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Abstract
Bone mineral carbonate content assessed by vibrational spectroscopy relates to fracture incidence, and mineral maturity/ 
crystallinity (MMC) relates to tissue age. As FT-IR and Raman spectroscopy become more widely used to characterize 
the chemical composition of bone in pre-clinical and translational studies, their bone mineral outcomes require improved 
validation to inform interpretation of spectroscopic data. In this study, our objectives were (1) to relate Raman and FT-IR 
carbonate:phosphate ratios calculated through direct integration of peaks to gold-standard analytical measures of carbonate 
content and underlying subband ratios; (2) to relate Raman and FT-IR MMC measures to gold-standard analytical measures 
of crystal size in chemical standards and native bone powders. Raman and FT-IR direct integration carbonate:phosphate ratios 
increased with carbonate content (Raman: p < 0.01, R2 = 0.87; FT-IR: p < 0.01, R2 = 0.96) and Raman was more sensitive to 
carbonate content than the FT-IR (Raman slope + 95% vs FT-IR slope, p < 0.01). MMC increased with crystal size for both 
Raman and FT-IR (Raman: p < 0.01, R2 = 0.76; FT-IR p < 0.01, R2 = 0.73) and FT-IR was more sensitive to crystal size than 
Raman (c-axis length: slope FT-IR MMC + 111% vs Raman MMC, p < 0.01). Additionally, FT-IR but not Raman spectros-
copy detected differences in the relationship between MMC and crystal size of carbonated hydroxyapatite (CHA) vs poorly 
crystalline hydroxyapatites (HA) (slope CHA + 87% vs HA, p < 0.01). Combined, these results contribute to the ability of 
future studies to elucidate the relationships between carbonate content and fracture and provide insight to the strengths and 
limitations of FT-IR and Raman spectroscopy of native bone mineral.

Keywords  Fourier transform infrared imaging · Raman imaging · X-ray diffraction · Hydroxyapatite · Carbonate · 
Crystallinity

Introduction

Properties of the bone mineral consist of chemical/ compo-
sitional factors, such as anionic or cationic substitution, and 
stoichiometric/ size factors, such as the structural order and 
crystallite size of the bone mineral. Properties of the bone 
mineral change with disease, age, and drug treatment and 
may contribute to bone fragility. For example, bone mineral 
composition, specifically carbonate content, was a signifi-
cant explanatory variable between age and BMD matched 
postmenopausal women with and without fragility fractures. 
[1–4] Factors arising from disease, age, and drug treatment 
such as disrupted cellular remodeling and altered serum 
chemistry contribute to changes in the properties of bone 
mineral. Properties of the bone mineral can be quantified 
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with vibrational spectroscopy, energy dispersive X-ray 
spectroscopy, and nuclear magnetic resonance spectros-
copy [5]. Fourier transform infrared (FT-IR) spectroscopy 
and Raman spectroscopy are the two primary vibrational 
spectroscopic modalities to rapidly characterize properties 
of the bone mineral in a spatially resolved fashion. Proper-
ties of the bone mineral can be quantified from FT-IR and 
Raman spectra to measure compositional changes, such as 
ionic substitution, and structural changes, such as size and 
stoichiometric perfection [5–7]. The two primary FT-IR and 
Raman outcomes that quantify bone mineral properties are 
the carbonate:phosphate ratio and mineral maturity/ crys-
tallinity (MMC). The carbonate:phosphate ratio measures 
the extent of carbonate substitution into the bone mineral 
crystal lattice, and MMC measures bone mineral crystal size 
and structural and stoichiometric perfection, with both being 
related to mechanical properties, aging, bone tissue forma-
tion, and remodeling [6, 8–10].

Alterations in bone mineral composition (MMC and 
the carbonate:phosphate ratio) may arise from cellular and 
physiochemical processes that alter tissue age (time since 
formation). Mineral maturity/ crystallinity increases with 
tissue age and animal age and is greater at the center vs. the 
edge of trabeculae [11–14]. Mineral maturity/ crystallinity 
is altered with bone diseases such as osteoporosis, vitamin 
D deficiency, osteogenesis imperfecta, and renal osteodys-
trophy [1]. In addition, the carbonate:phosphate ratio was a 
key explanatory variable for fracture independent of age and 
BMD in women with fragility fractures, demonstrating its 
importance as a spectroscopic measure of bone quality [4]. 
However, there is no well-established relationship between 
the carbonate:phosphate ratio and tissue age. Carbonate 
content, typically measured as the carbonate:phosphate 
ratio, reportedly increases [11] or decreases [12] with tissue 
age and has greater [15] or lesser [16] values at the edge 
of trabeculae vs. the center. The inconsistent results on the 
relationship between the carbonate:phosphate ratio and tis-
sue age could reflect biological variation because bone is 
compositionally heterogeneous [17]. Variation in aspects of 
the bone tissue microstructure, such as porosity, contributes 
to variable interaction of bone mineral with serum sources 
of carbonate, thereby limiting or promoting carbonate sub-
stitution [18]. Furthermore, cellular formation and resorp-
tion processes can alter the local chemical environment, dis-
rupting labile mineral surface carbonate content [19, 20]. 
Therefore, clarification of the underlying physical basis of 
spectroscopic measures of carbonate substitution can con-
tribute to the understanding of the relationship between the 
carbonate:phosphate ratio and tissue age.

Carbonate is the most common anionic impurity in 
bone mineral, which is composed of poorly crystalline 
hydroxyapatite (HA). Carbonate occupies trivalent anionic 
phosphate sites (B-type), monovalent anionic hydroxide sites 

