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Abstract

Knowledge of the phase, composition, and crys-
tallite size and perfection of the mineral in normal and
abnormally calcified tissues provides insight into the
mechanism by which this mineral was deposited. These
data also can be used to develop rational therapies for
pathological conditions characterized by abnormal min-
eral deposition. As illustrated in this review, coupling
of an optical microscope with a Fourier transform infra-
red (FT-IR) spectrophotometer permits the mapping at
20 pm spatial resolution of changes in mineral character-
istics (content, particle size, composition) in the growth
plate, in bone biopsies, in mineralizing cell culture sys-
tems, and in soft tissue calcifications. Based on the
infrared properties of apatitic compounds, and compari-
sons with x-ray diffraction data, correlations have been
established from which mineral parameters can be deter-
mined. The validity of these spectral correlations has
been demonstrated by independent measurements of min-
eral content (ash weight), and crystal particle size (dark
field electron microscopy).

Key words: Fourier transform infrared (FT-IR), infra-
red spectroscopy, hydroxyapatite, calcified cartilage,
bone mineral, FT-IR microscopy, cell culture, osteo-
porosis.
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Introduction

The mineralized connective tissues consist of a
calcium phosphate phase (analogous to the mineral hy-
droxyapatite, Ca,y(PO4)s(OH,)) deposited in an organ-
ized fashion on an organic matrix. The organic matrix
consists predominantly of collagen in all the mineralized
tissues with the exception of enamel. Apatite crystal
size and perfection (crystallinity) in the calcified tissues
vary according to tissue site, tissue function, animal age
and pathology. Changes in mineral phase composition,
and in crystallinity, may provide insight into the process
of biologic mineralization, the aetiology of diseases, and
the effects of therapeutic regimens. Characterization of
such variation is therefore important both for the devel-
opmental biologist and for the design of improved thera-
pies for diseases in which mineral deposition and/or
turnover is abnormal, e.g., osteogenesis imperfecta
(Vetter et al., 1991), osteomalacia (Boskey, 1985;
Boskey et al., 1988a), osteopetrosis (Boskey and Marks,
1985), osteoporosis (Baud ez al., 1976, 1988; Cohen and
Kitzes, 1981; Thompson et al., 1983), and various forms
of dystrophic ossifications (Boskey et al., 1988b).

The crystallinity of the mineralized tissues and of
synthetic analogues of the mineral in these tissues has
been extensively studied by various chemical and instru-
mental methods (Blumenthal er al., 1975; Eanes et al.,
1973; Fowler er al., 1966; Termine and Lundy, 1973).
Most of these studies have involved analyses of homoge-
nized powders, however there are many questions which
cannot always be addressed when homogenous samples
are examined. Specifically, it is important to know if
mineral is present, how much of it there is, where it is
localized morphologically, and what is its nature (crys-
talline phase) and characteristics.

Techniques used to address such questions include
light microscopy, electron microscopy (EM), nuclear
magnetic resonance (NMR) spectroscopy (Aue er al.,
1984), electron spin resonance (ESR) spectroscopy (Doi
et al., 1982), and X-ray diffraction and infrared (IR)
spectroscopy. While each of these techniques can dem-
onstrate the presence of mineral, light microscopy and
EM (without diffraction) do not generally provide infor-
mation on the nature of the mineral phases present.
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X-ray diffraction, NMR, ESR and IR, while enabling
identification of the nature of the phases present, do not
allow determination of the spatial localization of the
mineral phase, or of the relative amounts of mineral and
matrix present. Only EM allows direct measurement of
the dimensions of mineral crystals; although the Scherrer
equation allows a size parameter (dependent on both par-
ticle size and crystal perfection) to be calculated from
the broadening of isolated peaks in the X-ray powder
diffraction pattern of small crystals (Cullity, 1967).

Traditionally, X-ray diffraction is the technique
of choice for determination of the particle size of hy-
droxyapatite (HA) crystals in biologic tissues (Baud et
al., 1988; Boskey and Marks, 1985; Vetter et al.,
1991). Ground tissue samples are required, however,
thereby prohibiting the analysis of morphologic distribu-
tion of mineral, or analysis of tissue samples with rapid
spatial variation in mineral structure. Microbeam X-ray
diffraction can be performed on microscopic sections
and has recently been utilized to study the crystallinity
of HA in dentin (Abe ez al., 1991). However, this tech-
nique is not readily available.

