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A Comparison of the Physical and Chemical Differences Between
Cancellous and Cortical Bovine Bone Mineral at Two Ages

Liisa T. Kuhn Æ Marc D. Grynpas Æ Christian C. Rey Æ Yaotang Wu Æ
Jerome L. Ackerman Æ Melvin J. Glimcher

Abstract To assess possible differences between the

mineral phases of cortical and cancellous bone, the struc-

ture and composition of isolated bovine mineral crystals

from young (1–3 months) and old (4–5 years) postnatal

bovine animals were analyzed by a variety of comple-

mentary techniques: chemical analyses, Fourier transform

infrared spectroscopy (FTIR), X-ray diffraction (XRD),

and 31P solid-state magic angle spinning nuclear magnetic

resonance spectroscopy (NMR). This combination of

methods represents the most complete physicochemical

characterization of cancellous and cortical bone mineral

completed thus far. Spectra obtained from XRD, FTIR, and

31P NMR all confirmed that the mineral was calcium

phosphate in the form of carbonated apatite; however, a

crystal maturation process was evident between the young

and old and between cancellous and cortical mineral

crystals. Two-way analyses of variance showed larger

increases of crystal size and Ca/P ratio for the cortical vs.

cancellous bone of 1–3 month than the 4–5 year animals.

The Ca/(P + CO3) remained nearly constant within a given

bone type and in both bone types at 4–5 years. The car-

bonate and phosphate FTIR band ratios revealed a decrease

of labile ions with age and in cortical, relative to cancel-

lous, bone. Overall, the same aging or maturation trends

were observed for young vs. old and cancellous vs. cortical.

Based on the larger proportion of newly formed bone in

cancellous bone relative to cortical bone, the major dif-

ferences between the cancellous and cortical mineral

crystals must be ascribed to differences in average age of

the crystals.

Keywords Bone mineral � Cancellous � Cortical �
Trabecular � Aging � Crystallinity � Fourier transform

infrared spectroscopy � X-ray diffraction � Solid-state

nuclear magnetic resonance

The structure and composition of the mineral phase of

bone and the maturational changes that occur with time

have been the focus of many studies. Knowledge of the

precise structure and composition of bone and its change

with age is vital for distinguishing differences due to

medication or disease and for providing a bone mineral

model for synthetic replacements. However, the precise

structure of the mineral phase continues to elude those
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who seek it. The current consensus from the literature is

that bone mineral is a poorly crystalline, nanocrystalline

carbonated apatite, with no other detectable calcium

phosphate phases present, and contains various ionic and

cationic substitutions, such as HPO4, Na, and Mg [1, 2].

There have been reports by us, and others, of additional

mineral phases present (e.g., amorphous or brushite [3]),

but they have later been discounted because processing

conditions that do not preserve the native bone mineral

structure were used in the studies [4]. Although bone

mineral is often referred to as ‘‘hydroxyapatite’’ in the

literature, this is a misnomer of sorts since several studies

indicate the near to complete absence of hydroxyl groups

in bone mineral [5–7]. A recent nuclear magnetic reso-

nance (NMR) study reports a detectable hydroxyl ion

presence [8], albeit reduced from that predicted by the

theoretical stoichiometry of hydroxyapatite. Hydroxyl

groups are formed in bone mineral when it is heated to

high temperatures, and historically, this was done via

ashing, to isolate the bone mineral for further study.

Surface water layers on the mineral may also appear as

hydroxyl groups, leading to further confusion [9]. Hence,

bone mineral became known as ‘‘hydroxyapatite,’’ but

actually bone mineral is a unique form of carbonated

apatite and includes unique protonated phosphate groups

not found in synthetic apatites [10, 11].