(A-type), and unstable labile sites in the hexagonal crystal 
lattice [21, 22]. The key carbonate bands in bone mineral are 
ν3 PO4-ν1 CO3 (Raman active), and ν2 CO3 and ν3 CO3 (FT-
IR active) (Table 1, Fig. 1 A, B). The Raman ν3 PO4-ν1 CO3 
region has been resolved into subbands, and the ν1 CO3-ν3 
PO4 component (predominantly ν1 CO3) is correlated with 
weight percent carbonate [23, 24]. However, the process of 
spectral deconvolution, second derivative spectroscopy, and 
subband fitting to resolve these bands is computationally 
expensive. Furthermore, potential errors between subband 
fits and pre-processed spectra can occur and are best iden-
tified through visual inspection, making these techniques 
impractical for the analysis of thousands of spectra collected 
when imaging [25, 26]. Therefore, simple direct integra-
tion of the entire ν3 PO4-ν1 CO3 is most commonly used in 
Raman analysis of mineralized tissues. The FT-IR ν3 CO3: 
ν1 PO4 ratio has also been related to gold-standard analytical 
measures of carbonate content, i.e., weight percent carbonate 
determined by elemental analysis and coulometry [16, 27]. 
Although the FT-IR ν3 CO3: ν1 PO4 ratio has been validated, 
it cannot be directly analyzed in native mineralized tissues 
because of overlapping amide vibrational modes in the ν3 
CO3 region (Fig. 1B), making the ν2 CO3 band more com-
monly used in FT-IR analysis of mineralized tissues. Despite 
direct integration of the Raman ν3 PO4-ν1 CO3 peak and the 
FT-IR ν2 CO3 peak being widely used in characterization of 
mineralized tissue, they have not been related to gold-stand-
ard analytical measures of carbonate content. [9, 28–34]

The vibrational spectroscopic outcomes of MMC that 
have been developed to characterize the poorly crystal-
line HA in native mineralized tissues are broadly related to 
crystal size as well as structural and stoichiometric perfec-
tion [12, 28]. Specifically, vibrational spectroscopy directly 
measures mineral maturity as a ratio of apatitic: non-apatitic 
domains, and indirectly measures crystallinity as a meas-
ure of size and degree of structural perfection, by correla-
tions with crystal size assessed by x-ray diffraction (XRD). 
Notably, mineral maturity and crystallinity, two measures of 
mineral crystal size and structural and stoichiometric per-
fection, are highly correlated [35]. Raman and FT-IR MMC 
metrics are calculated from phosphate peaks in mineralized 
tissues, which were initially assigned from highly crystal-
line synthetic HA [13, 23, 36–38]. Raman MMC holistically 

Table 1   FT-IR and Raman imaging carbonate:phosphate ratio out-
comes and the vibrational modes/ peak intensities used to calculate 
them

FT-IR imaging Raman imaging

Carbonate:phosphate 
ratio

ν2 CO3: ν1-ν3 PO4 
[16]

ν1 CO3: ν1 PO4 [24]

Mineral maturity/ 
crystallinity

1030 cm−1: 
1020 cm−1

1/ FWHM ν1 PO4 [41]
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measures particle size and stoichiometric perfection from 
peak broadening [39]. FT-IR MMC specifically measures 
local order in the hydroxyapatite crystal lattice as the ratio 
of subbands in the ν3 PO4 peak at 916–1180 cm−1 (Fig. 1B) 
corresponding to stoichiometric and non-stoichiometric 
hydroxyapatite [35, 40]. Raman and FT-IR MMC have been 
related to the c-axis crystal length, a-axis crystal thickness, 
carbonate content, and acid phosphate content [14, 40–45]. 
Notably, all previously established correlations between 
Raman and FT-IR MMC and physical chemical properties 
have predominantly used chemical standards of highly pure 
and poorly crystalline HA. However, this system of chemical 
standards does not reflect large changes in MMC through a 
range of biologically relevant anionic substitutions, such as 
carbonate. Therefore, the complex effects of anionic substi-
tution on the relationships between MMC and gold-standard 
analytical measures of crystal size are unknown.

Despite widespread implementation of vibrational spec-
troscopic measures to characterize bone mineral, the most 
frequently used Raman and FT-IR carbonate:phosphate 
ratios (Raman ν1 CO3: ν1 PO4; FT-IR ν2 CO3: ν3 PO4) 
are not yet fully validated, and MMC measures remain 
incompletely understood.[9, 12, 13, 28–30, 33, 34, 46–50] 
Thus, the objectives of this study were to (1) relate Raman 
and FT-IR carbonate:phosphate ratios calculated through 
direct integration of peaks to gold-standard analytical 
measures of carbonate content and underlying subband 
ratios; (2) to relate Raman and FT-IR mineral maturity/ 
crystallinity (MMC) measures to gold-standard analytical 
measures of crystal size in chemical standards of AB-type 
carbonate-substituted hydroxyapatite (CHA), poorly crys-
talline hydroxyapatites, and native bone powders.

Fig. 1   Characterization of carbonate-substituted hydroxyapatite a 
Raman spectra and b FT-IR spectra show characteristic phosphate 
and carbonate vibrational modes, with the carbonate peak size and 
FWHM of the phosphate peak increasing with carbonate content c 

Powder XRD diffraction patterns with characteristic (002) and (310) 
peaks, which decrease in intensity and widen with increasing carbon-
ate content indicating a loss of size and structural perfection
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Methods

Study Design

To broaden the validation of FT-IR and Raman measures 
of bone mineral carbonate content and crystallinity, we 
characterized synthetic chemical standards and native 
bone tissue mineral (Table 2). Synthetic chemical stand-
ards enabled modulation of critical variables: (1) carbon-
ate substitution, which was varied over the range 1–14 
wt% in carbonate-substituted hydroxyapatite (CHA), and 
(2) crystal size and stoichiometric perfection, which were 
varied in poorly crystalline hydroxyapatite, by increasing 
reaction times in the transition from amorphous calcium 
phosphate to crystalline hydroxyapatite. Native bone tis-
sue, including deproteinated bone tissue, was character-
ized to ensure that synthetic hydroxyapatite spanned the 
biologically relevant range of carbonate substitution, min-
eral crystal perfection, and mineral crystal size.

To characterize the mineral properties of synthetic 
chemical standards and native bone mineral, FT-IR spec-
troscopy, we performed Raman spectroscopy, X-Ray dif-
fraction (XRD), and elemental analysis (Table 2). In all 
samples, mineral crystal size was characterized with XRD. 
In carbonate-substituted hydroxyapatite, mineral composi-
tion was characterized with FT-IR spectroscopy, Raman 
spectroscopy, and elemental analysis. The carbonate con-
tent of synthetic samples calculated from weight % carbon 
assessed by elemental analysis is referred to throughout 
the manuscript as “carbonate content assessed by elemen-
tal analysis” because it can be stoichiometrically related 
to the weight % carbon that is directly measured by this 
technique. In poorly crystalline HA, mineral composition 
was characterized with FT-IR and Raman spectroscopy 
but not elemental analysis because carbonate substitution 
was not altered in this set of chemical standards. In native 

bone samples, mineral composition was characterized with 
FT-IR and Raman spectroscopy but not elemental analysis 
because the organic phase would contribute to measured 
carbonate content.