Electron microscopy is frequently utilized to
study the components of intact calcified tissues (Abe et
al., 1991; Arsenault, 1988; Hukins er al., 1986;
Moradian-Oldak ef al., 1991). Except where high volt-
age or selected area electron diffraction is used, detailed
information about the structure of the mineral phase can-
not be obtained, especially in poorly mineralized tissues.
Further, this technique is not convenient for mapping the
variation in structure of the mineral phase throughout a
tissue due to the large number of sections that must be
examined. Similarly, X-ray microprobe analysis can
provide quantitative analyses of Ca:P ratios (Hukins et
al., 1986) but even when compared to standards, these
may not reveal the nature of the phases present.

Using light microscopy, histologic and histomor-
phometric studies are performed to analyze the gross
structural characteristics of bone, such as thickness of
cortical bone (Kragstrup er al., 1989), or trabecular
bone volume (Baud et al., 1988), and, through the use
of fluorescent-hydroxyapatite binding dyes, the cellular
activity. Although a useful diagnostic technique re-
vealing both the distribution of the mineral and some
dynamic parameters describing mineral deposition rates,
histomorphometry does not yield specific information
about the quality (particle dimensions, purity, etc.),
identity, and crystallinity of the mineral phase(s).

Raman microprobe spectroscopy permits evalua-
tion of the structure of the components of normal and
pathologically calcified tissues at the microscopic level
(Casciani et al., 1979). The main disadvantage of
Raman spectroscopy is the inherent interference from the
fluorescence arising from the organic matrix of bone and
other calcified tissues when subjected to visible or near
UV-laser excitation. However, recent innovations in
Raman technology have led to the development of an ap-
proach whereby the spectrum is excited with near IR ra-
diation at 1.064 pm. The loss in scattering intensity
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(which goes approximately as the fourth power of the
excitation frequency) is overcome by the multiplex ad-
vantage of sending the radiation through an interferome-
ter for generation of the frequency spectrum. In addi-
tion, the fluorescence is not excited due to the long
wavelength. The technique, termed FT-Raman spectros-
copy, has not yet been widely applied to biological sys-
tems, but may eventually prove to be a useful comple-
ment to FT-IR. Typical spectral quality achievable cur-
rently in non-microscopic applications are shown in the
work of Chioh er al. (1991).

Structural information relating to the mineral
often is obtained by infrared spectroscopy (Bailey and
Holt, 1989). The infrared spectrum can be used to de-
termine the nature of the calcium phosphate phase pre-
sent (Baddiel and Berry, 1966; Fowler et al., 1966;
Fowler, 1974), the crystallinity of the apatite present
(Termine and Posner, 1966), and the carbonate content
of the mineral (Doi er al., 1982; LeGeros et al., 1968).
The current generation of Fourier transform infrared
(FT-IR) spectrophotometers provides data of extremely
high signal to noise ratio which can be manipulated easi-
ly by computer, enabling, for example, subtraction of
the spectra of background material, scaling to account
for concentration differences, calculation of integrated
areas, and analyses of the components of complex over-
lapping peaks (Bailey and Holt, 1989). FT-IR spectros-
copy has been applied to the identification of different
mineral phases in soft tissue deposits (McCarty et al.,
1983; Fineberg et al., 1990), and in studies of the mech-
anism of biologic calcification (Sauer and Wuthier,
1988; Satomura er al., 1991; Derfus er al., 1992).
Second-derivative spectra can be computed to better
define bands, thus facilitating the measurement of peak
positions. Fourier deconvolution techniques, through
which the width of the spectral peaks may be reduced,
thus permitting the separation of overlapping bands into
their constituent subbands, have recently been utilized to
analyze spectra of both synthetic and biological calcium
phosphates (Rey er al., 1989, 1990, 1991). More sensi-
tive than X-ray diffraction, and capable of providing
information on the structure of the matrix as well as
mineral components, these techniques provide more de-
tailed information on powdered samples than previously
were reported using infrared spectroscopy. They do not
address the questions of morphologic localization.

