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Bone cell culture systems are essential tools for the study of the molecular mechanisms regulating extracellular
matrix mineralization. MC3T3-E1 osteoblast cell cultures are the most commonly used in vitro model of bone
matrix mineralization. Despite the widespread use of this cell line to study biomineralization, there is as yet no
systematic characterization of the mineral phase produced in these cultures. Here we provide a comprehensive,
multi-technique biophysical characterization of this cell culturemineral and extracellular matrix, and compare it
tomouse bone and synthetic apatitemineral standards, to determine the suitability ofMC3T3-E1 cultures for bio-
mineralization studies. Elemental compositional analysis by energy-dispersive X-ray spectroscopy (EDS) showed
calcium and phosphorus, and trace amounts of sodium andmagnesium, in both biological samples. X-ray diffrac-
tion (XRD) on resin-embedded intact cultures demonstrated that similar to 1-month-old mouse bone, apatite
crystals grewwith preferential orientations along the (100), (101) and (111)mineral planes indicative of guided
biogenic growth as opposed to dystrophic calcification. XRD of crystals isolated from the cultures revealed that
the mineral phase was poorly crystalline hydroxyapatite with 10 to 20 nm-sized nanocrystallites. Consistent
with the XRD observations, electron diffraction patterns indicated that culture mineral had low crystallinity typ-
ical of biological apatites. Fourier-transform infrared spectroscopy (FTIR) confirmed apatitic carbonate and phos-
phate within the biological samples. With all techniques utilized, cell culture mineral and mouse bone mineral
were remarkably similar. Scanning (SEM) and transmission (TEM) electronmicroscopy showed that the cultures
had a dense fibrillar collagen matrix with small, 100 nm-sized, collagen fibril-associated mineralization foci
which coalesced to form larger mineral aggregates, and where mineralized sites showed the accumulation of
the mineral-binding protein osteopontin. Light microscopy, confocal microscopy and three-dimensional recon-
structions showed that some cells had dendritic processes and became embedded within the mineral in an
osteocyte-like manner. In conclusion, we have documented characteristics of the mineral and matrix phases of
MC3T3-E1 osteoblast cultures, and have determined that the structural and compositional properties of themin-
eral are highly similar to that of mouse bone.

© 2014 Elsevier Inc. All rights reserved.
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Introduction

Bone cell culture systems are essential tools for the investigation of
themolecular mechanisms that regulate mineralization of the extracel-
lular matrix (ECM) [1]. Such studies provide fundamental information
on biomineralization important to understanding basic skeletal (and
dental) biology, and to managing mineralization-related pathologies
such as the osteomalacias and ectopic calcifications. Data onmineraliza-
tionmechanisms obtained from cell culturemodels are also valuable for
the rational design of bone repair strategies and tissue engineering
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constructs, and biomaterial innovation. For in vitro studies to have
appropriate relevance, it is important that the mineralization process
and the mineral and matrix formed be physiologic in nature.

Although there are a multitude of material characterization tech-
niques potentially applicable to the study of biomineral deposited
in vitro (and also in vivo), there is little work in the literature describing
a systematic characterization of the biomineral formed in osteoblast cell
cultures. Most investigators rely initially on classical histologic methods
using von Kossa or Alizarin Red staining, even though these stains have
repeatedly been shown to be insufficient for the accurate assessment of
themineral phase generated in cell cultures [2]. Limitations of such assays
rest on the inherent nonspecific staining of these chemical reagents. For
example, although the von Kossa reagent (silver nitrate) stains for phos-
phate, it does not specifically stain apatitic mineral and may stain other
mineral phases, just as it may potentially stain high concentrations of
protein-bound phosphate in bone [3]. Likewise, Alizarin Red chelates cal-
cium and will stain calcium regardless of its source, potentially including
extracellular matrix mineral, salts, precipitates, protein-bound calcium or
even free calcium in solution [4]. Moreover, these same chemical stains
will stain nonphysiologic dystrophic calcification [2].

Bones require for their function not only an appropriate mineral
phase, but also mineral having correct crystallite shape and size, orien-
tation, location and quantity, and an appropriate crystallinity (that
includes lattice substitutions), all occurring within a dense, mature
collagenous matrix that also contains noncollagenous proteins and
small proteoglycans. MC3T3-E1 cells are a murine calvaria-derived
pre-osteoblastic cell line used as an archetypal model of in vitro osteo-
genesis [5], being the most commonly used cell line in in vitro bone
cell biology research. Following isolation and cloning of the MC3T3-E1
cell line on the basis of high alkaline phosphatase activity (an early
marker of osteoblast activity), MC3T3-E1 cells have been further
subcloned based on their potential to mineralize and on their expres-
sion of late markers of osteoblast differentiation such as osteocalcin
and bone sialoprotein [6].

Despite the widespread use of the MC3T3-E1 cell line as a model of
osteogenesis, the mechanism by which the extracellular matrix miner-
alizes remains unclear, and to date there is no detailed systematic char-
acterization of the mineral deposited in these cultures. To re-evaluate
and definitively determine the suitability of MC3T3-E1 osteoblast
cultures as a model for investigating molecular determinants of bone
mineralization, we performed a multi-technique, biophysical and ultra-
structural assessment of the mineral and matrix–mineral relationships
and architecture in these cultures. Thiswork builds upon previous stud-
ies that have used similar material characterization techniques as those
we have applied here on mineral deposited in cell cultures [7–9].

Our present comprehensive characterization of the morphology,
composition and structure of the biomineral deposited by MC3T3-E1
osteoblasts in vitro, and its comparison to bone mineral and synthetic
mineral standards, provides insight into potentially important similari-
ties and differences between bone mineral formed in vivo versus that
formed in vitro. The work also establishes parameters for MC3T3-E1
culture use in biomineralization studies. In addition, it improves our
understanding of the relationship between the organic extracellular
matrix and the biogenic inorganic mineral phase at the ultrastructural
level. Taken together, this study addresses the suitability and limitations
of a bone cell culture system for investigating mineralization processes,
and it provides detailed mineral information on the MC3T3-E1 cell
culture model justifying its continued use in mechanistic bonemineral-
ization studies.