Synthetic Carbonate‑Substituted Hydroxyapatite 
Specimens

Raman and FT-IR carbonate:phosphate ratios and MMC 
outcomes were measured in chemical standards of AB-
type carbonate-substituted hydroxyapatite (CHA) and 
poorly crystalline hydroxyapatites (HA) synthesized by 
an aqueous precipitation process [51]. Briefly, 500 mL 
10–2 M CaNO3·(H2O)4 was added to 500 mL 5.9 × 10–3 M 
(NH4)2HPO4 with varying quantities of (NH4)2CO3 while 
stirring at 65  °C, adjusting the pH to 9.47 ± 0.02 with 
28–30% NH4OH. Precipitates were aged in solution for from 
0 to 165 h at 65˚C and laundered in 0.15 M NH4OH and 
100% ethanol.

Bone Specimens

Bone specimens in this study were a subset of those in a 
previous study and included as a reference to compare to 
synthetic chemical standards and ensure that the standards 
spanned a biologically relevant range of carbonate con-
tent from multiple taxa relevant to translational research in 
osteoporosis treatment [52]. Briefly, specimens included 
cortical regions of human pyriformis fossa (age = 74, 74, 
75, 89 years; sex = F), intracortical regions of murine femo-
ral diaphysis (age = 3 months; sex = F; strain C57Bl/6), 
and intracortical regions of ovine distal anterior femoral 
diaphysis (age = 6–8 months; sex = not recorded). Human 
and murine specimens were collected following procedures 
approved, respectively, by the Institutional Review Board of 
the Hospital for Special Surgery and the Institutional Animal 
Care and Use Committees at Cornell University. The ovine 

Table 2   A summary of the study design including characterization techniques (first row) performed for each type of sample (first column), with 
the outcomes calculated from each characterization technique for each sample type in the grey cells

Elemental analysis was not performed on poorly crystalline HA because carbonate content was not varied in these syntheses

Sample set Characterization technique

FT-IR spectroscopy Raman spectroscopy Elemental analysis X-Ray diffraction

Carbonate-substituted HA
(varying carbonate content)

Carbonate:phosphate ratio, 
MMC, acid phosphate 
content

Carbonate:phosphate ratios, 
and MMC

Weight % carbonate (002) crystal length and (310 
crystal thickness)

Poorly crystalline HA 
(varying crystal size)

MMC, and acid phosphate 
content

MMC (002) crystal length and (310 
crystal thickness)

Native bone tissue Carbonate:phosphate ratio, 
and MMC

Carbonate:phosphate ratio, 
and MMC

(002) crystal length

Deproteinized bone tissue Carbonate:phosphate ratio, 
and MMC

Carbonate:phosphate ratio, 
and MMC

(002) crystal length and (310 
crystal thickness)
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specimens were collected at a slaughterhouse. A subset of 
the specimens were deproteinated by soaking the specimens 
in NaOCl for 2 weeks [53]. Specimens were prepared for 
FT-IR and Raman spectroscopy by dehydration with graded 
alcohols (70% vol ethanol, 95% vol ethanol, isopropanol, 
and xylene), de-fatting with isopropyl ether, lyophilizing in 
a vacuum drier, and powdering in a cryomill (6770 SPEX 
Sample Prep) [54]. Powder specimens designated for FT-IR 
spectroscopy (2 mg) were combined with KBr (200 mg) and 
pressed into pellets with a hydraulic press.

Vibrational Spectroscopy

Raman Spectroscopy

Raman spectroscopy was performed on chemical standards 
and native bone powders with a Raman microscope (InVia, 
Renishaw) with a 50X, 0.55 N.A. long-working-distance 
objective (Lecia Mocrosystems, Vertrieb). Spectra were 
collected using a 785 cm−1 near-infrared laser at 10mW for 
60 s over the range 800–2000 cm−1 with a spectral reso-
lution of 1 cm−1. Raman spectra were analyzed following 
previously established protocols to generate the second 
derivative spectra, fit underlying subbands, and calculate the 
carbonate:phosphate ratio in two ways 1) direct integration 
of the ν1 CO3-ν3 PO4 peak and 2) with the ν1 CO3-ν3 PO4 
subband area, along with the MMC outcome. Prior to analy-
sis, all spectra were baseline corrected to remove fluorescent 
contributions to the spectra [6, 24, 55, 56].

Direct Integration/ MMC

The computationally efficient direct integration 
carbonate:phosphate ratio and MMC were calculated from 
previously established methods using Grams AI (Thermo 
Fischer Scientific). Briefly, the ν1 PO4 and ν1 CO3-ν3 
PO4 peak areas were calculated by linearly baselining the 
peaks at local minima and integrating them (ν1 PO4 range: 
930–980 cm−1; ν3 PO4-ν1 CO3 peak range: 1050–1100 cm−1) 
[24, 57]. The direct integration Raman carbonate:phosphate 
ratio was calculated as the area ratio of ν1 CO3-ν3 PO4 / ν1 
PO4 peaks, and Raman MMC was calculated as the inverse 
of the full width at half maximum (FWHM) of the Gaussian 
distribution fit to the ν1 PO4 peak [41].

Second Derivative Analysis and Subband Peak Fitting

In contrast to the computationally efficient Raman direct 
integration carbonate:phosphate ratio, relatively computa-
tionally expensive second derivative analysis and subband 
fitting was performed to resolve the ν1 CO3 subband using 
Grams AI (Thermo Fischer Scientific). Briefly, following 
truncation over the range 850–1150 cm−1 and smoothing 

with a 2nd order Savitskay-Golay function, second deriva-
tive spectra were calculated and subband peak positions 
were identified from local minima in the second derivative 
spectra (Fig. 2a) [58]. Four to seven subbands were fit fol-
lowing previously established methods [24]. Briefly, sub-
bands were input based on the second derivative spectra, and 
the resulting subband positions, widths, and heights, were 
determined based on the convergence of the chi-squared 
error between the fit spectra and the raw spectra using a 
Levenberg-Marquart algorithm.