By coupling of an optical microscope to an FT-IR
spectrometer these spectral methods can be used to eval-
uate both mineral and matrix characteristics which can
be determined at discrete sites within the calcified tis-
sues, at a spatial resolution of 10-20 um (the diffraction
limit of infrared radiation). The FT-IR spectrometer of-
fers several advantages for microscopic measurements,
including spectral resolution, excellent signal-to-noise,
and ease of sample preparation. Even with these bene-
fits, the application of FT-IR microscopy to biological
systems is fairly recent.

Previously, characterization of polymers and their
contaminants was the primary application of FT-IR
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microscopy (Lang et al., 1988; Li er al., 1992). Biolog-
ical applications are becoming more common. In 1989,
we reported the first application of FT-IR microscopy to
the analysis of calcified tissues (Mendelsohn er al.,
1989). Recently FT-IR microscopy has also been used
to identify carbon monoxide in a single red blood cell
(Dong et al., 1988), to study isolated cells from solid
human tumors (Benedetti er al., 1990), and to charac-
terize urinary crystals (Daudon ez al., 1991).

Here, we review the method of FT-IR microscopy
and illustrate several applications for the study of the
mineralized connective tissues.

Materials and Methods

FT-IR microscopic data reported in this paper
were recorded with a SIRIUS 100 spectrophotometer
(Mattson Instruments Inc., Madison, WI), equipped with
a Bach-Shearer FT-IR microscope, and a mercury-cad-
mium telluride detector responsive from 3800-700 wave-
numbers (cm™). Spectra of ground powders mixed with
KBr were similarly recorded. Calculations of integrated
areas, spectral subtraction, curve-fitting, and other
spectroscopic calculations were performed using soft-
ware supplied by Doug Moffat (National Research Coun-
cil of Canada, Ottawa). Details of data collection and
analysis are presented elsewhere (Pleshko ef al., 1991).

Specimens for FT-IR microscopic analyses were
either cryo-sections of bones or mineralizing cultures,
intact cultures fixed in ethanol, or 5-8 um thick metha-
crylate embedded sections of bone. Embedded material
was either ethanol or formalin fixed. The soft tissue
deposit was a 8 um thick paraffin embedded section of
articular cartilage and subchondral bone. The cell cul-
tures examined were differentiating chick limb bud
mesenchymal cell micro-mass cultures, maintained in
media which allowed calcification. The phosphate
source added to the media from day 2 onward was either
inorganic phosphate (Pi) or B-glycerophosphate (BGP).
Further details of the culture methodology are described
in detail elsewhere (Boskey er al., 1992a).

For electron microscopic studies of cartilage
mineralization, cultures were treated with 2% paraform-
aldehyde plus 0.5 % glutaraldehyde in 0.05 M cacodylate
buffer, pH 7.2 for 4 hours at 4 °C. Samples were em-
bedded in Spurr’s resin and thin sections collected on
alkalinized water, pH 8.5, to prevent dissolution of crys-
tals from the tissues. Stained and unstained sections
were observed in bright field and dark field, at 80 kV,
using a Phillips CM-12 transmission electron
microscope.

Mineral content was verified by ashing (600 °C)
dried bone powders for 24 hours. Mineral content was
calculated as ash weight/dry tissue weight. Triplicate
analyses were done on each sample. Some of the bone
powders analyzed had been separated according to densi-
ty by density gradient centrifugation (Boskey and Marks,
1985) prior to mineral content and FT-IR analysis.

Data, where replicate determinations were avail-
able, are presented as mean + SD. Comparisons were
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Figure 1. Typical »;, »; phosphate spectra of calcium
phosphate phases. A amorphous calcium phosphate, B
poorly crystalline hydroxyapatite, C well-crystallized
hydroxyapatite, D brushite, and E octacalcium phos-
phate. Reprinted with permission of Calcif Tissue Int
from Mendelsohn er al. (1989).
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based on analysis of variance, with p corrected by the
Bonferroni correction.  Statistical significance was
defined as p < 0.05.