Materials and methods

Cell culture conditions

MC3T3-E1murine calvarial osteoblasts (subclone14) [6]weremain-
tained in modified minimum essential medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (Hyclone,
Waltham, MA, USA) (selected from multiple lot/batch testing to be per-
missive of mineralization) and 1% penicillin–streptomycin (Invitrogen)
at 37 °C in a humidified atmosphere of 5% CO2. All experimentswere car-
ried out using cell culture dishes (Corning Inc., Corning, NY, USA) orwells
(Sarstedt, Newton, NC, USA) at a plating density of 50,000 cells/cm2.
Cell differentiation and matrix mineralization were initiated 24 h after
plating, with medium supplemented with 50 μg/ml ascorbic acid (AA)
(Sigma-Aldrich, St. Louis, MO, USA), and 10 mM β-glycerophosphate
(Sigma-Aldrich) as a phosphate source enablingmineralization. Calcium
was available at 1.8 mM as a constituent of the culture medium. The
medium was changed every 48 h.
Mineral preparations

Mineral samples were prepared and analyzed in two forms, i.e. ei-
ther as synthetic or pulverized/ground powders, or as resin-embedded
intact samples.
Hydroxyapatite control standards
Carbonated (7.7% w/w) hydroxyapatite standard powder (C-HA)

was prepared following the aqueous precipitation method reported by
Penel et al. [10], except that ammonium salts were used (ammonium
phosphate dibasic and ammonium carbonate). The carbonate level
was determined by Fourier-transform infrared spectroscopy (FTIR)
using a calibration set of carbonated apatites with carbonate content
determined by elemental analysis. Hydroxyapatite standard reference
material powder (HA-SRM) was from NIST (Standard Reference
Material® 2910, National Institute of Standards and Technology,
Bethesda, MD, USA).
Isolation of mineral crystals from MC3T3-E1 osteoblast cultures
Cell culture mineral crystals were isolated following a modified pro-

tocol described previously [11]. Briefly, cell culture plates from day-12
mineralized osteoblast cultures were gently rinsed three times with
double-distilled water produced by the Simplicity Purification System
(ddH2O, pH 8.0, resistivity 18.2 MΩ cm, Millipore, Billerica, MA, USA)
followed by gentle spatula scraping of the cell culture layer (including
the extracellular matrix and mineral) from the dish surface, and air
drying. Samples were pulverized/ground, and then incubated (or not
incubated) in 1.3% sodium hypochlorite (NaOCl, Acros Organics, New
Jersey, NJ, USA) to remove organic components, then sonicated briefly
for several min. Crystals were pelleted by centrifugation and then im-
mediately washed three times in ddH2O before sequential dehydration
in 50%, 95% and 100% ethanol (Fisher Scientific Co., Ottawa, ON,
Canada). Crystals were stored in 100% ethanol at−20 °C.
Mouse calvarial bone
Calvarial bone from 1-month-old Balb/Cmicewerefirst rinsed brief-

ly with physiologic saline and ddH2O, air-dried, and then pulverized/
ground extensively in an agate mortar. Specifically for powder X-ray
diffraction (XRD, see below in Section X-ray diffraction), treated (with
sodium hypochlorite, as above) inorganic bone samples were used be-
cause unusable, high-background noisy spectra were obtained from
pulverized/ground untreated bone, and since the treatment has been
shown not to alter the structure and composition of mineral crystals
disaggregated from bone [11]. For this, ground bone (50–100mg equiv-
alent of 3 whole calvariae) was digested in 10 ml of 1.3% sodium hypo-
chlorite at room temperature with continuous sonication for 10 min.
Crystals were pelleted by centrifugation, and then immediately washed
three times in ddH2O and then sequentially in ddH2O before
dehydration in 50%, 95% and 100% ethanol. Crystals were stored in
100% ethanol at−20 °C.
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Light microscopy and biochemistry of MC3T3-E1 cultures

Histology and quantification of mineralization
Mineral was visualized in culture wells by von Kossa staining using

5% silver nitrate solution (Sigma-Aldrich) followed by exposure to bright
light and counterstaining with toluidine blue (Fisher Scientific), or, by
calcein staining where day-12 cultures were incubated in 25 μg/ml
calcein (Sigma-Aldrich) for 1 h and post-fixed in 4% paraformaldehyde
(Acros Organics). Mineralization was quantified spectrophotometrically
(wavelength, 595 nm) by measuring acid-soluble (0.5 N HCl, Acros
Organics) calcium in solution using a calcium assay kit (Diagnostic
Chemicals, Charlottetown, PE, Canada).

Collagen deposition assay
Collagenmatrix depositionwas quantified by Picrosirius Red staining

followed by stain dissolution/release using 0.1NNaOH (Fisher Scientific)
followed by spectrophotometric measurement (wavelength, 562 nm) in
a microplate reader, as described previously [12]. Bovine calf skin type I
collagen (Sigma-Aldrich) was used as a standard.

Fluorescence microscopy
Cell cultures were fixed in 3.7% formaldehyde (Fisher Scientific) and

permeabilizedwith 0.25% Triton X-100 (Sigma-Aldrich) in PBS. Labeling
of the actin cytoskeleton was performed using Alexa Fluor® 568
phalloidin (Invitrogen), and nuclei were marked using DAPI (4′,6-
diamidino-2-phenylindole) (Invitrogen) staining. Type I collagen was
immunolabeled using rabbit anti-collagen type I (Chemicon Internation-
al Inc., Billerica, MA, USA) and anti-rabbit Alexa Fluor® 488 secondary
antibody (Invitrogen). Mineral was labeled with calcein as above. Fluo-
rescence imaging was performed using a Leica DMIL inverted micro-
scope (Leica` Microsystems Canada, Ltd, Richmond Hill, ON, Canada)
and an LSM 510 META Axioplan 2 confocal laser scanning microscope
(Carl Zeiss Canada Ltd., Toronto, ON, Canada) equipped with a C-
Apochromat 40×/1.2 water-immersion objective from same company.
Image stacks were processed for 3D reconstructions using Huygens Pro-
fessional 2.4 (Scientific Volume Imaging) and Imaris 4.0 (Bitplane)
softwares.