FT‑IR Spectroscopy

FT-IR spectra of chemical standards and native bone tis-
sue were obtained by dispersing sample powder in KBr at a 
100:1 wt/wt KBr:CHA ratio and pressing the powder mix-
ture into pellets. KBr + sample pellets were scanned using 
a FT-IR spectrometer (Hyperion, Bruker) with a deuterated 
triglycine sulfate detector from 400 to 2000 cm−1 at a spec-
tral resolution of 2 cm−1. Interferograms were apodized with 
a medium Norton–Beer function, and FT was performed 
with two levels of zero filling.

FT‑IR Spectral Processing

FT-IR spectra of synthetic CHA and native tissues were 
analyzed following previously established protocols to cal-
culate the FT-IR carbonate:phosphate ratio, MMC, and acid 
phosphate content [3, 32, 36, 45]. Spectra were truncated 
over the range 800–1800 cm−1and baseline-corrected with 
chemical imaging software (ISYS 5.0, Malvern Instruments, 
Ltd.). The ν3 PO4 and ν2 CO3 peak areas were calculated by 
linearly baselining and integrating the peaks (ν3 PO4 range: 
916–1180 cm−1; ν2 CO3 range: 852–890 cm−1). The FT-IR 
carbonate:phosphate ratio was calculated as the area ratio 
of the ν3 PO4 and ν2 CO3 peaks and the FT-IR MMC was 
calculated as the intensity ratio at 1030 cm−1/ 1020 cm−1. 
Acid phosphate content was calculated using the intensity 
ratio 1127 cm−1/ 1096 cm−1 of the baselined ν3 PO4 peak 
[32, 36, 45].

Reference Analytical Measures

Elemental Analysis

Elemental analysis was performed on chemical standards by 
the Cornell University Stable Isotope Laboratory (COIL). 
The gold-standard analytical measure of carbonate content 
was determined by C-H-N elemental analysis with an ele-
mental analyzer (NC2500, Carlo Erba) attached to an iso-
tope ratio mass spectrometer (Delta V, Thermo Scientific) 
calibrated with international reference materials provided by 
the International Atomic Energy Association. In chemical 
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standards of CHA, weight percent of AB-type carbonate 
content was calculated by multiplying the weight percent 
carbon obtained by elemental analysis by a factor of five, 
the molar mass ratio of carbon/ carbonate. In deproteinated 
bone, weight percent carbonate was not calculated because 
the organic phase of bone cannot be completely removed, 
even after 14 days of deproteinization in NaOCl (Supple-
mental Fig. S1), consistent with prior studies comparing 
different methods to deproteinize bone [53]. Thus, bone 
mineral carbonate content calculated from weight percent 
carbon obtained from elemental analysis would be inaccu-
rate due to remaining organic carbon sources.

X‑Ray Diffraction

Powder X-ray diffraction (XRD) patterns of chemical 
standards and native tissue were obtained with a powder 
diffractometer (D8 advance ECO, Bruker) with a 1 kW 

Cu source and a high-speed silicon strip detector. Three 
XRD patterns of each sample were obtained at 40 kV and 
25 mA: 1) long scans over the range 2θ = 2–45° (15 min 
scan time) to confirm the hydroxyapatite phase of chemical 
standards by the absence of a peak at 2θ = 4°, correspond-
ing to octacalcium phosphate (Fig. 1c); 2) short scans over 
the range 2θ = 22–28° (3 min scan time) to resolve the 002 
peak; and 3) short scans from 2θ = 37–43° (3 min scan 
time) to resolve the 310 peak. Analysis of XRD patterns 
was performed using powder diffraction software (JADE, 
Materials Data). The hydroxyapatite phase was confirmed 
by comparisons of peak profiles to industry standards of 
synthetic crystalline hydroxyapatite and carbonate-sub-
stituted hydroxyapatite (HA JCPDS PDF #98–000-3303, 
CHA JCPDS PDF #01-072-9861). C-axis crystal length 
and a-axis crystal thickness were calculated by perform-
ing Scherrer analysis on the (002) and (310) short scans, 
respectively [59].

Fig. 2   Raman spectra of the ν1 CO3 – ν3 PO4 region of synthetic 
CHA, native human bone, and deproteinated human bone. a Reso-
lution of the Raman spectrum of synthetic CHA (blue) based on 
the second derivative spectrum (orange) into four distinct subbands 
(black) fit to the raw spectrum (red); b Resolution of Raman spectrum 

of human bone (blue) into five distinct subbands (black) fit to the raw 
spectrum (red dotted line); c Resolution of Raman spectrum of depro-
teinated human bone (blue) into four distinct subbands (black) fit to 
the raw spectrum (red dotted line)
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Statistical Analysis

Statistical analysis was performed using JMP statistical 
software (SAS) with a significance level of p = 0.05 for all 
analyses. In synthetic chemical standards, Raman and FT-IR 
carbonate:phosphate ratios and MMC were correlated to ref-
erence analytical measures and subband peak ratios by per-
forming linear regressions, and comparisons of relationships 
was performed by regression slope analyses by analysis of 
covariance (ANCOVA).

Results

The presence of distinct peaks in XRD patterns distin-
guished the CHA phase from the amorphous calcium phos-
phate (ACP) precursor (Fig. 1c), with the precipitates having 
a platelet-like morphology 15–40 nm in length determined 
by Scherrer analysis and confirmed by TEM (Supplemental 
Fig. S2). Poorly crystalline HAs displayed a transition from 
ACP, characterized by a lack of distinct peaks in the XRD 
pattern, to crystalline HA, with characteristic (002) and 
(310) peaks in the XRD pattern (Supplemental Figure S3 C).

