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Summary. Chick limb bud mesenchymal cells differentiate
into chondrocytes and form a cartilaginous matrix in culture.
In this study, the mineral formed in different areas within
cultures supplemented with 4 mM inorganic phosphate, or
2.5, 5.0, and 10 mM B-glycerophosphate (BGP), was char-
acterized by Fourier-transform infrared (FT-IR) micros-
copy. The relative mineral-to-matrix ratios, and distribution
of crystal sizes at specific locations throughout the matrix
were measured from day 14 to day 30. The only mineral
phase detected was a poorly crystalline apatite. Cultures re-
ceiving 4 mM inorganic phosphate had smaller crystals
which were less randomly distributed around the cartilage
nodules than those in the BGP-treated cultures. BGP-
induced mineral consisted of larger, more perfect apatite
crystals. In cultures receiving 5 or 10 mM BGP, the relative
mineral-to-matrix ratios (calculated from the integrated in-
tensities of the phosphate and amide I bands, respectively)
were higher than in the cultures with 4 mM inorganic phos-
phate or in the in vivo calcified chick cartilage.

Key words: Hydroxyapatite — Mineralization ~ Cartilage cal-
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Chick limb bud mesenchymal cells from stage 21-24 em-
bryos when plated in a micromass culture system [1] pro-
duce a mineralizable matrix [2-5]. Mineralization, detectable
by histochemical stains, occurs around individual cartilage
nodules and on the periphery of the culture when the media
is supplemented with additional phosphate [2, 5]. Character-
ization of the mineral by wide-angle X-ray diffraction of pul-
verized cultures has shown the presence of a poorly crystal-
line apatite in cultures supplemented with 4 mM inorganic
phosphate [4, 5]. When 2.5-10 mM B-glycerophosphate
(BGP) was added to the cultures in place of inorganic phos-
phate, as is generally done by investigators studying miner-
alization in culture, larger/more perfect crystals were de-
tected by X-ray diffraction [5], even when the media phos-
phate concentration was comparable (5 mM Pi versus 5 mM
BGP). Histochemical staining indicated that the mineral dis-
tribution varied with time and location [2, 5]. The nature of
the spatial variation is difficult to assess by X-ray powder
diffraction which requires grinding and pooling of the entire
culture. Electron microscopy has the potential to address the
variation, but requires numerous samples, and even for
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these, the spatial resolution relative to the whole culture is
lost.

Fourier-transform infrared (FT-IR) microscopy has pre-
viously been used to map the changes in the mineral prop-
erties of the growth plate [6] and normal and diseased bone
[7-9] at 20 wm resolution. The spectrum at each site, char-
acteristic of those reported for mineralized tissues by numer-
ous investigators (e.g., [10-14]), not only provides ‘‘finger-
print”’ identification of the mineral phase, but it can also be
analyzed mathematically to provide information about the
constituent bands [8, 9, 15]. The positions and widths of
subbands contributing to the predominant apatite phosphate
absorption at 800-1200 cm ! can be correlated with alter-
ations in crystal lengths calculated from X-ray diffraction
line-broadening analyses of model calcium phosphate com-
pounds whose crystal lengths are in the size range of biologic
apatites [15]. Such empirical procedures facilitate interpre-
tation of spectra of biologic apatites.

The purpose of the present investigation was to map the
changes in the mineral properties of mineralizing chick limb
bud mesenchymal cell cultures using FT-IR microscopy in
order to determine how the mineral changed with site and
time, and whether any nonapatitic phases were present.

Materials and Methods

Culture Technique

The culture conditions used for these studies were previously es-
tablished to give a matrix resembling the physiologic calcified car-
tilage of the chick [5]. In brief, stage 21-24 White Leghorn chick
embryos were cultured in media containing 1.1 mM Ca*?, 1 mM
inorganic phosphate (Pi), 25 pg/ml vitamin C, antibiotics, and glu-
tamine. At day 2, either 3 mM Pi, 2.5, S, or 10 mM BGP was added
to all but control dishes. Phosphate, glutamine, and vitamin C sup-
plementation was continued with each additional media change (ev-
ery other day). The Ca [16] and inorganic phosphate [17] concen-
trations in the media were monitored throughout the 30-day course
of the experiment.