Ultrastructural characterization of MC3T3-E1 cultures

Electron microscopy, energy-dispersive X-ray spectroscopy and electron
diffraction

For ultrastructural characterization by transmission electron micros-
copy (TEM), MC3T3-E1 cultures were fixed with 2% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) and dehydrated
through a series of graded ethanol dilutions. Samples were embedded
in LR White acrylic resin or epoxy resin (Electron Microscopy Sciences).
These resins were selected to prepare sample blocks because epoxy
resins are ideal for morphological assessment by TEM, and LR White
acrylic resin was used because it facilitates immunogold labeling, and
staining protocols are well-established and particular to each of the
resins. Ultrathin sections (80-nm-thick) cut with a Leica EM UC6 ultra-
microtome (Leica)were placed on formvar-coated nickel grids (Electron
Microscopy Sciences) and stained with uranyl acetate and lead citrate
(Electron Microscopy Sciences) for viewing by TEM. For post-
embedding immunogold labeling of osteopontin, LR White sections
(80-nm-thick) of decalcified (10% EDTA, Sigma)mouse bone were incu-
bated with goat anti-osteopontin antibody (R&D Systems, Minneapolis,
MN, USA) followed by protein A-colloidal gold complex (gold particle
size 15 nm; Dr. G. Posthuma, University of Utrecht, The Netherlands) as
previously described [13]. Grids were then conventionally stained for
TEM using uranyl acetate and lead citrate. A field-emission FEI Tecnai
12 BioTwin TEM (FEI, Hillsboro, OR, USA) was used to examine the sec-
tions at 120 kV. Electron diffraction was performed using TEM in the
selected-area configuration.
For scanning electron microscopy (SEM), cultures were dehydrated
in hexamethyldisilizane (Sigma-Aldrich), sputter-coated with Au–Pd
or carbon and imaged with S-4700 field-emission gun microscope
(Hitachi High Technologies, Pleasanton, CA, USA) in secondary electron
and backscattered electron imaging modes. Energy-dispersive X-ray
spectroscopy (EDS) was performed on SEM equipped with an INCAmi-
croanalytical system (Oxford Instruments, Abingdon, Oxfordshire, UK).

X-ray diffraction
X-ray diffraction (XRD) analysis was performed using a D8 Discover

diffractometer (Bruker-AXS Inc., Madison, WI, USA) equipped with
a copper X-ray tube (wavelength, 1.54056 Å), and a HI-STAR general-
area detector diffraction system (Bruker-AXS Inc.). All components (X-
ray source, sample stage, laser/video alignment/monitoring system
and detector) aremounted on a vertical θ–θ goniometer.Measurements
were run in coupled θ–θ scan in either conventional powder diffraction
mode (500 μm beam spot size) or the more localized area microbeam
analysis mode (50 μm beam spot size). The conventional powder-
diffraction configuration was used to analyze standard control powder
samples (hydroxyapatite standards C-HA and HA-SRM; analyzed as-
received without any treatment), and samples of air-dried pulverized/
ground material from cell culture (treated, or not treated, with
sodium hypochlorite to remove the organic content) and sodium
hypochlorite-treated calvarial bone. The microbeam diffraction mode
was applied to characterize cell culture samples and untreated calvarial
bone (intact, not treated with sodium hypochlorite) embedded in LR
White acrylic or epoxy resin blocks (the same block faces used for pre-
paring the microscopy sections) for small-area, localized analyses of
mineral-rich regions identified on the block face. Additional details
about the XRD methods are provided in the Supplemental Information
section.

Fourier-transform infrared spectroscopy
An attenuated total-reflectance Fourier-transform infrared spec-

trometer (ATR-FTIR, Spectrum 400, PerkinElmer, Woodbridge, ON,
Canada) equipped with a ZnSe diamond-coated ATR crystal was used
to characterize the chemical composition and molecular environment
of the various samples examined by conventional powder XRD as
above, except for calvarial bone that was an untreated sample having
both inorganic (mineral) and organic contents present. ATR-FTIR
was performed at 4 cm−1 resolution over a range of 4000–650 cm−1.
Spectra were baseline-corrected for comparison using the instrument
software (Spectrum). For the spectra, integrated areas of bands were
calculated using OriginPro 9.1 software.