Overall, Raman spectra, FT-IR spectra, and XRD pat-
terns of CHA displayed changes characteristic of increasing 
AB-type CO3 substitution, as wt% carbonate content was 
increased in the reaction. Also, Raman spectra, FT-IR spec-
tra, and XRD patterns of HA displayed changes characteris-
tic of increasing structural order during the transition from 
amorphous calcium phosphate to crystalline HA. In CHA, 
as we increased reactant sources of carbonate content dur-
ing synthesis, Raman and FT-IR carbonate peak intensities 
increased and phosphate peaks widened, and XRD peaks 
widened (Fig. 1), together suggesting increased AB-type 
CO3 substitution and decreased crystal size and structural 
perfection. In poorly crystalline HA, as we increased reaction 
time, Raman and FT-IR phosphate peak intensities increased 
and widths narrowed (Supplemental Fig. 3Sa, b). Also, in 
poorly crystalline HA, distinct peaks in the XRD pattern 
began to appear with increasing reaction time (Supplemental 
Figure S3c), suggesting increased crystal size and structural 

perfection when combined with FT-IR and Raman spectra. 
These qualitative changes in CHA, poorly crystalline HA, 
and native bone tissue were reflected in quantitative analysis 
of peak area ratios, subband area ratios, peak widths, and 
peak shoulder intensities (see Carbonate:phosphate ratio and 
Mineral maturity/ crystallinity section).

To assess the validity of our system of chemical standards 
of CHA, we compared the peak positions of underlying sub-
bands between spectra of CHA and native bone. In spectra 
of native bone, we identified five peaks corresponding to 
Raman-active organic and inorganic vibrational modes in 
the ν1 CO3—ν3 PO4 region of the spectrum (Fig. 2b and 
Table 3). The positions of these peaks in the spectra of 
native bone were similar to those in synthetic CHA (Fig. 2a 
and Table 3).

Carbonate:Phosphate Ratio

All carbonate to phosphate ratios increased with analytical 
measures of carbonate content (Raman subband: p < 0.01, 
R2 = 0.92; Raman direct integration: p < 0.01, R2 = 0.87; 
FT-IR: p < 0.01, R2 = 0.96), and fell within the biological 
ranges of carbonate:phosphate ratios (Fig. 3a).

The FT-IR carbonate:phosphate ratio and Raman sub-
band carbonate:phosphate ratio increased with the Raman 
direct integration carbonate:phosphate ratio (FT-IR: 
p < 0.01, R2 = 0.93; Raman subband: p < 0.01, R2 = 0.93) 
(Fig.  3a). Also, the relationship between the FT-IR 
carbonate:phosphate ratio vs. carbonate content was differ-
ent than the relationships of both Raman parameters (direct 
integration and subband) vs. carbonate content (regression 
slope test: p < 0.01; slope Raman direct integration + 179%, 
subband + 183% vs. slope FT-IR) (Fig. 3a). However, the 
relationship between Raman carbonate:phosphate ratios 
(direct integration and subband) and carbonate content did 
not differ (regression slope test: p = 0.06).

Mineral Maturity/Crystallinity

Raman and FT-IR MMC correlated with reference analyti-
cal measures of crystal size and composition. Specifically, 

Table 3   Mean peak positions of the five subbands into which spectra of native bone tissue were resolved over the range 1000–1100 cm−1

Peak # Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

Assignment 1070 cm−1

ν1 CO3-ν3 PO4

1060 cm−1 proteogly-
can

1048 cm−1

ν3 PO4

1035 cm−1

ν3 PO4

1003 cm−1

ν (C–C)

Mean cm−1 diff Mean cm−1 diff Mean cm−1 diff Mean cm−1 diff Mean cm−1 diff

Human 1072 2 1059 1 1046 2 1030 5 1003 0
Mouse 1071 1 1057 3 1045 3 1029 6 1003 0
Sheep 1074 4 1061 1 1045 3 1031 4 1005 2
Synthetic CHA 1074 4 N/A N/A 1049 1 1034 1 1002 1
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Raman and FT-IR MMC correlated with c-axis crys-
tal length (Raman: p < 0.01, R2 = 0.80; FT-IR p < 0.01, 
R2 = 0.73) and a-axis crystal thickness (Raman: p < 0.01, 
R2 = 0.62; FT-IR: p < 0.01, R2 = 0.62). Furthermore, 
Raman and FT-IR MMC were correlated with each other 
(p < 0.01, R2 = 0.67). Additionally, a-axis crystal thickness 
and c-axis crystal length were correlated with each other 
(p < 0.01, R2 = 0.76). In multivariate regression analysis, 
c-axis crystal length was a significant explanatory variable 
of FT-IR and Raman MMC, but a-axis crystal thickness 
was not a significant explanatory variable (FT-IR MMC: 
c-axis crystal length p < 0.01, a-axis crystal thickness 
p = 0.18, R2 = 0.74; Raman MMC: c-axis crystal length 
p < 0.01, a-axis crystal thickness p = 0.80), suggesting 
that the carbonate substitutions examined here are vol-
ume substitutions in the apatite core that are more affected 
by c-axis crystal length than substitutions in the hydrated 
surface layer. Finally, the relationships between Raman 
MMC and reference analytical measures of crystal size 
did not differ between CHA and poorly crystalline HAs 
(regression slope test: c-axis crystal length p = 0.53; a-axis 
crystal length p = 0.70) but did differ between CHA and 
poorly crystalline HAs for FT-IR MMC (regression slope 
test: c-axis crystal length p < 0.01; a-axis crystal length: 
p = 0.06) (Fig. 4). Specifically, FT-IR MMC was more 
sensitive to changes in c-axis crystal length in chemical 

standards consisting of CHA than poorly crystalline HAs 
(slope CHA + 48% vs. HA) (Fig. 4a).

In native tissue, FT-IR and Raman measures of MMC 
and XRD measures of crystal length and thickness were 
generally clustered in a small range (Fig. 4). Also in native 
tissue, FT-IR and Raman MMC were systematically below 
the regression line for chemical standards (Fig. 4). Notably, 
the length and thickness of crystals in bone specimens were 
more similar to CHA than to poorly crystalline HA. Mineral 
crystals from human samples had a wider range of FT-IR 
MMC but a narrower range of crystal length and thickness 
than murine and ovine samples (Supplemental Fig. S4 A, 
B). However, Raman MMC of native bone tissue (human, 
murine, and ovine) had a narrower range of values than 
FT-IR MMC (Supplemental Figure S4 C, D), demonstrating 
that there is an upper limit to which stoichiometry and crys-
tal structure can broaden the Raman ν1 PO4 peak. Finally, 
deproteinated ovine bone had a wider range of crystal thick-
ness than deproteinated human bone, and a single sample 
had relatively thin bone mineral crystals (~ 4.4 nm) but did 
not meet the statistical definition of an outlier (1.5 × inter-
quartile range) (Supplemental Figure S4 C).