Not surprisingly, the chemical and physical structure of

bone mineral is not static in the aqueous in vivo envi-

ronment but evolves with age. The crystals undergo a

subtle maturational process that includes the following:

the Ca/(P + C) molar ratio increases [12–15], the car-

bonate and HPO4 content of bone mineral increases [16–

20], the indices of crystallinity increase [21–24], the

crystal size increases, and the concentrations of labile

HPO4 and CO3 ions decrease [25–30]. Bone mineral also

appears to be different depending on where it is located in

the same bone (e.g., cancellous vs. cortical). The studies

that have assessed the differences in the mineral compo-

nent of cortical and cancellous bone have found, in

general, that the differences in cancellous and cortical

bone mirror those differences between young and old

bone, respectively [12, 14, 30–33]. A study on isolated rat

cortical and trabecular (i.e., cancellous) bone concluded

that cancellous bone displays a reduced Ca/P molar ratio,

carbonate content, and average crystal size as well as a

greater extent of thermal conversion into b-tricalcium

phosphate than cortical bone, indicating different ion

substitutions [12]. The crystals were isolated from the

organic matrix in that study because when bone mineral is

analyzed intact with the organic matrix component, it is

difficult to identify the boundary of where bone mineral

ends and where the organic matrix or water begins.

Unfortunately, this study utilized typical methods to

separate the mineral component from the organic phase,

which involve high-temperature processing with aqueous

solvents and introduce artifacts due to the extreme

instability of bone mineral, in particular the newly formed

crystals. Therefore, in this study we utilized mild, low-

temperature, nonaqueous methods [34] in moderation.

In addition to wet chemical analysis methods, Fourier

transform infrared (FTIR) spectroscopy is an alternative

technique for revealing subtle structural and chemical

maturational changes [14, 16, 25, 30]. This technique had

been used extensively to analyze ground powders [15, 16,

25], but the coupling of the spectrometer with a light

microscope [30] (FTIR microspectroscopy) and the addi-

tion of an array detector [35] (FTIR microspectroscopic

imaging) enabled rapid acquisition of semiquantitative

data at specific sites within the mineralized tissues. An

FTIR microspectroscopic study on intact bone showed

that human cortical bone mineral has a more hydroxy-

apatite-like stoichiometry, a bigger crystallite size, and

less ion substitution than cancellous bone [30]. A study

on mouse bones by the same group, using the same FTIR

microscopic methods, determined that cortical bone

crystals were larger and more perfect than those of can-

cellous bone [15]. Studies with FTIR microspectroscopic

imaging reported distributions in carbonate [36] and car-

bonate content [37, 38] as well as types of carbonate

substitution [39, 40]. Hence, these FTIR studies could

distinguish that mineral in the center of a trabecula was

more crystalline than that in the outer layers and that

mineral in the center of an osteon or near the periosteal

side was less crystalline than that in the outer osteonal

layers or near the medullary canal [15, 30]. By their

nature, FTIR techniques provide validated [35, 41]

semiquantitative, rather than quantitative, information;

therefore, in the present study we utilized a combination

of six different characterization methods to fully quantify

and describe average differences in young and old, cor-

tical and cancellous bone mineral. In addition to

characterizing the mineral by FTIR and X-ray diffraction

(XRD), solid-state magic angle spinning differential

cross-polarization 31P NMR spectroscopy was utilized to

study the HPO4 groups of the young and old cancellous

and cortical bone. This technique provides data on the

isotropic and anisotropic chemical shifts and cross-polar-

ization rates and has been used to identify the unique

characteristics of HPO4 groups in bone apatites not

present in any of the other synthetic calcium phosphate

crystals containing HPO4 studied [10, 11, 42]. This and

related solid-state NMR spectroscopic techniques provide

data on the isotropic and anisotropic chemical shifts,

cross-polarization rates, and spin–spin couplings and has

been used to characterize PO4 and HPO4 groups in bone

apatite [10, 42–44].



Materials and Methods

Crystal Isolation

Frozen bovine tibias and femurs from animals 1–3 months

or 4–5 years old were obtained from Research 87 (Boston,

MA). The bones were dissected out and cleaned free of soft

tissues. The midshafts (diaphyses) were separated from the

metaphyses and then rinsed with ethanol and ether. Cortical

bone samples were prepared from midshaft bone sections.

Cancellous bone samples were obtained from metaphyseal

bone. Bones from several animals of the same age or bone

type were combined together to create the samples ana-

lyzed due to the length of time required to process large

samples by the low-temperature, nonaqueous methods [34].