Atdays 14, 17, 21, and 30, representative cultures were saved for
electron microscopic examinatjon (for details of specimen handling
see [5]), or X-ray diffraction analyses, and the remainder were fixed
in 100% ethanol on glass slides to facilitate transfer to a barium
fiuoride FT-IR window. In some cases the cultures were transferred
from the incubator directly, lifting the spot culture from the dish and
placing it onto the FT-IR window, blotting the medium dry, and
placing a second window on top of the culture to flatten it for FT-IR
examination. Spectra were collected within 30 minutes of the time of
transfer to avoid changes due to cell death.

FT-IR microscopic examination of the cultures were recorded on
either a Mattson-Sirius FT-IR microscope equipped with a Mercury-
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Fig. 1. Toluidine blue-stained thick section of
a day 21 culture developed in the presence of
4 mM Pi. The center of the cartilage nodule is
labeled with an asterisk.
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Fig. 2. Map of the FT-IR spectra of a 21-day culture developed in the presence of 5 mM BGP. Note that the relative intensity of the amide
1(A)) and amide II (A peaks do not change, whereas the phosphate peak of the mineral (P) varies markedly. Starting at the center of the
nodule (spectrum 1), little mineral is present. The intensity of the mineral peak increases while the peak changes in shape as the distance from
the center of the nodule increases, peaking at 40 pm (spectrum 6), and decreasing again with further distance from the nodule.
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Cadmium-Telluride detector (Madison, WI) or on a Spectra-Tech
(Stamford, CT) IRpS microspectrometer (ethanol-fixed cultures
only). Routinely, 256 interferograms were collected, co-added,
apodized with a triangnlar function, and fast Fourier transformed to
yield spectra with 4 cm™! resolution with data encoded every 2
cm L

At least three different nodules and three different sites along the
periphery (edge) of the cuiture were examined for each of three
ethanol-fixed cultures at each time point. Spectra were recorded at
approximately 20 pm intervals starting from the center of each nod-
ule or at 20 w.m intervals from the edge of the culture. These spectra
were compared with spectra from cryosections of 17-day-old em-
bryonic chick calcified and noncalcified cartilage.

Analyses of the spectra, including calculation of integrated ar-
eas, subtractions, and curve fitting were performed using a series of
integrated programs kindly provided by Doug Moffatt (National Re-
search Council of Canada). A total of 109 spectra were analyzed.
First, following base-line definition, relative mineral-to-matrix ratios
(PO /protein) were calculated as the ratio of the integrated area of
the phosphate band (900-1200 cm ™) to that of the Amide I band
(15801705 cm ™). As the relative ratios of the amide I and amide 11
bands were relatively constant, it was assumed that the contribution
of the water band at 1640 cm~! was negligible.

Control, nonmineralizing cultures, obtained at the same time
points as the culture whose spectra was being analyzed, were then
used for spectral subtraction. The subtractions were performed min-
imizing the amide I band. The phosphate v, and v; regions, 900-1200
cm !, were analyzed using a curve-fitting algorithm, and data cor-
related with crystallite size using an equation derived from X-ray
and FT-IR analyses of synthetic and biologic apatites 100-200 A in
length [15]. (Throughout this text, the term ‘‘crystal size’” will be
used to indicate the length of the crystal in the direction parallel to
the c-axis of the unit cell as determined by X-ray diffraction line-
broadening analysis. This parameter reflects both the actual size and
the perfection of the crystal.)

As previously demonstrated, the v,, v; contour was composed of
three main and three minor subbands. The percent area of a com-
ponent near 1060 cm ™!, which decreases as the length of the apatite
crystal (as determined by X-ray diffraction [15]) increases, was used
to provide an estimate of crystallite size. The position of the major
band near 1020 cm ™!, which increases with increasing length of the
apatite crystal, provided a confirmation of the previous result.

In all figures, replicate analyses are expressed as mean += SD,
and statistically significant differences were calculated using the
Student’s  test.