Resulits

Quantitative FT-IR Analyses

Infrared spectroscopy has long been in use for the
identification of calcium phosphate phases (Bailey and
Holt, 1989). Comparison of spectra from model com-
pounds characterized by other techniques (e.g., X-ray
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Figure 2. Typical FT-IR spectrum of chick bone. Note the increased intensity of the phosphate band. Reprinted with
permission of Bone & Min from Boskey er al. (1992a).

Figure 3. Relationship between relative mineral: matrix ratio determined as integrated areas of the phosphate and amide
I bands, respectively, and the mineral content as determined by ashing. FT-IR data is based on analyses of powdered
tissues in KBr pellets (n = 3 for each point). Line shown is least-squares fit, r = 0.8. Standard deviations for ash
weights < 6%; standard deviations for mineral:matrix ratio < 3%.

Figure 4A. Relative mineral:matrix ratios, mean + SD, in mineralizing cultures as a function of time, for different
phosphate sources. 8GP = B-glycerophosphate, Pi = inorganic phosphate. Adapted from Boskey ez al. (1992b). At
each time point shown ratios with each BGP concentration are significantly greater than those with 4 mM Pi, p < 0.05.

Figure 4B. Calculated crystallite particle length (mean + SD) in differentiating mesenchymal cell cultures at day 17
as function of site from center of nodule, in the presence of different phosphate sources. BGP = B-glycerophosphate,

Pi

= inorganic phosphate. Adapted from Boskey er al. (1992b). * p < 0.05 relative to 4mM Pi.
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diffraction) to spectra from unidentified deposits have
routinely been used to determine the composition of
physiologic and dystrophic mineral deposits. Figure 1
presents spectra of the phosphate region (900-1200
wavenumbers (cm™!)) of the more frequently encountered
calcium phosphate minerals, hydroxyapatite, amorphous
calcium phosphate, brushite, and octacalcium phosphate.
These spectra were obtained using KBr pellets containing
synthetic calcium phosphates previously identified by X-
ray diffraction. It is quite apparent how the shape of
these peaks can be used to provide "fingerprint" analyses
of the mineral phases present.

Figure 2 shows a typical spectrum for bone. The
amide I band (1620-1680 cm™) corresponds primarily to
the peptide bond C=0 stretch. The amide II mode
(1520-1560 cm’') contains contributions from the C-N
stretch and N-H in plane bending coordinates. The rela-
tive ratio of the integrated areas of the phosphate band
at approximately 1060 cm™! to that of the amide I band
is qualitatively related to the mineral content of the
tissue and thus provides a means of characterizing
microscopic samples in a non-destructive manner. The
relationship between this ratio and the gravimetrically
determined ash weight for both rat and dog tissues is
shown in Figure 3. This qualitative relationship has
been used to map (Figure 4A) the changes in mineral
content in mineralizing cell cultures as a function of
location and time in culture (Boskey ez al., 1992b).

Additional information (Pleshko ef al., 1991) can
be obtained from analysis of the overlapping »,, v phos-
phate region at 900-1200 wavenumbers (Figure 5A).
This complex contour arises primarily from the sym-
metric (v() and antisymmetric (v3) P-O stretching modes.
Curve-fit analysis shows the phosphate band consists of
six components; inclusion of additional components has
little effect on the goodness-of-fit of the calculated
contour.

Based on comparisons of such curve-fit parame-
ters with data determined by X-ray diffraction, several
useful correlations have been elucidated. On a qualita-
tive basis, the position of the "A" band at approximately
1020 wavenumbers (cm’!) increased with increasing
crystallite size. The percent area of a component at
approximately 1060 cm™! ("B" band) was found to be re-
lated to the particle size (length) and perfection in the
long (c-axis) axis direction, by an exponential equation
(Pleshko et al., 1991):

particle length (A) = -30.7 X%284 4+ 227.8

where X is the % area of the "B" band. This correla-
tion, as demonstrated in Figure 5B, can be used to
analyze spectra from a wide range of samples, including
homogenized powders and histologic samples.