Bones (from both hind limbs) from 15 animals were used

for the 1–3 month group and from five animals for the 4–

5 year group. As such, the parameters measured reflect

average, pooled values. Replicate analysis of samples was

done to determine means and standard deviations. Bone

chips were obtained by hammering or using an industrial

blender with ethanol. The chips were further ground in a

liquid nitrogen-cooled SPEX 6700 freezer/mill (SPEX

CertiPrep, Metuchen, NJ) to obtain a starting material with

a particle size less than 200 mesh. The samples were first

defatted in 2:1 (v:v) chloroform and methanol (1 g powder

to 10 mL liquid). Following the procedure of Kim et al.

[34], defatted bone powder was plasma-ashed in an oxygen

plasma for 40 days to degrade the organic matrix compo-

nents. The samples were stirred every fifth day to assure

uniform ashing. It has been shown that these techniques,

when used in moderation, do not affect the structure or

composition of calcium phosphate phases including

brushite, octacalcium phosphate, and poorly crystalline

carbonated apatite [34].

Chemical Analyses

Calcium, phosphorous, and other ion content was deter-

mined by electron microprobe analysis as follows. Isolated

bone mineral crystals (85 mg) were pressed into a flat

pellet using a handheld pellet press. The settings for the

Cameca Instruments (Nampa, ID) MBX electron micro-

probe were: 10 KeV beam voltage, 30 nA beam current and

a rastered beam of 64 9 64 lm. The software program

Sandia ZAF85 was used for matrix corrections, assuming

stoichiometric oxygen for Na, Mg, P, and Ca. Five to 10

analyses were obtained per pellet. The carbonate ion con-

tent was determined by coulometry (UIC Coulometrics)

[45], in which HCl is used to evolve CO2 from the inor-

ganic component of the sample. Three replicates were

performed. From the determination of calcium, phos-

phate, and carbonate, Ca/P, Ca/(P + C) (since carbonate

substitutes for phosphate), and C/P atomic ratios were

calculated in order to follow chemical composition evo-

lution in the bone samples of different ages and types.

Residual protein content of the deproteinized samples

was determined based on amino acid analysis of acid

hydrolysates (6 N HCl, 110�C, 24 h) of 10 mg of isolated

crystals using a Beckman (Fullerton, CA) model 121-M

amino acid analyzer, from which the total protein and

collagen contents were calculated.

Spectral Analyses

XRD

Each powdered sample was spread in a thin, even layer on

a quartz crystal sample holder for X-ray diffraction (Rig-

aku MultiFlex; Rigaku/MSC, Woodland, TX) scans, using

CuKa radiation at 40 kV and 40 mA. Samples were

scanned from 24.5 to 27.0� (2h) at a scan speed of 0.1� per

minute for crystal length (002). Additionally, samples were

scanned from 37.0 to 42.0� (2h) at a scan speed of 0.05� per

minute for crystal cross section (130). A highly crystalline

mineral fluoroapatite was used as a standard. Three repli-

cate measurements were performed.

Crystal size/strain is associated with the broadening of

the apatite peaks at relevant angles; this broadening is

estimated by measuring the full width at half the maximum

height of the apatite peaks (b1/2), using Materials Data

(Livermore, CA) Jade XRD pattern processing software

(Win-OS V5). However, peak broadening can also be

affected by instrument broadening. b1/2 was thus appro-

priately adjusted using values obtained from the

fluroapatite standard. These corrected b1/2 values were then

used in the Scherrer equation [46] to calculate D values,

which are related to the crystal length (002) and crystal

cross section (130). Both the small size of the crystals and

the imperfections in the crystals are associated with peak

broadening. Since it is not possible to separate out these

effects, a crystallinity parameter was not calculated.

FTIR Spectroscopy

FTIR spectra were recorded from isolated crystals in KBr

pellets using a Perkin-Elmer (Oak Brook, IL) 1760-X

spectrometer. Estimates of the labile phosphate compo-

nents were made using band area ratios obtained after

decomposition of the t4 PO4 band [25]. Labile ions have

nonapatitic environments and are associated with a

hydrated layer at the surface of the nanocrystals in aqueous

media [29]. The carbonate intensity ratios (typeA/typeB,

878/871 cm-1; type C/type B, 866/871 cm-1) and a reso-

lution factor (RF) indicating crystallinity were calculated

from deconvoluted carbonate peaks in the t2 carbonate



domain [17, 47]. Samples were analyzed immediately after

deproteinization processing to ensure dryness. The stan-

dard errors are \1% on the height and width for the bands

of interest.