Results

Matrix deposition and mineralization

Upon exposure to ascorbic acid (AA), which is a necessary co-
factor for prolyl- and lysyl hydroxylases and thus is required for col-
lagen production, MC3T3-E1 osteoblast cells produce and assemble
an abundant extracellular fibrillar type I collagen matrix network
(Fig. 1A, first and second panels) that accumulates steadily within
the first 6–8 days of culture (Fig. 1B). Without AA treatment, osteo-
blasts synthesize collagen but fail to externalize and assemble the
type I collagen network (Fig. 1A, third panel) as compared to with
the addition of AA (Fig. 1A, fourth panel). During the last 6 days (of
12-day cultures), and in the presence of a phosphate source such as
10 mM β-glycerophosphate to enable mineralization (calcium is
present in the culture medium), the matrix gradually mineralizes
as determined by many methods, including histology methods
using von Kossa (Fig. 1C) and calcein (Fig. 1D) staining (for mineral
ions), and biochemical quantification of acid-extracted precipitated cal-
cium within the cultures using a calcium assay kit (Fig. 1E). von Kossa
staining for phosphate revealed the formation of mineral nodules
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deposited within the cell/matrix layer as seen in the dishes or in histo-
logic cross- and en face view-sections (Fig. 1C), where some cells were
embedded within the mineral (Fig. 1C, right panel) in an osteocyte-
like manner. Calcein-stained mineralized cultures revealed an
Fig. 1. Collagen andmineral deposition inMC3T3-E1 osteoblast cultures. (A) Three-dimensiona
stained for actin and type I collagen (Col1, left two panels), and conventional immunofluorescen
and collagen (green) at the initiation of culture (Day 0) and after matrix assembly (Days 6 and
duction and fibrillogenesis. In the AA-treated cultures, collagen is secreted by day 6 into the ex
quantification of extracellular fibrillar collagen in untreated (UT) and AA-treated cultures. Co
cut perpendicular (left panel) or parallel (right panel) to the culture dish surface of a 12-day m
rows) and counterstainedwith toluidine blue. Inset shows the actual culture dish that was sectio
dimensional reconstruction of calcein-stained mineralized matrix obtained by confocal micro
(E) Calcium content in decalcifiedmineral extracts from β-glycerophosphate and ascorbic acid-
copy of the cell body and extended dendritic processes of amineral-embeddedMC3T3-E1 cell a
(for actin filaments). Nucleus is stained bluewith DAPI. Dendritic cell processes (arrows) perme
and 10 μm (F).
extensive interconnected network of mineral throughout the matrix
of the cultures (Fig. 1D). Osteocyte-like cells embedded within matrix/
mineral showed long and extended dendritic cell processes (Fig. 1F)
similar to those seen in bone in vivo [14].
l reconstructions of cells and extracellular matrix from confocal microscopy images doubly
ce staining for type I collagen alone (right two panels), showing localization of actin (red)
10) with and without addition of ascorbic acid (AA) to facilitate extracellular collagen pro-
tracellular matrix and assembled into a fibrillar network. (B) Picrosirius Red staining and
llagen deposition was increased by the addition of AA. (C) Epoxy-resin histology section
ineralized culture showing mineral deposits stained black by von Kossa reagent (long ar-
ned. Some cells (short arrows) become trappedwithin themineralizedmatrix. (D) Three-
scopy at 12 days of culture showing an extensive interconnected mineralized network.
treated cultures (βGP+AA) compared to untreated control cultures. (F) Confocal micros-
t 12 days of culture. Mineral is stained greenwith calcein and cell processes are stained red
ate themineralizedmatrix regions.Magnification bars are equal to 20 μm(A), 50 μm(C,D)
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Ultrastructural morphology and compositional characterization

Observation of the upper surface (uppermost side exposed to
culture medium) of a 12-day mineralized culture by scanning electron
microscopy (SEM) revealed a continuous layer of cells with numerous
filopodia (dendritic cell processes), blebs and membrane projections
(Fig. 2A). Individual cells within this confluent layer were flattened
and roughly polygonal in shape. A cross-section of the culture dish ob-
served by SEM revealed alternating layers of noncontiguous cell sheets
embedded in a fibrillar organic matrix (Figs. 2A,B). The sheets of matrix
within the culture were comprised of densely packed bundles of colla-
gen fibrils (Fig. 2B) which by transmission electron microscopy (TEM)
displayed the characteristic bandingperiodicity typical of type I collagen
fibrils (Fig. 2C). At sites of mineralization in the extracellular matrix,
some collagen fibrils were encrusted with small globular masses
approximately 100 nm in diameter (Fig. 2D). Backscattered-electron
SEM imaging – where higher atomic number elements appear brighter
– coupled with energy-dispersive X-ray microanalysis indicated that
these globular structures and adjacent mineralized collagen fibrils
contained high levels of calcium and phosphorus (Fig. 2E, inset). While
often isolated, inmany other areas the small globular foci appeared as co-
alesced masses representing large deposits of mineral. TEM of normal
mouse calvarial bone (Fig. 2F) and mineralizing MC3T3-E1 cultures
(Figs. 2G,H) showed similar ultrastructural mineralization features
including larger mineralized areas that seemed to derive from growth
of smallmineralization foci/globuleswithin the collagenous extracellular
matrix. Mineralized collagen fibrils were also evident by TEM at most
sites of mineralization, as well as very small (~150–200 nm in diameter)
nodules of mineral between collagen fibrils, all of which were strongly
positive for osteopontin after immunogold labeling (Fig. 2I). These
small nodulesmay correspond to the smallest of the globularmasses ob-
served by SEM in Fig. 2D whereas the larger areas of mineralizationmay
correspond to the aggregated globular masses observed by SEM in
Fig. 2E. The presence of osteopontin at these sites is indirectly
indicative of mineralization events since this mineral-binding,
osteoblast-secreted noncollagenous phosphoprotein intimately associ-
ates with nascent and growing apatite crystals formedwith the extracel-
lular matrix [15,16].

Mineral crystal characterization in MC3T3-E1 cultures

TEM imaging and electron diffraction
TEM imaging of ultrathin sections of epoxy-embedded mineralized

MC3T3-E1 cell cultures revealed abundant apatite nanocrystals between
and aligned with the collagen fibrils (Figs. 3A–C) that were mostly sim-
ilar to those seen in normalmouse bone (Fig. 3A, inset). Electron diffrac-
tion of the mineral shown in Fig. 3C (inset) demonstrated a diffraction
pattern characteristic of apatite, which was comparatively explored in
greater detail in MC3T3-E1 culture mineral and in mouse bone mineral
(from calvariae), as compared to powder control standards (Fig. 4).
For this, the crystal structures of osteoblast culture mineral, calvarial
bone, synthetic carbonated hydroxyapatite (C-HA) and hydroxyapatite
standard reference material (HA-SRM) were examined by selected-
area electron diffraction (SAED). SAED patterns of MC3T3-E1 cell cul-
tures (Fig. 4A) and calvarial bone (Fig. 4B) were similar, with diffraction
rings matching those of both carbonated hydroxyapatite (C-HA, Fig. 4C)
and pure hydroxyapatite (HA-SRM, Fig. 4D) powders. Diffraction pat-
terns fromcell culturemineral andbonemineral exhibited characteristic
diffuse rings compared to the sharp distinct pattern of C-HA and HA-
SRM, indicating that the mineral from the culture and bone samples
has lower crystallinity which is typical for biological apatites and
which correlates with X-ray diffraction (XRD) observations (see
below). The most intense diffraction rings in the culture and bone
SAED patterns are attributable to unresolved, overlapping diffractions
peaks from the mineral planes (211), (112), (300) and (202), which
again was substantiated by XRD observations (see below). For the
synthetic apatite powders HA-SRM and C-HA, individual diffraction
spots align as rings, which is indicative ofmineral having high crystallin-
ity and a significant content of single and randomly disposed crystals.