To assess reproducibility of this curve-fitting
methodology, the same spectra have been analyzed and
curve-fit multiple times by two independent investiga-
tors. No significant (p < 0.05) changes in calculated
particle length were detected.
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Figure SA. Curve fit spectra of synthetic carbonate-
apatite. Position (cm’!) of each subband (dashes) used
to fit the curve is indicated, as are the major bands des-
ignated A, B, and C. Figure 5B. Correlation between
per cent area B band and crystallite size as derived from
X-ray diffraction. Measurements were made using a se-
ries of synthetic apatites (HA). O - HA prepared at pH
8.5; O - carbonate substituted apatite prepared at pH
8.5, * - carbonate substituted HA prepared at pH 7.4; ©
- fluoride substituted HA prepared at pH 8.5. a - fluo-
ride substituted HA prepared at pH 7.4. (Reprinted with
permission of Biophys J from Pleshko er al. (1991).
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Figure 6. Three-dimensional map of growth plate of rat femur. FT-IR data were obtained by point to point acquisition

of data with a 75 um aperture.

Spectrum number is plotted on the y axis, absorbance (Intensity) on the z axis.

Specimen had been fixed in polymethyl methacrylate, and absorbance at 1729 wavenumbers comes from carbonyl of

that embedding media.

Intensities indicate relative amounts of PMMA, protein, and mineral in each region of the

femur. The mineral spectra are characteristic of apatite of varying size and perfection and do not show evidence of
any non-apatitic phases. [Reprinted with permission from Pleshko NL, Boskey AL, Mendelsohn R (1992) An infrared
study of the interaction of polymethyl methacrylate with the protein and mineral components of bone. J Histochem 40,

1413-1417, Figure 3].

Well crystallized apatites showed a better resolved
spectral component at 962 wavenumbers (cm™!) whose
relative contribution decreased as crystal size increased
from 200-450 A. This parameter could be used to char-
acterize apatite crystals of larger size.

Applications of FT-IR Microscopy

The growth plate

The suitability of FT-IR microscopy for analysis
of mineralized connective tissues was first demonstrated
by analysis of the rachitic and normal rat growth plates
(Mendelsohn ez al., 1989). It is in this area of long
bones (the physis or growth plate) in the growing animal
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that the cartilaginous matrix becomes mineralized and is
remodeled and converted into bone. Figure 6 presents
a map of the spectral variations in the normal rat growth
plate. This map was constructed using a Spectra-Tech
IRuS microscope, which provided sequential spectra
every 10 um across a 975 x 225 um rectangle, starting
in the middle of the hypertrophic cell zone, and ending
in the metaphyseal bone. As can be seen from this fig-
ure, the protein content throughout the growth plate is
relatively constant, while the mineral content changes in
amount, and in spectral characteristics. The variations
in these characteristics are indicative of growth and re-
modeling, and of alterations in carbonate and acid phos-
phate content. Thus the initial mineral formed in the
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Figure 7. Dark field EM image of a section of a day 14 culture maintained in the presence of 5 mM B-glycero-
phosphate. Measurements of 25 crystals in 5 different fields showed crystal lengths ranged from 96-272 A.

hypertrophic zone of the growth plate shows a spectrum
with a broad phosphate peak; as mineralization continues
the peak is sharpened (indicative of a change in crystal
size). The samples shown in this figure had been fixed
in ethanol and embedded in polymethyl methacrylate
(PMMA) to allow sectioning. A band due to the pres-
ence of PMMA appears in these spectra at 1729 cm™!,

Using such maps coupled with curve-fitting analy-
ses for the study of tissues fixed and preserved in dif-
ferent ways, we have demonstrated that fixation tech-
niques do not alter the properties of the mineral (Pleshko
et al., 1992a) although they can have major effects on
the protein components, and that PMMA penetrates to a
greater extent into the organic than into the mineralized
matrix of bone (Pleshko er al., 1992b).