Additionally, in chemical standards of CHA, Raman 
MMC linearly correlated with reference analytical meas-
ures of carbonate content, but FT-IR MMC reciprocally cor-
related with weight % carbonate (Raman linear: p < 0.01, 

Fig. 3   a Correlations between FT-IR (maroon) and Raman (green) 
carbonate:phosphate ratios and gold-standard analytical measures 
of carbonate content assessed by elemental analysis; b Correlations 
between 1) Raman subband carbonate:phosphate ratios (green) vs. the 
Raman imaging direct integration carbonate:phosphate ratio and 2) 

the FT-IR carbonate:phosphate ratio (maroon) vs. the Raman imaging 
direct integration carbonate:phosphate ratio. Note, regression equa-
tions and Pearson’s squared correlation coefficient are bellow each 
figure and all p-values for the null hypothesis of the regression slope 
being zero are p < 0.01
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Fig. 4   Correlations between MMC measures assessed by FT-IR 
(maroon) and Raman (green) spectroscopy with (a, b) crystal length 
and (c, d) crystal thickness in chemical standards of CHA (solid cir-
cles), chemical standards of HA (crossed squares). Native tissue 
(open circles) were not included in regressions and are provided as 
a reference to chemical standards. Results of regression analyses of 
MMC vs. crystal length/thickness for each series of chemical stand-
ards (CHA and HA) and Pearson’s squared correlation coefficient 

are reported beneath each graph (p < 0.01 for all). Vertical lines with 
p-values between regression equations indicate that the slopes of the 
pairs of regression lines differed at *p < 0.05 and #p < 0.10 in the 
regression slope comparison. When slopes of the independent CHA 
and HA regressions were similar in the regression slope compari-
son (p > 0.05), as in (b, (c), (d), regression trendlines are plotted for 
pooled CHA and HA data



86	 E. A. Taylor et al.

1 3

R2 = 0.57; Raman reciprocal: p < 0.01 R2 = 0.34; FT-IR lin-
ear: p < 0.01, R2 = 0.58; FT-IR reciprocal p < 0.01, R2 = 0.76) 
(Fig. 5a, b). Also, Raman and FT-IR MMC correlated with 
acid phosphate content (Raman: p < 0.01, R2 = 0.52; FT-IR: 
p < 0.01, R2 = 0.67) (Fig. 5c, d).

Discussion

The objectives of this study were to (1) relate computation-
ally efficient Raman and FT-IR carbonate:phosphate ratios 
calculated through direct integration of peaks to gold-stand-
ard analytical measures of carbonate content and underlying 
subband ratios; (2) to relate Raman and FT-IR mineral matu-
rity/ crystallinity (MMC) measures to gold-standard analyti-
cal measures of crystal size in chemical standards of AB-
type carbonate-substituted hydroxyapatite (CHA), poorly 
crystalline hydroxyapatites, and native bone powders. By 
interrelating Raman and FT-IR measures of carbonate and 

MMC with their gold-standard analytical counterparts, we 
provide four key findings that contribute to the understand-
ing and validation of these outcomes used in spectroscopic 
imaging of native bone tissue. First, all carbonate:phosphate 
ratios examined (Raman direct integration, Raman subband 
and FT-IR) were positively correlated with gold-standard 
analytical measures of carbonate content (Fig. 3a). Second, 
Raman carbonate:phosphate ratios determined by subband 
fitting correlated with that determined by direct integration 
(Fig. 3b) and had similar relationships with gold-standard 
analytical measures of carbonate content (Fig. 3a). Third, 
Raman and FT-IR MMC correlated with c-axis crystal 
length, a-axis crystal thickness, carbonate content, and acid 
phosphate content (Figs. 4, 5). Fourth, the relationships 
between FT-IR MMC and reference analytical measures of 
crystal length differed between CHA and poorly crystalline 
HAs, but were similar for Raman MMC (Fig. 4a, b ). Addi-
tionally, we established that Raman is more sensitive to vari-
ations in carbonate content and FT-IR is more sensitive to 

Fig. 5   Correlations between FT-IR (maroon) and Raman (green) 
MMC measures with (a, b) gold-standard analytical measures of car-
bonate content (linear and reciprocal fits are plotted with the fit with 

the higher Pearson’s squared correlation coefficient (R2) in a bold line 
and the fit with the lower correlation coefficient in a dotted line) and 
(c, d) FT-IR acid phosphate content
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changes in crystal size and/ or structural perfection, based on 
quantitative relationships between spectroscopic measures 
and gold standard analytical measurements. These results 
are consistent with the fundamental calculation of each out-
come: Raman MMC is a general measurement of size and 
composition from peak broadening, whereas FT-IR MMC is 
a specific measurement of crystal size and composition from 
underlying subbands.

Synthetic CHA was structurally changed with incorpora-
tion of carbonate into the crystal lattice, with carbonate sub-
stitution decreasing the stoichiometric perfection. Distinct 
peaks in XRD patterns (2θ = 28˚(002) and 2θ = 40˚(310)) 
(Fig. 1c), FT-IR and Raman spectra (ν3 PO4 and ν1 PO4) 
confirmed the presence of poorly crystalline synthetic 
CHA rather than ACP [36, 38]. The presence of CHA was 
expected because the transition from ACP to HA is expected 
to occur after 60 min of aging in solution, and the duration 
of aging in this study was 20 h [41]. Raman and FT-IR car-
bonate peak intensities increased and phosphate peaks wid-
ened with increasing carbonate content (Fig. 1a, b). Also, 
the νL OH peak at 630 cm−1 was present at low wt% CO3 
but was not present at high wt% CO3, corresponding to a 
loss of hydroxyl groups in the crystal lattice [60]. Hydroxide 
was initially present in highly pure crystalline hydroxyapa-
tites [HA chemical formula: (Ca5(PO4)6OH)2]. This result 
suggests that initial carbonate substitution occurred at the 
A-type (OH−) and B-type (PO4

2−) sites, causing the νL OH 
peak to disappear. Then, further predominantly B-type sub-
stitution occurred at the PO4

2− site, forming carbonated HA 
[CHA, chemical formula: Ca10-2x/3(PO4)6-x(CO3)x(OH)2-x/3]. 
These results are supported by the previously established 
inverse relationship between the degree of hydroxylation and 
atomic order in the crystal lattice [61].