X-ray diffraction of pulverized/ground mineral samples
The crystal structure of the mineral formed in MC3T3-E1 cultures

was assessed by X-ray diffraction and compared to themineral isolated
from sodium hypochlorite-treated mouse calvarial bone, and to syn-
thetic carbonated hydroxyapatite (C-HA) standard and synthetic hy-
droxyapatite standard reference material (HA-SRM). The biologic
MC3T3-E1 cell culture crystals were isolated by the removal of the or-
ganic components by sodium hypochlorite treatment as described in
the Materials and methods section. A control MC3T3-E1 cell culture
sample with the organic matrix still present (i.e. not treated with sodi-
um hypochlorite) was also included for analysis. As shown in Fig. 5,
the cell culture mineral has an XRD pattern characteristic of a poorly
crystallized apatitematerial, typical of that reported for biologic apatites
with 2θ positions matching those of a hydroxyapatite phase (Fig. 5 and
Table 1). The broadness of the peaks indicates that crystallites are rela-
tively small (see below, Table 2) andmay exhibit a certain degree of im-
perfection (inter-planar distances with variations caused by
intracrystalline impurities and substitutions). The most intense, well-
resolved, distinct reflections from crystal planes (211), (112), (300)
and (202) characteristic of a highly crystalline hydroxyapatite as seen
in the HA-SRM powder appeared unresolved for the culture mineral,
but they still appeared as single large peak in the 2θ 30.5°–35.0° range
centered at 31.8°. This large peak indeed occurs as a convolution of
the four reflections above.

A key observation from these XRD spectra is that the diffraction pat-
terns from the mineral of the MC3T3-E1 cell cultures and from mouse
calvarial bone were remarkably similar (Fig. 5), with the main feature
characteristic of these patterns being the broad peak overlapping the
(211), (112), (300) and (202) reflections that exhibited essentially the
same shape and centered peak 2θ position for both samples. The
(300) and (202) reflections, being well-resolved for both HA-SRM and
C-HA, were no longer demonstrable as distinct peaks for the cell culture
mineral and the bone calvarial mineral; however, they had distinguish-
able spectral shoulders at around 33° and 34° in 2θ, respectively. Other
intense reflections expressed as broad peaks found in both cell culture
mineral and bone mineral were identified as (100), (002), (310),
(222) and (213). Collectively, these XRD data indicate that the mineral
deposited in vitro in MC3T3-E1 cultures has a similar crystal structure
to the mineral phase of mouse calvarial bone.

Treatment of mineralized tissues with sodium hypochlorite
removed most of the noncrystalline organic material as evidenced by
a comparison of the XRD spectra from the untreated culture mineral
to the sodium hypochlorite-treated culture mineral (Fig. 5). The un-
treated MC3T3-E1 spectrum exhibited a pronounced background 2θ
bump originating from amorphous material such as the organic extra-
cellular matrix. In addition, the pattern from the untreated sample ex-
hibited high noise in the intensity signal along the whole 2θ scanned
range characteristic for X-ray diffusion and scattering by unorderedma-
terial. The XRD spectrum of the sodium hypochlorite-treated culture
mineral had a significantly lower background and an improved (less
noise) signal. Details of the 2θ positions and the interplanar spacing of
the mineral crystals as determined from these XRD analyses are listed
in Table 1.

Table 2 presents the 2θ positions and the full-width at half maxi-
mum (FWHM) values of the (002) reflection as well as the crystallite
mean size estimates for the analyzed samples as derived from the
Scherrer equation. The cell culture mineral is made up of smaller crys-
tallites (having 14-nm mean size) than present in the calvarial bone
(having 20-nm mean size). The sodium hypochlorite treatment for the
removal of the organic matrix fromMC3T3-E1 cell culture did not affect
the size of the crystals from the cell culture. XRD on the carbonated hy-
droxyapatite (C-HA) and hydroxyapatite (HA-SRM) standard samples



Fig. 2.Ultrastructural analysis of cell–matrix–mineral relationships in 12-dayMC3T3-E1 osteoblast cultures by scanning (SEM) and transmission (TEM) electronmicroscopy. (A,B) SEM of
culture cross-sections show the stratified organization of the culture where cells alternate with layers of abundant collagen fibrils. Cells at the uppermost surface of the cultures are flat-
tenedwith some cell projections (inset) and form a generally continuous layer above alternating layers of osteoblast cell sheets (Ob) and extracellularmatrix (asterisks). (C) TEM showing
an osteoblast closely juxtaposed to collagen fibrils (asterisks) of the extracellular matrix. CM, cell membrane; rER, rough endoplasmic reticulum; Nu, nucleus. (D,E) SEM of early miner-
alization foci (arrows, D) that appear as small globular masses amongst the collagen fibrils (asterisks) that in more mineralized areas merge and coalesce into larger aggregates of min-
eralized matrix (bracket, E). Backscattered electron imaging (panel E) of a region of heavy mineralization in the cultures attributable to the aggregation of many small globular masses
illustrates the presence of high atomic number elements (whiter) within the small globularmasses andwithin some collagen fibrils. X-raymicroanalysis of the small globularmasses con-
firms the presence of P and Ca (inset). (F) TEMof normalmouse calvarial bone showingmineralization foci (arrows)within the collagenous osteoid (asterisk). Ob, osteoblast. (G,H) TEMof
decalcifiedMC3T3-E1 samples shows the spread of the mineralization beyond the early mineralization foci in the collagenous matrix (asterisk), and the accumulation of noncollagenous
protein into these mineralized areas (arrows), here decalcified. Ob, osteoblast. (I) TEM and immunogold labeling for osteopontin in the collagenous extracellular matrix associating with
themineralized regions (arrow). Osteopontin is localized to themargins of calcified collagen fibrils, and to small mineralization foci (inset). Magnification bars are equal to 2.5 μm (A and
inset, B), 0.2 μm (C, inset in I) and 1 μm (D–I).
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Fig. 3. TEM of apatite crystals in 12-day mineralized MC3T3-E1 cell cultures, and in mouse calvarial bone. (A) Overview TEM of apatitic nanocrystals (arrows) in unstained epoxy resin-
embedded MC3T3-E1 cell culture, and in uranyl acetate-stained mouse calvarial bone (inset) (asterisk, collagen fibrils). (B, C) Higher magnification TEM view of apatitic nanocrystals
aligned longitudinally with collagen fibrils (brackets 1–4) in MC3T3-E1 cultures. The inset shows the electron diffraction pattern from this field of view, with diffraction maxima being
characteristic for aligned apatite (arcing of (002) reflections). Magnification bars are equal to 0.5 μm (A, and inset) and 0.1 μm (B,C).
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treated with sodium hypochlorite under same conditions as for the
MC3T3-E1 cell cultures did not show any structural difference of the
apatite phase between the treated and untreated samples (data not
shown).