31P Solid-State NMR Spectroscopy

Measurements were carried out on a Bruker (Billerica,

MA) MSL-400 NMR spectrometer, equipped with a 9.4

Tesla field strength magnet, yielding proton and phospho-

rus frequencies of 400.13 and 161.98 MHz, respectively. A

Bruker solid-state magic angle-spinning (MAS) probe with

B1 fields of 50–60 kHz was used with a sample rotation

speed of 4.5–5.0 kHz. The forward cross-polarization (CP)

time was 300 ls for all CP and differential CP (DCP)

experiments. The reverse DCP time varied from 290 to 320

ls. The number of scans averaged for each spectrum was

1,200, and the recycle delay was 10 s.

Statistical Analysis

Comparison between treatment groups involved the cal-

culation of means, standard deviations, and errors and

analysis of variance (two-way ANOVA to compare bone

type and age effect on the outcome variables). Statistical

analysis was performed using the statistical package Prism

4.0 (GraphPad Software, La Jolla, CA).

Results

Long-Range Order and Chemical Composition

The XRD spectra of the four isolated crystal samples are

shown in Fig. 1. The peaks are consistent with those of

apatite for both the young and old and cancellous and

cortical samples. The triple peak of apatite was not

resolved due to the peak broadening from the low crys-

tallinity and nanocrystallinity of the bone samples. From

the 002 and 130 peaks the crystal lengths and cross-sec-

tions were calculated and are shown in Table 1. Statistical

analysis showed a significant interaction between age on

the values for bone type for both crystal sizes. The older

crystals are ‘‘larger and/or more perfect’’ than the younger

crystals of the same bone type (002, P \ 0.0001; 130,

P \ 0.0001). The cortical bone mineral crystals are ‘‘larger

and/or more perfect ‘‘ than the cancellous bone crystals

(002, P \ 0.0001; 130, P = 0.01) for the younger bone

crystals but not the older.

The residual organic content of the samples after 40 days

of plasma ashing is shown in Table 2. The cancellous bone

mineral samples contained 10% and 14.6% residual protein

(young and old, respectively), while the cortical samples

were reduced to 2.3 and 3.8% (young and old, respectively).

Since the deproteinization procedures were identical, the

lower protein content of the cortical samples most likely

reflects the higher original mineral to matrix ratio in the

cortical samples and/or differences in sample porosity. The

most abundant amino acids present in the most fully de-

proteinized cortical sample were proline (314 residues/

1,000) and hydroxyproline (273 residues/1,000).

The Ca/P ratios for the cancellous and cortical bone

mineral were 1.51 and 1.61 for the younger bone and 1.58

and 1.64, respectively, for the older bone (Table 2). Highly

significant differences (P \ 0.01) were found between

1–3 month cancellous versus 1–3 month cortical and

1–3 month cancellous versus 4–5 year cortical. Significant

differences (P \ 0.05) were found for 4–5 year cancellous

versus 4–5 year cortical and 1–3 month cancellous versus

4–5 year cancellous. No significant difference was found

between 1–3 month cortical versus 4–5 year cancellous

and 1–3 month cortical versus 4–5 year cortical, indicating

comparable maturation with regard to this parameter. The

Fig. 1 XRD spectra of isolated bone mineral from (a) 1–3 month

cancellous bone, (b) 1–3 month cortical bone, (c) 4–5 year cancellous

bone, and (d) 4–5 year cortical bone. The patterns are all apatitic, but

a sharpening of the 002 peak (*26� 2h) is evident of increased

crystallinity of the older and cortical bone samples

Table 1 XRD data for bovine bone mineral

Crystal size (Å)

(002) (130)

1–3 Month cancellous 145 ± 5 55.0 ± 2.6

1–3 Month cortical 186 ± 3 61.5 ± 1.5

4–5 Year cancellous 188 ± 6 66.8 ± 2.1

4–5 Year cortical 195 ± 5 67.5 ± 0.8



carbonate content increased with age (P = 0.0001), but

between cancellous and cortical bone types this did not

always hold true (P = 0.06). The Ca/(P + CO3) values

showed a difference at 1–3 months between cancellous and

cortical (P = 0.003) but were similar at 4–5 years and

similar within a given bone type (P = 0.4). The CO3/P

atomic ratio did not increase with age.