Both Raman carbonate:phosphate ratios (direct integra-
tion and subband) are further validated for use in Raman 
spectroscopy of mineralized tissues by the positive and 
similar relationships with gold-standard analytical measures 
of carbonate content (Fig. 3a, b). The positions of the sub-
bands corresponding to Raman-active organic and inorganic 
vibrational modes in the ν1 CO3—ν3 PO4 region were simi-
lar to previously reported values [6, 42]. Furthermore, the 
calculated subband carbonate:phosphate ratio in CHA fell 
within the range of native tissue (Fig. 3b), demonstrating the 
biological relevance of this system of chemical standards. 
Thus, the Raman direct integration carbonate:phosphate 
ratio can now be physically related to carbonate content 
and used for spatially resolved Raman imaging contain-
ing thousands of spectra. The FT-IR carbonate:phosphate 
ratio used to characterize mineralized tissues (ν2 CO3: ν3 
PO4 with no overlap between carbonate and amide peaks) 
was also validated by correlation with gold-standard ana-
lytical measures of carbonate content. However, the rela-
tionship between the FT-IR carbonate:phosphate ratio and 

carbonate content was different from those between the 
Raman carbonate:phosphate ratios and carbonate content 
(regression slope test: p < 0.01; slope Raman direct integra-
tion + 179%, subband + 183% vs. slope FT-IR), indicating 
FT-IR is less sensitive to carbonate content than its sister 
modality.

Raman and FT-IR MMC increased with crystal size 
assessed by XRD. Additionally, in native tissue, FT-IR 
MMC, Raman MMC, crystal length, and crystal thickness 
fell within the wide range of values encompassed by CHA 
and poorly crystalline HA. However, the lower FT-IR and 
Raman MMC values observed for native tissue compared 
to those predicted from the regressions for chemical stand-
ards (Fig. 4) could potentially arise from additional chemi-
cal impurities such as magnesium and fluoride, which can 
decrease MMC. Differences between human, ovine, and 
mouse mineral properties could arise from 1) differences 
in skeletal maturity and microstructure, with the skeletally 
immature ovine samples composed of rapidly forming 
plexiform bone with smaller mineral crystals compared to 
lamellar bone tissue from older humans and 2) murine bones 
growing through formation/ modeling processes compared 
to adult humans undergoing cellular remodeling processes. 
Specifically, Raman and FT-IR MMC increased with c-axis 
crystal length (Raman: p < 0.01, R2 = 0.80; FT-IR p < 0.01, 
R2 = 0.73) and a-axis crystal thickness (Raman: p < 0.01, 
R2 = 0.62; FT-IR: p < 0.01, R2 = 0.62) (Fig. 4), similar to 
analogous trends observed in different chemical standards 
[35, 36, 41]. Notably, the correlations between Raman and 
FT-IR MMC and measures of crystal size were modest 
(R2 = 0.62–0.80), reflecting the complex nature of MMC, 
consisting of both crystal size and stoichiometric perfec-
tion. Relationships between Raman and FT-IR MMC and 
XRD crystal size differed by modality (regression slope test: 
c-axis crystal size: p < 0.01, slope FT-IR MMC + 184% vs. 
Raman MMC; regression slope test a-axis crystal thickness: 
p < 0.01, FT-IR MMC + 186% vs. Raman MMC)) (Fig. 4). 
FT-IR MMC is more sensitive to measures of crystal size 
than Raman MMC because it is based on subband peak 
ratios, which have been related to measures of crystal size, 
whereas Raman MMC is related to crystal size through peak 
broadening effects [39, 40].

The strengths of the relationships between Raman and 
FT-IR MMC and measures of crystal size were modest. In 
particular, they were somewhat weaker than those reported 
in previous studies due to the interaction between carbon-
ate substitution and crystal size [35, 41]. The variation in 
MMC vs. crystal size data arises from two parameters: crys-
tal size and crystal stoichiometric perfection, where stoi-
chiometric perfection is influenced by structural order and 
chemical composition. These two parameters are differen-
tially influenced by carbonate content and crystal maturation 
time (time since nucleation). In previous studies, a single 
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parameter was modulated (crystal size) by controlling the 
crystal maturation time while keeping the chemical compo-
sition constant, leading to strong correlations between MMC 
and crystal size [35, 36, 40, 41]. However, in our study, both 
crystal size and stoichiometric perfection were altered by 
incorporation of carbonate (CHA) as well as reaction time 
(HA), leading to modest correlations (R2 = 0.62–0.80). Dur-
ing carbonate incorporation, carbonate ions on the surface 
of the growing crystal could alter the thermodynamics and 
kinetics of crystal growth, indirectly altering crystal size. 
Additionally, A-type and B-type carbonate substitution alter 
the stoichiometric perfection of the crystal (structural order 
and chemical composition). Also, incorporation of large 
amounts of carbonate will increase lattice strain, broaden-
ing XRD peaks and thus reducing the calculated crystal size 
[60]. This lattice strain could further contribute to the mod-
est correlations between Raman and FT-IR MMC and crystal 
size, especially for larger crystals.

Raman and FT-IR MMC decreased with carbonate con-
tent (Fig. 5a ,b). Both Raman and FT-IR MMC appeared to 
have somewhat non-linear relationships with measures of 
carbonate content (Fig. 5a, b). This non-linear relationship 
potentially arises from sequential AB-type and B-type car-
bonate substitution. The observed two-step process of car-
bonate substitution (AB-type then B-type) (Fig. 1b) leads to 
a two-step alteration of MMC. Initially, with low carbonate 
content, both A-type and B-type substitution occurs. Then, 
with higher carbonate content, predominantly the more ther-
modynamically and kinetically favorable B-type substitution 
occurs. This two-step process suggests that initial carbonate 
substitution drastically alters the crystal structure perturb-
ing the P-O stretch, and further carbonate substitution only 
modestly alters the crystal structure. The two-step process 
we observed is consistent with prior studies that show that 
carbonate substitution up to 6% wt CO3 drastically alters 
Raman and P31 NMR peak positions with further substi-
tution only modestly altering peak positions [62]. Also in 
agreement with prior work, our results suggest that carbon-
ate substitution for phosphate up to one molecule per unit 
cell functions by a low-ion-loss charge-balance mechanism, 
with further carbonate substitution functioning by a high-
ion-loss mechanism [62].