Tissue culture

As indicated above, FT-IR analyses of mineral
formed in mineralizing cell cultures has provided insight
into both the nature of the mineral present, the relative
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amount of the mineral, and the crystallinity of the min-
eral phase. For example, differentiating mesenchymal
cell cultures form a cartilaginous matrix when plated at
high density, and deposit mineral if cultured in the
presence of 3-4 mM inorganic phosphate (Boskey er al.,
1992a). Cultures maintained in the presence of inor-
ganic phosphate or B-glycerophosphate (BGP) had been
noted by X-ray diffraction to produce mineral of dif-
ferent crystallinity, with BGP-treated cultures having
larger/more nearly perfect crystals (Figure 4B). Using
FT-IR microscopy, the distribution of large (dystrophic)
and smaller (physiologic) mineral crystals was mapped
(Boskey er al., 1992b). With quantitative FT-IR micros-
copy, the mineral crystals at different sites in the matrix
in 14 day cultures with 5 mM B-glycerophosphate ranged
size from 150-190 A (Boskey et al., 1992b). Dark-field
electron microscopic imaging of a single EM section of
a culture with 5 mM BGP (Figure 7) showed crystals
ranging in length from 96-272 A, which overlaps the 160
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Figure 8. Change in calculated mineral particle size (c-
axis direction) with F treatment of three osteoporotic
patients. Data represent newest mineral in the cortical
bone (osteon) or trabeculae (trab). All patients received
F for indicated number of years unless labelled -F.
Values are mean + SD. * p < 0.05 relative to time 0.

A determined from the FT-IR data. While the mean
length of 201 + 46 A (n = 25 crystals), was significant-
ly different from the 160 + 10 A determined with the
FT-IR data (n = 15 spectra) (p < 0.02), the number of
sections examined (n = 3) may not have permitted suffi-
cient sampling to determine the average crystallite length
in the FT-IR section. Such preliminary measurements
none-the-less are providing independent evaluation of the
FT-IR based spectra-structure correlations.

Changes in Osteoporotic Human Bone

FT-IR microscopy is also being used to map the
changes in the mineral in bone biopsies from osteopo-
rotic humans and animals (Boskey, 1990). As summa-
rized in Figure 8, such maps, prepared using histologic
sections previously evaluated by histomorphometry,
demonstrated fluoride dependent changes in mineral
crystal sizes in the cortical bone (and to a lesser extent
in the trabecular bone) of osteoporotic patients. The fig-
ure contains representative data from 3 patients (I-III).
These patients each had multiple iliac crest biopsies
taken during the handling of their osteoporosis. Data
represent the spectral analysis of three sites in the
newest formed osteon (cortical bone) or trabeculae.
Values are mean + standard deviation (SD) from a mini-
mum of 3 spectra. Patient I was treated with NaF for
two years and then fluoride treatment was stopped due
to a diagnosis of fluorosis. The third biopsy was ob-
tained five years after NaF treatment was discontinued.
The second patient was also treated with NaF for two
years before the second biopsy. The third patient
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received fluoride for five years with biopsy material
available at years two and five. Fluoride, as reported
earlier based on X-ray diffraction data, caused an in-
crease in the average particle length (Gron et al., 1966;
Baud er al., 1988). This increase in crystal particle size
and perfection theoretically is beneficial, as larger/more
nearly perfect crystallites tend to be less readily
resorbed. What had not been shown before is the rela-
tively small increase in trabecular bone crystallite size,
as contrasted with that in the cortical bone. It however
is the trabecular bone that appears to be lost to the
greater extent in osteoporosis. It is interesting to note
that the patient who stopped fluoride treatment had a
broader particle size range in her newly formed cortical
bone, suggesting new mineral deposition was occurring.

Analysis of dystrophic calcification

One of the potentially useful clinical applications
of FT-IR microscopy is the analysis of soft tissue calcifi-
cations in tissues in which there are a variety of mineral
phases, €.g., demonstrating the presence of oxalate crys-
tals in bone, or identifying dystrophic deposits in soft
tissues or subchondral bone. By collecting spectra of
the surrounding soft tissue, bone (verified by polariza-
tion), and unknown deposits, one can be sure that the de-
posit being analyzed is not bony debris. We have re-
cently used FT-IR microscopy to identify the presence of
poorly crystalline apatite not associated with a col-
lagenous matrix in the subchondral bone of a person
with avascular necrosis. As seen in Figure 9, the spec-
trum was distinct from that of the adjacent bone (which
did polarize light, whereas the deposit did not), enabling
us to verify that the deposit was not bone debris. The
spectra did not show the presence of any non apatitic
phases, but was characteristic of a poorly crystalline
apatite. Curve-fit analysis of the mineral in the deposit
was used to demonstrate that the particles were of crys-
tal sizes smaller than those in bone mineral.