FTIR Spectroscopy

FTIR spectra from the four samples are shown superim-

posed in Fig. 2. The patterns are similar and all apatitic.

Differences between the samples are evident after decon-

voluting and decomposing the carbonate and phosphate

domains. The ratios type A/type B and type C(labile)/type

B carbonate are shown in Table 2. There is a greater pro-

portion of type A carbonate and relatively fewer labile CO3

ions in the older bone. The carbonate RF is higher for the

older cortical bone. The relative infrared band intensities of

labile HPO4 and PO4 are shown in Table 2. The interaction

between age is considered extremely significant for the

HPO4 bands (P \ 0.0001); hence, age does not have the

same effect at all values of bone type. There is significantly

more labile HPO4 in the 1–3 month cancellous than the 4–

5 year cancellous bone (P \ 0.0001), while the labile

HPO4 content is very similar between 4–5 year cancellous

and cortical (Table 3).

31P NMR Spectroscopy

The normal CP 31P MAS NMR spectra are shown in Fig. 3.

All four samples exhibit the PO4 chemical shift (3.1 ppm)

and sidebands characteristic of apatite. The broad peak

width indicates the material is poorly crystalline. The dif-

ferential CP 31P MAS NMR spectra are shown in Fig. 4.

The inverted spinning sideband pattern is that of HPO4,

which is past its null for this particular value of reverse CP

time. The narrow positive-going feature overlapping the

HPO4 centerband is the centerband of PO4. The PO4 signal

has not quite reached its null point because of the slower

CP rate of PO4 (in which protons are distant from the

phosphorus) compared to HPO4 (in which a proton is near

the phosphorus). The spectral characteristics of the HPO4

including the anisotropic chemical shift are characteristic

of that for bone mineral. In all four samples, the first-order

upfield spinning sidebands are more intense than the first-

order downfield sidebands, indicating that these phospho-

rus atoms are closely associated with calcium ion [42], as

of course they would be in apatite crystals, and do not arise

from other sources of phosphorus (e.g., protein-linked

phosphonate moieties) not complexed with calcium. The

upfield-to-downfield sideband height ratio of the cancellous

samples (roughly 2.0) was slightly larger than the ratio for

the cortical samples (roughly 1.8), whereas there was no

discernable difference in the ratio between the young and

old samples. This could be an indication of subtle differ-

ences in the phosphate environments between the cortical

and cancellous samples. The linewidths of all four speci-

mens are essentially identical.

Table 2 Chemical composition data for bovine bone mineral

Ca/P Ca/(P + C) % CO3 C/P (±0.00) Residual protein (%)

1–3 Month cancellous 1.51 ± 0.04 1.31 ± 0.04 4.75 ± 0.06 0.15 10.5

1–3 Month cortical 1.61 ± 0.03 1.39 ± 0.02 5.03 ± 0.07 0.16 2.3

4–5 Year cancellous 1.58 ± 0.06 1.33 ± 0.08 5.33 ± 0.18 0.17 14.6

4–5 Year cortical 1.64 ± 0.02 1.41 ± 0.01 5.33 ± 0.10 0.17 3.8

Fig. 2 FTIR spectra of isolated bone mineral from (a) 1–3 month

cancellous bone, (b) 1–3 month cortical bone, (c) 4–5 year cancellous

bone, and (d) 4–5 year cortical bone. The patterns are all apatitic.

Deconvolution and decomposition of the t2 carbonate and t4

phosphate domains is required to detect differences between the

samples, shown in Table 2



Discussion

In this study we have characterized the physicochemical

features of bone mineral from young and old, cortical and

cancellous bovine bone that has been isolated from the

organic matrix. In this comprehensive study that included

XRD, chemical analyses, FTIR, and NMR spectroscopy,

differences were found between young (1–3 months) and

old (4–5 years) bovine mineral crystals and between can-

cellous and cortical bovine bone mineral of the same age.