The observed non-linear relationships between Raman 
and FT-IR MMC and carbonate content are impor-
tant for interpreting pre-clinical and translational stud-
ies on native bone tissue. FT-IR and Raman MMC and 
carbonate:phosphate ratios are both associated with tissue 
age and are therefore relevant to diseases and drug treat-
ments that alter cellular bone remodeling processes. Thus, 
understanding that carbonate substitution drastically alters 
MMC in lower quantities, such as when osteoid is ini-
tially mineralized, but does not alter MMC as drastically 
at high quantities, such as in tissue with longer times since 

mineralization, assists with interpretation of these out-
comes. This non-linear relationship may provide insight 
into potential divergent results between FT-IR and Raman 
carbonate:phosphate ratios and MMC with tissue age in 
future studies which characterize actively forming bone tis-
sue, such as at the edge of trabeculae or within osteons, as 
well as senescent regions of bone, such as at the center of 
trabeculae and in interstitial regions of the cortex, in groups 
of pre-clinical and translational interest.

Overall, the strength of the relationship between MMC 
and crystal size differed by modality. FT-IR MMC was 
more sensitive to changes in crystal size than Raman MMC 
(Fig. 4). Additionally, the relationships between Raman 
MMC and reference analytical measures of crystal size did 
not differ between CHA and poorly crystalline HAs but did 
differ between CHA and poorly crystalline HAs for FT-IR 
MMC (Fig. 4). The different relationships between MMC 
and crystal length in CHA and HA arise due to the differ-
ential mechanisms by which each set of chemical standards 
alters MMC. In chemical standards of CHA, MMC is pre-
dominantly altered through introduction of carbonate impu-
rities into the crystal lattice, introducing lattice strain with 
modest changes to crystal length. In chemicals standards 
of poorly crystalline HA, MMC is predominantly altered 
through crystal growth with modest changes in crystal struc-
ture. The ability of FT-IR MMC to differentiate between 
these two mechanisms, combined with increased sensitivity 
to crystal size vs. Raman MMC, demonstrate the advan-
tages of FT-IR as a technique to characterize bone mineral. 
The sensitivity of FT-IR MMC arises because it directly 
measures both key components of MMC as the ratio of 
stoichiometric hydroxyapatite (sensitive to crystal size) and 
non-stoichiometric hydroxyapatite (sensitive to chemical 
impurities).

The established quantitative relationships between 
FT-IR and Raman measures of bone mineral composition 
provide insight into indirect measurements of mechani-
cal performance via FT-IR and Raman spectroscopy. In a 
recent review, we summarized the relationships between 
FT-IR and Raman carbonate:phosphate ratios and MMC 
with mechanical properties [1]. In general, FT-IR and 
Raman carbonate:phosphate ratios and MMCs correlated 
with tissue-level measures of indentation properties at the 
micrometer scale but did not correlate with whole-bone 
measures of structural properties at the millimeter-centime-
ter scale. Specifically, several studies have demonstrated that 
nanoindentation modulus increased with FT-IR and Raman 
carbonate:phosphate ratios and MMC [8, 63–65], although 
other studies have reported no significant correlations. [50, 
66–68] We established two relationships between FTIR and 
Raman spectroscopic measures of mineral properties and 
gold-standard analytical measures: 1) carbonate:phosphate 
ratios and carbonate content and 2) MMCs and crystal size. 
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Therefore, combined with prior work, our relationships sug-
gest that increasing carbonate substitution and mineral crys-
tal size could be associated with increased indentation mod-
ulus. However, the mechanical performance of bone arises 
from a combination of the hierarchical structure and mineral 
and organic matrix composition. Therefore, compositional 
assessment alone can only provide modest insight into the 
mechanical performance of bone at the micrometer scale.

This study has some important limitations and strengths. 
One limitation is that CHA and HA do not completely rep-
licate the structure and composition of native bone tissue. 
In addition, acid phosphate content was characterized only 
with FT-IR data and was not characterized with Raman spec-
troscopy because resolution of the acid phosphate peak at 
1015 cm−1 in the Raman spectrum requires an exception-
ally high signal to noise ratio[41], which our instrument did 
not support, reflecting the inherent challenges with charac-
terizing acid phosphate content in bone. Also, because no 
gold-standard analytical measurement for acid phosphate 
content is currently available, this measure itself is incom-
pletely validated. Another limitation of this study is the use 
of the Raman ν1 PO4 peak, which is moderately polariza-
tion dependent [62, 63]. However, because all measurements 
were made on homogenized, randomly oriented powders, 
the influence of polarization on ν1 PO4 peak intensity is 
negligible. A strength of this study is that, for the first time, 
relationships between computationally efficient Raman and 
FT-IR carbonate:phosphate ratios and gold-standard analyti-
cal measures of carbonate content have been established. In 
addition, for the first time, Raman and FT-IR measures of 
MMC have been related to crystal size and composition in 
a system of chemical standards that incorporates carbonate 
anionic substitution, the most common anionic substitution 
in native bone mineral, as well as crystal growth, which 
occurs in vivo upon mineral nucleation on the osteoid.

The quantitative relationships established in a diverse set 
of chemical standards and native tissue, combined with prior 
work [36, 40, 41], contribute to the validation key bone min-
eral outcomes. These validations allow biomedical research-
ers to confidently and efficiently characterize the carbonate 
content of native bone tissue by Raman and FT-IR spectros-
copy and identify compositional changes related to disease, 
age, and drug treatment. Furthermore, this study had the 
unique capability to identify advantages and disadvantages 
of each vibrational spectroscopic technique. Overall, FT-IR 
spectroscopy is more sensitive to changes in bone mineral 
crystal size and composition than Raman spectroscopy. 
However, Raman spectroscopy can be used to character-
ize hydrated tissue, requiring less sample preparation than 
FT-IR spectroscopy, and is emerging as a new technique 
for in vivo characterization of bone composition [64, 65]. 
Thus, these factors should be considered when determining 
which vibrational spectroscopic modality to choose when 

performing studies on native bone tissue to improve predic-
tion and understanding of fracture.
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