X-ray diffraction of resin-embedded mineral samples
A major limitation of traditional XRD analysis of pulverized/ground

mineralized tissues is the inevitable loss of information about the orien-
tation of the crystals in their native statewithin the organic extracellular
matrix. The process of crushing and grinding produces crystal homoge-
nization as crystals displaced from their locations are rendered random-
ly oriented in the sample volume. This preparation/homogenization
method of sample crushing, commonly and intentionally applied for
powdering material devoid of organics, has the advantage of allowing
accurate identification of the phase of the material being analyzed. Bio-
logical samples on the other hand are essentially nonhomogeneous in
both phase content and chemical composition.

To determinewhether themineral crystals in theMC3T3-E1 cultures
and those in bone have preferred orientations within the sample, we
performed XRD measurements on resin-embedded intact samples
applying a microbeam capability to locally analyze mineral in very
small areas that can be correlated with histologic detail at the cell and
matrix level. Fig. 6 shows typical microbeam X-ray diffraction patterns
from MC3T3-E1 culture mineral and from mouse calvarial bone, with
both being embedded in resin blocks. The inset light micrographs in
Fig. 6 identify the X-ray microbeam spot size (50 μm in diameter,
white circle with crosshairs) and analysis site as determined from a sin-
gle histology section cut from the block face with a microtome prior to
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Fig. 4. Selected-area electron diffraction patternswith identified diffractionmaxima ofmineral in (A) 12-dayMC3T3-E1 culture, (B) control mouse bone calvaria, (C) synthetic carbonated
hydroxyapatite standard (C-HA), and (D) synthetic pure hydroxyapatite NIST standard reference material (HA-SRM). The diffraction patterns of cell culture mineral and calvarial mineral
are highly similar with diffraction maxima matching those of control hydroxyapatite powders. Diffraction rings are less-well defined (indicating comparatively less crystallinity) in the
biological samples than in the control powder samples as is typical for biological hydroxyapatites.
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XRD microbeam analysis. Microbeam XRD diffraction peaks recorded
for both culture mineral and calvarial bone had Miller indices of (100),
(101), (110), (200), (111), (210), (202), (222) and (213), with the
(101), (110) and (200) reflections being themost intense (Fig. 6). Inter-
estingly, not all the (hkl) reflections characteristic of a polycrystalline
hydroxyapatite phase were seen for the biological samples (Fig. 5).
The most intense peaks at (211) and (112) for polycrystalline hydroxy-
apatite seen in the powder pattern of Fig. 5 did not appear in themicro-
beamcell culture or calvarial block data (Fig. 6)—thus indicating that the
apatite crystallites are not randomly oriented in the samples and that
they have specific orientations in the analyzed sample volume. More-
over, the intensities of the diffraction peaks reflected by the planes
(100), (101) and (111) were significantly higher than the intensities
at which these peaks normally occur in hydroxyapatite powder. The
presence of a preferential orientation of growing apatite crystals along
the planes (100), (101) and (111) is underscored by the occurrence in
the pattern of multiple peaks (doublets), (200), (202) and (222) from
the same planes, respectively.

A second finding of themicrobeamXRD analysis is that apatite crys-
tallites showed a nonhomogenous distribution across the depth of the
sample. Thus, while at angle θ1 = 10° only peaks from (100) and
(101) were detected in the 5–37° 2θ range of the measured frame, at
θ1 = 25° (deeper within the block) new peaks appeared as (110),
(200), (222) (Fig. 6). This clearly indicates that mineral deposition in
the cell culture develops with hydroxyapatite crystals exhibiting specif-
ic orientations within the sample, an observation that may be related to
different collagen fibril orientations. In comparison to calvarial bone, we
observed that the culture mineral exhibited the same diffraction peak
positions with some variation in peak intensity (Fig. 6). Together,
these results indicate that apatite crystallites grow in cell culture with
orientations and distributions similar to those deposited in mouse
calvarial bone tissue.

Chemical composition

Energy dispersive X-ray spectroscopy
The chemical composition of the mineral samples was investigated

by energy-dispersive X-ray spectroscopy (EDS) in SEM. Fig. 7A shows
representative EDS spectra of the MC3T3-E1 cell culture mineral,
mouse calvarial bone, synthetic carbonated hydroxyapatite (C-HA)
and hydroxyapatite standard reference material (HA-SRM). As expect-
ed, the spectra show the presence of calcium and phosphorus, an ele-
mental composition consistent with apatite, in all the samples
(Fig. 7A). Trace amounts of sodium and magnesium were also detected
in both culture mineral and the bone sample (data not shown); small
amounts of such metal ions are often incorporated into biological
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Fig. 5. Conventional X-ray diffraction patterns as indicated for 12-day MC3T3-E1 cell cul-
ture mineral (including after treatment for removal of organic material), and for control
samples of sodium hypochlorite-treated mouse bone calvaria, synthetic carbonated hy-
droxyapatite (C-HA) and synthetic pure hydroxyapatite NIST standard reference material
(HA-SRM). All samples were analyzed in powdered form, where C-HA and HA-SRMwere
used as received, andMC3T3-E1 cell cultures and bone samples pulverized/ground. Miller
indices of X-ray reflections from various (hkl) planes of the hydroxyapatite crystals are as
indicated for HA-SRM.
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apatites although contamination from culture medium or sample pro-
cessing buffers cannot be completely excluded. Other elements detect-
ed both in the cell culture sample and in the calvarial bone were
carbon and oxygen which originate from both the organic matrix and
the embedding resin. The high signal intensity of the carbon and oxygen
precluded a quantitative determination of the mineral Ca/P ratio.