Discussion and Conclusions

Infrared spectroscopy has been widely used to
characterize the mineral in normal and dystrophic depos-
its. The technique compliments X-ray diffraction and
electron microscopic analysis. Using any of these tech-
niques, however, it is difficult to indicate how mineral
properties change with morphology. The coupling of a
light microscope to the FT-IR spectrophotometer allows
spectra to be measured at discrete sites within the tissue.
The spectra can be recorded with high signal to noise
ratios, and manipulated to provide quantitative informa-
tion on both mineral and matrix. Spectra can be collect-
ed in intact tissues, in cryo-sections, and in thin sections
of fixed tissues. Following data collection, sections can
be stained to allow identification of specific markers, ex-
amined by back-scatter electron imaging, or further sec-
tioned for electron microscopy. Development of special
culture dishes which are optically inert, should also al-
low monitoring of changes in spectral characteristics
during the process of cell mediated mineralization.

e e s
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Using FT-IR microscopy we have demonstrated
that the characteristics of the mineral deposited within
the growth plate change with time, that mineral proper-
ties can be determined in fixed, as well as in fresh tis-
sues, and that predictions based on correlations between
FT-IR analyses and X-ray diffraction are in agreement
with those determined by electron microscopy. Apply-
ing these techniques to mineralizing cartilage cultures,
we have demonstrated that the first detectable mineral is
a poorly crystalline apatite, that crystal size increases
with time in culture, and with distance from the central
of the cartilage nodule. Further we have shown that
treating the cultures with BGP results in some mineral
which appears dystrophic in crystal size and site (Boskey
et al., 1992b). Since measurements can be made in
biopsy sections, FT-IR microscopy also provides a pow-
erful technique for characterizing mineral deposits in
normal and diseased tissues.
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Discussion with Reviewers

C.C. Rey: The main questions concern the empirical
relationship discovered by the authors between curve fit-
ting results and the length of mineral crystals. Do they
have any explanations and/or theoretical support for the
existence of such a relationship which is extensively
used all over their work?

Authors: The analysis of IR spectra of mineralizing tis-
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sues in terms of structural/molecular parameters such as
crystal size and/or perfection is a complex subject, not
readily addressed by the traditional methods of analysis
of molecular vibrational spectra of either monomeric
polymeric or crystalline systems (e.g., normal coordi-
nate calculations, dispersion curve construction, factor
group analysis, etc.). Thus, in these initial forays into
the area, and in an attempt to achieve an interpretation
beyond the "zeroth" order, we have relied on empirical
methods. When suitable spectra-structure correlations
have been generated, then an appropriate (theoretical)
framework for their integration may be discerned. With-
out the availability of empirical data, the problem is ab-
solutely unapproachable. In the current case, our major
finding is that the same empirical correlation between
the "B" band and crystal size (as defined in the text)
appears to be applicable to both (macroscopic minerals
formed in vitro) and microscopic (tissue) specimen spec-
tra. This is a major step as will enable us to consider (at
the appropriate time) suitable frameworks for the sim-
pler (in vitro) spectra which will then be transferable to
the more complex cases.

C.C. Rey: IR band broadening and band resolution in
solids depends on many factors and not only on the size
of the crystals (bands shifts corresponding to crystals
with slightly different composition, crystal defects,
heterogeneities of composition in the same crystal,
particulate sizes and Christiansen effect, etc...). Some
of these factors affect also the width of X-ray diffraction
bands. Can all these factors be neglected in biological
apatites?
Authors: Professor Rey’s comments address appropri-
ate and well-known concerns about effects of particle
size on IR spectral parameters. The presence of reflect-
ing surfaces (in a medium with discontinuities in refrac-
tive index) creates substantial analytical and theoretical
difficulties. In addition, problems with early genera-
tions of IR Microscope technology may create further
optical spectral distortions. Whether these factors can
be ignored in biological specimens is the subject of on-
going concern in our laboratory. Itis certain that trans-
mission spectroscopy of thin sections (as we have used)
is a much better means of analysis than reflection spec-
troscopy, which is otherwise tempting as it avoids some
technical aspects of sample preparation. In addition, our
microscopic samples are usually sampled at a consistent
thickness, and the mineral cross-sectional areas that are
studied are larger than the instrument aperture. This
gives us some cause to believe that any spectral distor-
tions will at least be fairly consistent within a given
sample.

