanine 1004 (1494)
PO3−

4 ν3 1006–1055 (1033)
CO2−

3 ν1/PO3−
4 ν3 1065–1071

Amide III 1243–1320 (1230–1300)
δ(CH2), scissoring 1447–1452
Amide II 1540–1580 (1520–1620)
CO2−

3 ν3 (1350–1580)
Amide I 1595–1700 (1630–1700)
ν(CH2) 2840–2986 (2840–2986)
Amide A (3303–3311)
Amide B (3063)
ν(O–H) 3572–3575 (3572–3575)

Specimens for Raman spectroscopy can be any thickness, from as little as 5 µm up to and includ-
ing intact tissue, although observations are typically limited to within 20–30 µm of the surface of the
specimen. Most bone Raman spectroscopy is performed with deep red or near-infrared lasers to circum-
vent tissue fluorescence. Hydrogen peroxide has been recommended for bleaching fluorophores to allow
spectroscopy with green lasers [9,19]. In our hands, however, this technique has not proven robust [5].
Photobleaching in laser light is an alternative, but one which is time-consuming [20].

Histological stains are innocuous in Raman spectroscopy, if they do not absorb laser light. Most
stains are present as a superficial overlay and are not observed or just barely detectable by Raman
spectroscopy. Because most bone tissue Raman spectra are excited with deep red or near-infrared lasers,
blue stains may strongly absorb laser light and cause local heating and damage to specimens. We have
shown that some hematoxylin and eosin (H&E) protocols result in deposition of sufficient hematoxylin
to cause local heating and damage to delicate tissue if a 785 nm laser is used [7]. The problem can
be circumvented by shorter exposure to the stain or if necessary by substitution of toluidine blue for
hematoxylin.

For almost 100 years bone biologists have relied upon von Kossa staining to detect the present of
apatitic mineral in their specimens. In von Kossa staining, a water soluble silver salt is added to the
specimen to form silver phosphate, which is then photochemically reduced to silver metal, whose char-
acteristic black color indicates the presence of bone mineral. Von Kossa staining is not specific for
apatitic mineral and is subject to interferences from any residual buffer phosphate or halide (chloride,
fluoride, etc.) present in a specimen. Infrared and Raman spectroscopy easily overcome these problems.
Either technique can readily distinguish apatitic phosphate from the phosphate salts found in buffers.
The problem is especially severe in cell cultures, where small (or even large) amounts of inorganic
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phosphates may be formed, only to be mis-identified by staining [21]. Cell culture artifacts have been
investigated in detail by Bonewald et al. who recommend FTIR and other physical techniques such as
X-ray diffraction or electron microscopy in place of von Kossa staining [2].

3. Mineralization studies

The progress of mineral deposition in murine calvaria (skull tissue) has been followed from the earliest
deposition in fetal tissue (about 4 days prenatal) until near maturity [16,22]. The first deposited apatitic
mineral is a carbonated apatite. Prior to birth, the mineral to matrix ratio increases, but there is no
change in the amount of carbonate incorporated in the mineral. The amount of incorporated carbonate in
the mineral only begins to increase beginning about three days post-natal. Although the authors do not
emphasize it, careful inspection of the amide I envelope shows that it differs from the amide I profile in
mature tissue. In particular, the relative intensity of the 1685 cm−1 region is greater with respect to the
1670 cm−1 band in the perinatal than in mature tissue. This change in relative intensity is indicative of
the relative paucity of interfibril cross-links in the newly formed matrix as compared to mature matrix.
From FTIR studies it is known that amide I can report on the state of these cross-links. An increase in the
intensity of the 1685 cm−1 band relative to the 1670 cm−1 indicates a greater percentage of immature
interfibril cross-links relative to mature pyridinoline cross-lines [17].

A different behavior is observed in fully mature human cortical tissue [1]. Specimens of unremodeled
primary bone tissue from male decedents age 17–40 show decreasing carbonate/phosphate ratio with
increasing age. The ratio remains constant or increases slightly with age from about 45 to about 70
years old. These results are in accord with generally accepted views, and represent the first Raman
spectroscopic study of bone tissue across the adult life span.

Study of abnormal tissue mineralization is a promising application of vibrational spectroscopy. Al-
though incorporation of a small amount of fluoride into bone mineral is not a pathological condition, it
does perturb the crystal structure measurably. Fluoridation increases mineral crystallinity, as measured
by a decrease in band width and increases the frequency of the phosphate ν1 band [8]. The frequency
shift occurs because fluoride occupies a position that is probably vacant or occupied by a water molecule
in the carbonated apatite. Fluoridation causes an increase in bone ductility, although the reasons for this
are not yet clear.

Infrared imaging has revealed new information about osteoporotic tissue. In osteoporotic tissue the
mineral to matrix ratio is unusually low and the remaining mineral is more crystalline than in normal
mature tissue [10]. Ovarectomized cynomolgus monkeys, a common model for osteoporosis, treated
with recombinant human parathyroid hormone show evidence for extensive new tissue formation. Tissue
on the cortical periosteal and endosteal surfaces contains matrix with fewer cross-links than normal
tissue and mineral that is less crystalline than in mature tissue [18]. From these and other studies it is
clear that vibrational spectroscopy and imaging will play an important role in the study of osteoporosis.

Craniosynostosis is the first bone disease that has been studied by Raman spectroscopy. In craniosyn-
ostosis premature fusion of the calvaria occurs. The condition may have either genetic or mechanical
causes and is treatable only by surgery. Using Raman imaging, our group has shown that placement of
beads doped with fibroblast growth factor 2 (FGF2) in the cranial sutures tissue excised from 18 day
fetal mice leads to premature mineralization [6]. Abnormal expression of FGF2 is thought to be one of
the genetic causes of craniosynostosis. The induced mineral and matrix are spectroscopically indistin-
guishable from normally deposited tissue at the same stage of mineralization. Similarly, we have shown
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that the suture mineralization induced by periodic compression of calvarial tissue is normal, although
premature [15].

4. Biomechanical studies

Bone is a structural material in and its mechanical properties are central to understanding its normal
function and traumatic failure. Bone tissue is subject to minor failure (microcracking) under ordinary
mechanical stresses. Damaged tissue is resorbed and new tissue formed, a process called remodeling. In
early studies our group demonstrated that the bone mineral spectrum at the periphery of a microcack was
different from that of adjacent tissue [23]. Whether the difference arose from local (presumably weaker)
tissue composition or were a consequence of cracking could not be established. Similar changes were
observed in murine femoral cortical tissue that had been fractured [13]. The cause/effect conundrum has
been settled by indentation studies that demonstrate changes in bone mineral crystal structure inside in-
dents compared to immediately outside [3]. Indentation also shows shearing failure of collagen interfibril
cross-links at the perimeter of and indent, but not in its center, explaining one source of the well-known
weakness of bone under shear. In the elastic deformation regime reversible changes are observed.

Classically, bone mineral is viewed as mechanically inert and contributing only mass and stiffness to
the mechanical properties of bone tissue. It is becoming clearer that such a model is a first approxima-
tion and must be modified to account for dynamic changes. Lattice deformation can be observed as a
shift in the center of gravity of the phosphate ν1 band envelope under elastic and clearly physiological
conditions [14]. While it is not surprising that new mineral species can be observed when a bone is sub-
jected to destructive or clearly plastic deformation, changes observed in the elastic deformation regime
suggest that the bone mineral plays a more active role in the mechanical properties of bone tissue than
is generally appreciated.
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