Fourier-transform infrared spectroscopy (FTIR)
The chemical composition andmolecular environment of thematrix

and mineral in the various samples were characterized by ATR-FTIR
analysis. Fig. 7B presents FTIR spectra of MC3T3-E1 culture mineral
and control samples of calvarial bone, synthetic carbonated hydroxyap-
atite (C-HA) and hydroxyapatite standard reference material (HA-
SRM). A culture sample, with organic components removed by NaOCl-
treatment (treated), was also included. All FTIR spectra showabsorption
bands characteristic of mineral, i.e. the phosphate group (PO4

3−) in the
1200–900 cm−1 range. Triply degenerate asymmetric stretching
modes ν3a, ν3b, and ν3c, of the P–O bond of phosphate occur with
peaks around 1100–1080 cm−1, 1075–1055 cm−1 and 1030–
1010 cm−1, respectively [17]. The non-degenerate symmetric
stretching ν1 of the P–O bond of orthophosphate was assigned to the
band peaking at ~960 cm−1. For the HA-SRM sample, PO4

3− bands
were fairly well-resolved and narrow, indicating a high crystallinity of
the powder. The wider aspect of bands seen for cell culture and bone
calvariae is related to the well-known lower crystallinity and smaller
crystallites in these biological apatites, as was also observed by electron
diffraction (Fig. 4) and XRD (Fig. 5).

In cell culture and bone calvariae, the absorption bands characteris-
tic of the organic matrix were observed as spectral peaks within the
amide and carbonyl group range from 1750 to 1250 cm−1 (Fig. 7B).
Amide exhibits bands with peaks at ~1650–1635 cm−1, ~1550–
1535 cm−1, and ~1240 cm−1 that are here termed according to the
literature as Amide I, Amide II and Amide III, respectively [18]. The car-
bonate content CO3

2− of the apatitemineral is expressed by the ν3 bend-
ingmodes at ~1450 cm−1 and ~1420–1400 cm−1 and the ν2 stretching
mode at 875–870 cm−1 [19,20] adjacent to the band characteristic of
orthophosphate. The other vibrational modes characteristic of apatitic
CO3
2−, ν1 (~1070 cm−1) and ν4 (~750–690 cm−1), are not seen here

because one (ν1) is convoluted within the strong phosphate, while the
other is very weak.

The assignment and position of bands and peaks in the FTIR spectra
for the analyzed samples are shown in Table 3.

A very noticeable findingwas that the FTIR spectra of cell culture and
bone calvariae (both ground and not treated with NaOCl) were very
similar (position, shape and intensity of bands, and peaks). The amide
bands occur only in the cell culture and bone calvariae, but of course
not in the synthetic apatites, and these bands disappeared after NaOCl
treatment to remove organics from the cultures. Moreover, the pres-
ence of ν3 carbonate modes of similar intensity and area in the treated
cell cultures and carbonated hydroxyapatite indicates that this signal
originates from structural carbonate in the apatitic lattice of themineral.
Removal of organicmatrix byNaOCl treatment does not remove the car-
bonate peaks confirming that the mineral also contains a carbonated
hydroxyapatite phase.

Table 4 provides mineral:matrix and carbonate:phosphate ratios
and their comparison amongst the samples analyzed. Both area- and
intensity-mineral:matrix indices were slightly lower for MC3T3-E1 cul-
tures (untreated) than for bone (2.7 vs. 3.4, and 1.5 vs. 1.9, respectively).
The mineral:matrix ratio calculated by band area integration is in the
range reported for normal mouse bone [21]. Whether calculated from
intensity or from integrated area, for any sample, the carbonate:phos-
phate ratios were lower than that of synthetic carbonated hydroxy apa-
tite standard (C-HA). The sodium hypochlorite treatment of MC3T3-E1
cell culture to remove organic components does not induce any signifi-
cant change in the ratio of apatitic carbonate to phosphate, showing
carbonate:phosphate ratio values of 0.9–1.1% as measured by band
area integration, and 5.4–5.5% as measured from band intensity, and
both values were lower than those determined from the bone sample
(1.4% by band area, and 7.5% from band intensity).

Discussion

In vitro culturing of osteoblast cells is a convenient and useful meth-
od for the study of osteoblast activity that allows experimentation on bi-
ological processes related to bone formation inways that are not always
achievable in living organisms. Established cell lines provide a stable,
homogenous and reproduciblemodel to investigate factors affecting os-
teoblast signaling, differentiation and mineralization. Cell culture
models that produce an abundant, collagen- and noncollagenous
protein-rich extracellular matrix – such as occurs in the MC3T3-E1
mouse pre-osteoblast cell line model – are particularly useful in that
they allow fundamental questions about matrix mineralization to be
queried in vitro.While in vitro studies on biomineralization are routinely
performed using other cell lines, frequently these investigations neglect
verifying the presence of a secreted and assembled extracellularmatrix,
and thus conclusions drawn from this work may not have physiologic
relevance to bone formation and mineralization as it occurs in vivo. An
alternative approach to providing a more native environment for cul-
tured bone cells includes the use 3D scaffolds to induce cell differentia-
tion and the production of bone cell (and matrix) biomarkers [22,23].
The use of a wide variety of experimentalmethods to study biomineral-
ization – whether performed in vitro or in vivo – provides the essential
experimental armamentarium necessary to understand bone biology.
All such methods are currently used to investigate normal bone forma-
tion and turnover, as well as various hyper- and hypomineralization
(osteomalacia) pathologies, ectopic calcifications including within soft
tissues, and tissue-engineered constructs and biomaterials. In this
study, we focused on onewidely used cell culturemodel that is thought
to closely resemble in many ways bone formation and mineralization
in vivo, particularlywith regard to extracellularmatrix secretion, assem-
bly and mineralization. The work is timely in that, to date, biominerali-
zation studies havemadewide use of this in vitromodel systemwithout
there being a full and definitive mineral characterization of this cell
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Table 1
The 2θ positions and interplanar spacings of the (hkl) reflections for the MC3T3-E1 cell culture mineral and comparison with mineral in mouse calvarial bone.