Resulits

Figure 1 is a light micrograph of a Toluidine blue stained
culture, developed in the presence of 4 mM Pi, showing a
typical cartilage nodule and the surrounding matrix. Typical
spectra taken from the center of one nodule out to 150 wm
from that site are shown in Figure 2. This figure was ob-
tained using a mapping module, and presents the relative
intensities of the protein (amide I and II bands) and the phos-
phate band at 900-1070 cm™!. It should be noted in this
figure that the contributions from the protein remain rela-
tively constant throughout the distance scanned. In contrast,
the relative amount of mineral (indicated by the integrated
intensity of phosphate band) increases and then decreases as
the center of the nodule is approached. The shape of the
phosphate band also varies with distance from the center of
the nodule. These spectra were neither subtracted nor curve-
fit, and hence represent the total data obtained. Compari-
sons of these spectra with those of model compounds [6, 8,
10] showed the best agreement with a poorly crystalline hy-
droxyapatite.

Figure 3 summarizes the change in relative mineral-to-
matrix ratios under different culture conditions. Examining a
site ~20 pm from the center of the nodule (Fig. 3A), the
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Fig. 3. Relative phosphate to amide I ratios in mineralizing cultures.
(A) Changes in ratio of phosphate to amide I integrated intensities at
a site 20 um from the center of the nodule as a function of time in
culture. (B) Relative phosphate to amide I ratios as a function of
distance from the center of the nodule at day 21. All values are mean
+ SD for n > 3 cultures.

amount of mineral can be seen to increase with time in cul-
ture, the greatest accumulation occurring in those cultures
with 5 and 10 mM BGP. Spectra with 10 mM BGP could not
be mapped by day 30 because the nodules were totally ob-
scured by mineral. In fact, some of the ratios in the presence
of BGP exceed the 0.5-1.5 ratios observed for chick calcified
cartilage. At a single time point (e.g., 21 days) in the pres-
ence of inorganic phosphate, there was a significant site-to-
site variation in relative mineral-to-matrix ratio. In contrast,
as is illustrated in Figure 3B, cultures with BGP contained
more mineral, but this mineral was randomly dispersed. As
is indicated in this figure, the relative mineral-to-matrix ratio
was larger, but, as indicated by the scatter in the data, more
variable around the periphery (edge) of the micromass cul-
ture. These findings agree well with the electron microscopic
observations in which the BGP-treated cultures appeared to
have a much more abundant, albeit more random distribu-
tion of mineral (Fig. 4).

A typical spectrum for chick calcified cartilage is pre-
sented in Figure 5. The amide I and II peaks are noisy due to
the water vapor in the cryosections, but the similarity of the
spectra to those in the mineralized cultures seen in Figure 2
1s apparent.
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Fig. 4. Electron micrographs of cultures at day 21. (A) Culture with 4 mM Pi. Mineral deposits indicated by arrows. (B) Culture with 5 mM
BGP. Note the random distribution of the mineral and cellular debris which contain mineral (arrows). Bar = 2 um.
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Fig. 5. FT-IR spectra of calcified cartilage from a 17-day-old chick
embryo’s femur.

Typical curve fit spectra for the v,, v, contour in cultures
with 4 mM Pi and 2.5 mM PGP are presented in Figure 6A
and B. The points of zero absorbance constitute the baseline
after redrawing. The components of the 900-1200 cm ~ ' band
were calculated using an iterative algorithm which varies the
ratio of lorentzian and gaussian components and adjusts the
peak positions. Iterations were continued until the goodness
of fit was <103 and no additional changes in goodness of fit
were obtained. By day 30 in the presence of Pi, the overall
contour of the band (Fig. 6A) was comparable to that at day
21 in the presence of 2.5 mM BGP (Fig. 6B). However, of the
major subbands, the component at ~1070 cm ™! was greater
in area in the Pi culture, whereas the ~1020 cm ™! was at a
lower position than that in the BGP culture. The crystal
length at different sites within the same culture and in dif-
ferent cultures was determined using the previously pub-
lished equation [15] which correlates the percentage area of
the major subband at 1060-1080 cm ™! with the crystal length
measured by X-ray diffraction.

Figure 7 presents a summary of the changes in the min-
eral as a function of time and culture condition, showing the
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Fig. 6. FT-IR spectra showing the curve-fit phosphate v, and v,
regions, 900-1200 cm ™' of (A) a 30-day culture maintained in the
presence of 4 mM Pi, and (B) a 21-day culture maintained in the
presence of 2.5 mM BGP. Subbands smaller than 5% in area do not
appear on this figure. The height of the y-axes for both figures is
identical. Spectra have been baseline flattened between the indi-
cated points.