We note that the problems alluded to by Professor
Rey have not yet been addressed in any substantive way
in the biophysical literature. Clearly the time is ap-
propriate for such studies.

C.C. Rey: The relationship between the mineral/matrix
ratio and the ash weight is not convincing at all. Two
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reasons may be advanced: 1) the band at 1620-1680 cm!
is also due to water contained in biological samples (pos-
sibly associated with apatites even when tissues are
fixed) and might not be the best choice for such a deter-
mination, and 2) carbonates are partly lost from the min-
eral during ashing therefore the weight loss does not
represent only the organic part of bone.

Authors: The reasonable but admittedly imperfect cor-
relation between the mineral/matrix ratio and relative in-
tensities of the phosphate/Amide I bands, is again (see
above) the first step toward a much more quantitative
analysis of the spectra. However, it ought to be recalled
that the IR method proposed in the current work for the
analysis of microscopic sections (which are obviously
not amenable for ashing), is the only one around for
even crudely estimating the relative amounts of inorgan-
ic to organic material at 5 um spatial resolution. We
report these relative values as the ratio of integrated
areas for each spectrum and do not claim that we can
monitor absolute mineral content. The correlation in
Figure 3 is presented to show that we can discriminate
between materials with variable mineral contents. As
instrumentation improves there are several means by
which we can (and will) generate more specific correla-
tions. The presence in the spectra of non-overlapped
bands due to carbonate, protein and perhaps even non-
proteinaceous organic material in addition to the phos-
phate will enable us to determine the relative spatial
concentrations of each of these species in a rapid and
non-destructive manner.

M. Daudon: The authors argue for the relation between
the crystal size and the percent area of the B band ob-
tained from apatite spectra using the curve-fitting proce-
dure. It is a very important point. Infrared spectros-
copy is well known as a useful technique for differentiat-
ing between well crystallized and poor crystalline apatite
materials. In cases of mixtures of amorphous calcium
phosphate and apatite crystals, it is not sure that the
curve-fitting analysis could give a correct measurement
of the crystal size of apatite material. Figure 5A does
not show evidence that a correlation exists between the
B band and the crystal size of carbonate apatite at physi-
ological pH values. In contrast, on Figure 9B, there is
evidence that dystrophic deposits are mainly made of ei-
ther amorphous or poorly crystalline phosphate whereas
the poorly mineralized area of the bone matrix mainly
contains well crystallized carbonate apatite. As ex-
pected, the mean size of crystals (Fig. 7) determined by
electron microscopy was higher than the mean value ob-
tained from infrared spectra. Another point is the broad
overlapping of the B band with both A and C bands.
Thus, the authors should give more convincing data
about the reliability of the percent area of the B band
and the size of the crystals.

Authors: Professor Daudon indicates that it is unsure
whether the curve-fitting analysis could give a correct
measurement of the size of an apatite material. The data
in Figure 4B, however, point to an indication that such
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a correlation is applicable to both macroscopic and mi-
croscopic samples. We appreciate that there are many
technical aspects which are as yet incomplete. Have we
addressed all the relevant variables? Is the curve-fitting
algorithm we are using the best way to approach the data
reduction? The answers to these and related issues must
await better technology which can generate the highest
possible signal/noise levels in the spectra. Nevertheless,
the data have been established with a standard method
(X-ray diffraction) and compared with data obtained with
a second, independent method (electron microscopy).
Thus, we are confident that our initial steps have made
substantial inroads into the problem. In terms of the
comment about more convincing data, we feel that the
data displayed are quite impressive, encompassing, as
they do, a wide range of samples.

M. Daudon: Using the curve fitting procedure, the C
band at 1107 cm™! shows greater variations in the per
cent area than the B band when apatites with different
crystalline states are compared. Have the authors
investigated the significance of the C band in the apatite
structure?

Authors: We are continuously seeking more precise
spectra-structure correlations. The "B" band index of
crystallinity/size is the most robust to date. The spectral
analysis is of course ongoing and the relevance of
changes in the "C" band are currently being
investigated.
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