From the XRD analysis we showed that bovine bone

mineral crystal size increased with age and, on average,

was larger or greater in cortical than cancellous bone.

These results on bovine bone have comparable trends to

that found in a rigorous, previous XRD study on 309

samples of cortical and trabecular human bone aged

0–90 years [31]. In that study human cancellous bone was

found to be less crystalline than cortical bone aged

0–30 years due to greater bone remodeling activity in

cancellous than cortical bone [31]. However, their XRD

study mentions the presence of a significant amorphous

phase that was not found in this study on bovine bone or

our earlier study on very early bone cell culture deposited

mineral [48]. This confirms the importance of removing the

organic phase (using low-temperature, nonaqueous meth-

ods) when conducting XRD analyses since the organic

matrix presence can confound accurate mineral character-

ization. For bones aged 30–80 years, they found only small

differences in crystallinity parameters between cortical and

cancellous and it was concluded that human bones reach

Table 3 FTIR carbonate and phosphate band ratios

A/B CO3 (±1%) C/B CO3 (±1%) Res F % Labile HPO4 % Labile PO4

1–3 Month cancellous nm nm nm 23.6 ± 0.2 10.2 ± 0.1

1–3 Month cortical 0.80 0.78 0.46 21.1 ± 0.2 10.0 ± 0.1

4–5 Year cancellous nm nm nm 20.7 ± 0.2 8.7 ± 0.1

4–5 Year cortical 0.83 0.76 0.50 20.3 ± 0.2 9.6 ± 0.1

nm, not measured due to spectral interference at this wavelength

Fig. 3 31P NMR normal CP spectra from (a) 1–3 month cancellous

bone, (b) 1–3 month cortical bone, (c) 4–5 year cancellous bone, and

(d) 4–5 year cortical bone. The patterns are all apatitic with an

isotropic chemical shift of 3.1 ppm, identical to the chemical shift of

hydroxyapatite

Fig. 4 31P NMR differential CP spectra from (a) 1–3 month

cancellous bone, (b) 1–3 month cortical bone, (c) 4–5 year cancellous

bone, and (d) 4–5 year cortical bone. The prominent inverted

spinning sideband pattern is characteristic of apatitic HPO4. The

narrow positive-going spectral feature overlapping the HPO4 center-

band is the centerband of PO4, which is not inverted at this reverse CP

time. The upfield first-order sidebands are more intense than the

downfield first-order sidebands, characteristic of calcium ion in close

association with the phosphorus atoms



maturity by 30 years [31]. The age after which matura-

tional changes cease to be significant is important

knowledge and may be the reason other studies have not

shown differences in bone mineral of different ages. In our

study, the crystal size increase was extremely significant

between 1–3 month cancellous and cortical bone compared

to that for 4–5 year cancellous and cortical bone. The 1–

3 month cortical values were similar (yet still statistically

different) to the 4–5 year cortical bone values, indicating

that the bovine cortical bones are close to reaching matu-

rity by 1–3 months. A different study, also utilizing XRD,

separated the fractions of bone by extent of mineralization

percentage (i.e., age/maturity) using density gradient cen-

trifugation and found no differences between cancellous

and cortical bone crystals [23] or young and old [32] when

the same density fractions from each were compared. A

maturation process as a function of mineral/matrix ratio, or

density fraction, was seen by some investigators [23, 49]

but not others [32]. The lack of difference between young

and old human bones in the latter study [32] may be due to

comparing samples that were considered nearly mature by

the standards of another study [31]. However, from these

previous density fractionation studies we must conclude

that, since our samples reflect pools of all density fractions

within a given bone type, the major differences detected by

XRD between the cancellous and cortical mineral crystals

reflect the larger proportion of newly formed and less

crystalline apatite found in cancellous bone compared to

cortical bone of the same age.