1200 1160 120



A. L. Boskey et al.: FT-IR Microscopy of Mineralization in Cell Culture 447

200 Wamvpi 5 pop

PA2.5 M 6P BR10 M foP

KRR

XX
KRR

RRKEAOEA
KRR

ot

XX
%3

5t

—
-
—
£~
4+
o
c
v s
— o]
o
2ateds
] ke
e
o R
525251
x 0%
[yl 1 50 L %
|
© L
°
(]
]
© Koo
R
— oot
= R
(@] 0
oo
— e
o] e
S 100

14 17 2 30

Time in Culture (Days)
Fig. 7. Calculated crystal length as function of culture time and
conditions. Mean = SD for n > 3 cultures. (A) Variation with time
in culture, calculations based on spectra take 20 wm from center of
nodule.

time-dependent changes measured at 2040 pum from the
center of the nodule. The spectra obtained for the fresh spec-
imens, after subtraction and curve-fitting, were superimpos-
able on those for ethanol-fixed specimens (not shown), and
thus data from ali are combined. As can be seen in this
figure, in the presence of 4 mM Pi, the mineral crystal size
(which also is an indication of crystal perfection), increased
gradually with time. With BGP the crystals on average
started out larger, and the size distribution was more ran-
dom.

Discussion

Infrared and FT-IR analyses have been widely used to char-
acterize apatite mineral, both in tissues (e.g., [6-9, 11-13])
and synthetics (e.g., [10, 13-15]). The coupling of a light
microscope to the FT-IR spectrometer has facilitated map-
ping of changes in mineral quality and quantity in normal and
rachitic rat growth plates [6]. Now, the application of this
technique to mineral formed in culture has allowed for the
determination of the spatial variation in mineral-to-protein
ratio, and the characterization of the effect of different cul-
ture conditions on the properties of the mineral.

As in the X-ray diffraction analysis [4, 5], the FT-IR anal-
yses of the mineralizing cultures showed no evidence of any
crystalline calcium phosphate phase other than a poorly
crystalline apatite. FT-IR spectra characteristic of other
phases [6], proposed as precursors in the formation of hy-
droxyapatite (amorphous calcium phosphate [18], octacal-
cium phosphate [12], brushite [19]) were not observed.
These data suggest that at least for cartilage calcification in
vitro, a poorly crystalline apatite is the predominant phase
formed. Although it might be argued that the ethanol fixation
and drying caused the disappearance of precursor phases,
the observation that the unfixed tissues gave the same curve-
fit spectra as those processed in ethanol, and our data on the
effects of ethanol fixation on the mineral spectra [9] suggest
that this is not the case.

With time in culture, in the presence of 4 mM Pi, there is
growth and/or perfection of the mineral crystals, as reflected
by the calculated crystal length. In the presence of BGP,
though some of the mineral around the nodules still appears
physiologic in size, the mineral in the periphery of the cul-

ture appears to have crystals that are larger/more perfect
than those in calcified cartilage in the animal. The formation
of larger crystals in BGP-treated cultures is probably due to
the concentration gradients that develop as the glycerophos-
phate is hydrolyzed by membrane-bound enzymes such as
alkaline phosphatase [20]. Not all mineralizing culture sys-
tems require BGP (5, 20, 21], and cells that do not produce
mineralizable matrices can similarly be made to mineralize
by the addition of BGP and alkaline phosphatase [22]. Be-
cause the mineral formed when BGP is added to the mesen-
chymal cell cultures, because of its increased size/perfec-
tion, appears to be less like the mineral formed in the animal
than the smaller crystals formed when inorganic phosphate
is added to the cultures [5], it is suggested that BGP supple-
mentation of such cultures may not be appropriate.

The formation of larger/more perfect crystals in the pres-
ence of BGP was indicated by the X-ray diffraction data [5],
but for the X-ray analyses it was not possible to detect the
spatial distribution of different-sized crystals. Although cur-
rently we are limited by the spatial resolution of the instru-
ment and the absence of other quantitative correlations be-
tween the subband structure and the mineral structure, the
FT-IR microscopic method promises to be an important ad-
ditional tool that can help elucidate the events in the calci-
fication process.
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