The chemical analyses completed in our study on bovine

mineral showed a statistically significant increase of Ca/P

ratios with age, with values that parallel those previously

published for aging rat cortical bones (1.51 evolving to

1.69) [16]. We also found a statistically significant

(P = 0.004) increase of Ca/P ratio for cancellous vs. cor-

tical bones, although age had less of an effect (P = 0.02),

which is another indication that bovine cortical bones are

nearing maturity by 1–3 months. The actual carbonate

content varies from one animal species to another and with

age within a given species [16]; however, the same trends

are observed in our study as in Legros et al. [16] with

regard to an increase of carbonate with age, which replaces

the HPO4 ions as evidenced by the constant C/P ratios. This

effect was not significant in our study (P = 0.06) between

cancellous and cortical bone of either age though.

From our analysis of the FTIR t4 phosphate band ratios,

not previously described for isolated cortical and cancel-

lous samples, we found the labile HPO4 species were

significantly reduced in the bovine cortical bone relative to

the cancellous bone for the 1–3 month group. Statistical

analysis indicated a significant interaction between age and

bone type, meaning that age did not have the same effect at

all values of bone type. Indeed, at 4–5 years the labile

phosphate values were similar for both cancellous and

cortical. The labile phosphate values were lower in bovine

bone of both ages than previously published values for

chicken bone [17, 25, 26]. The labile PO4 values did not

show consistent trends. The FTIR carbonate analyses, in

particular RF, indicate an increased crystallinity in older

samples relative to young.

Our spectral analyses on isolated mineral are similar to

those FTIR microspectroscopic studies on bone of various

types [20, 36]. The effect of a mixed population of young

and old mineral crystals on accurate characterization of the

mineral phase has been elucidated in previous FTIR and

Raman microspectroscopic and microspectroscopic imag-

ing studies [15, 19, 30, 36–40]. By separating the analysis

of the bone into recently remodeled /deposited cancellous

areas vs. recently remodeled /deposited cortical areas, a

study concluded that the youngest/least crystalline can-

cellous mineral was similar to the youngest/least crystalline

cortical mineral when using the 1,020/1,030 band ratio

[30]. An analysis of the carbonate bands and the t1, t2

phosphate bands [15] revealed differences between young

(4 weeks) and old (9 months) mouse mineral, which we

have seen here in our chemical analyses and FTIR analyses

of young (1–3 months) and old (4–5 years) bovine mineral.

Namely, carbonate content was different between young

cancellous and cortical bone, with less in younger bone, but

in the older samples the carbonate contents had increased

to the same levels in cortical and cancellous. While FTIR

cannot provide quantitative chemical analysis, the agree-

ment of our chemical analysis with the trends previously

published from FTIR microspectroscopic analysis [15, 30]

further validates FTIR imaging/microspectroscopic analy-

sis of intact bone mineral (not isolated) as a means of

making sensitive comparative measurements of the chem-

icophysical aspects of the mineral phase of bone.

The solid-state NMR data obtained in the present study

along with the XRD and chemical data further confirmed

the single-phase nature of the bone mineral at both ages

and in both anatomic sites; however, it was not sensitive to

aging or maturation phenomena. Additional insights may

be gained with new solid-state NMR techniques [8] that

permit the study of the mineral without the necessity of

removing the matrix, thereby lessening the possibility that

results could be affected by the plasma ashing or chemical

matrix removal techniques.

Conclusions

To conclude, statistically significant differences were

found, on average, between cancellous and cortical bovine

bone mineral that varied with age. This study further val-

idates that bone mineral undergoes a maturation process:



the Ca/P ratio of the carbonated apatite increases, the

mineral becomes more crystalline, and crystal size

increases. There are fewer labile phosphate groups and

more incorporated carbonate ions in older bone mineral

crystals. No other mineral phases were found. Bovine bone

mineral reaches maturity at 1–3 months. The interpretation

of the results for cancellous and cortical bone is not

straightforward due to the inhomogeneity of bone with

regard to the mixed presence of recently deposited mineral

and mature mineral and the presence of more recently

deposited bone in cancellous than in cortical bone, partic-

ularly at earlier ages. We therefore conclude that the

differences between cortical and cancellous bone mineral

should be ascribed to the different average age of the

mineral crystals contained within the samples. There are no

differences in the mineral component per se between cor-

tical and cancellous bone when grouped by age/maturity.
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