Sample MC3T3-E1 cell culture (NaOCl-treated) Mouse bone (calvaria) Carbonated
HA (C-HA)

Hydroxyapatite
(HA-SRM)

Hydroxyapatite
ICDD #9-0432

Miller index 2θ d (Å) 2θ d (Å) 2θ d (Å) 2θ d (Å) d (Å)

(100) 10.40 8.499 10.56 8.370 – – 10.86 8.140 –

(101) 16.62 5.330 16.65 5.320 16.82 5.267 16.90 5.242 5.250
(110) – – – – 19.00 4.667 18.91 4.689 4.720
(200) 21.43 4.144 21.56 4.118 22.02 4.033 21.83 4.068 4.070
(111) 23.00 3.864 23.02 3.860 23.05 3.855 22.90 3.880 3.880
(201) – – – – – – 25.30 3.517 3.510
(002) 25.99 3.425 25.90 3.437 25.85 3.444 25.88 3.439 3.440
(102) 28.15 3.167 – – 28.10 3.173 28.05 3.178 3.170
(210) 28.75 3.103 28.88 3.089 29.05 3.071 28.96 3.080 3.080
(211) One large peak ~30–35: mean: 32.00 – One large peak ~30–35: mean: 32.00 – 31.94 2.800 31.78 2.813 2.814
(112) 32.23 2.775 32.17 2.780 2.778
(300) 33.00 2.712 32.90 2.720 2.720
(202) 34.05 2.631 34.02 2.633 2.631
(301) 36.00 2.493 35.90 2.499 35.58 2.521 35.54 2.524 2.528
(212) – – – – 39.09 2.302 39.18 2.297 2.296
(310) 39.94 2.255 39.91 2.257 39.96 2.254 39.82 2.262 2.262
(221) – – – – – – 40.27 2.238 2.228
(311) 42.40 2.130 42.40 2.130 42.20 2.140 42.06 2.146 2.148
(302) – – – – – – 42.30 2.135 2.134
(113) 43.80 2.065 43.85 2.063 43.86 2.062 43.90 2.060 2.065
(400) – – – – – – 44.40 2.039 2.040
(203) – – – – 45.32 1.999 45.37 1.997 2.000
(222) 46.79 1.940 46.82 1.939 46.80 1.939 46.73 1.942 1.943
(312) 47.93 1.896 47.92 1.897 48.25 1.887 48.07 1.891 1.890
(320) 48.87 1.862 – – 48.80 1.865 48.72 1.867 1.871
(213) 49.55 1.838 49.57 1.837 49.50 1.840 49.48 1.841 1.841
(321) 50.47 1.807 50.50 1.806 50.69 1.800 50.48 1.806 1.806
(410) 51.55 1.771 51.46 1.774 51.44 1.775 51.30 1.780 1.780
(402), (303) – – – – 52.21 1.751 52.10 1.754 1.754
(004), (411) 53.28 1.718 53.21 1.720 53.25 1.719 53.22 1.720 1.722
(104) – – – – – – 55.50 1.654 1.684
(322), (223) 55.92 1.643 55.96 1.642 56.02 1.640 55.90 1.643 1.644
(313) – – – – 57.19 1.609 57.16 1.610 1.611
(501), (204) – – – – 58.35 1.580 58.15 1.585 1.587
(420) – – – – 60.10 1.538 59.90 1.543 1.542
(331) – – – – 60.45 1.530 60.42 1.531 1.530
(214), (421) – – – – 61.74 1.501 61.65 1.503 1.503
(502) – – – – 63.15 1.471 62.92 1.476 1.474
(510) – – – – – – 63.20 1.470 1.465
(304), (323) 63.92 1.455 63.90 1.456 63.96 1.454 64.03 1.474 –

(511) 65.70 1.420 65.68 1.420 65.37 1.426 65.05 1.433 –

(422) – – – – – – 66.47 1.405 –
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culturemodel. Here, we have closed this information gap by usingmul-
tiple biophysical analytical techniques to perform a comprehensive
structural and compositional characterization of the biomineral and
mineralization processes occurring in MC3T3-E1 osteoblast cultures,
and have compared these data to that obtained from normal mouse
bone tissue (the same species from which the culture model derived).
In doing this comparison, we describe many key similarities between
the two experimental models.

Of the analytical methods used, X-ray diffraction (XRD) remains the
benchmark “gold standard” technique for the determination of crystal
structure for any given mineral. While a few previous studies have
Table 2
The 2θ positions and the full-width at half maximum (FWHM) values of the (002) reflec-
tion as well as the crystallite mean size estimates for the analyzed samples.

Sample Peak position,
2θ (degrees)

Peak width,
FWHM (degrees)

Crystallite
size (nm)

MC3T3-E1 cell culture 26.10 0.61 14.0
MC3T3-E1 cell culture
(NaOCl-treated)

25.99 0.60 14.2

Mouse bone (calvaria) 25.90 0.42 20.3
C-HA 25.85 0.39 21.8
HA-SRM 25.88 0.26 32.8
used XRD to demonstrate thatMC3T3-E1 cultures are capable of depos-
iting a bone-like hydroxyapatite inorganicmineral phase [24–26], those
studies were limited by a sample preparation method that utilized
lyophilized samples ground into powder prior to analysis. While this
approach is very common for powder-cast materials, this crystal/grain
homogenization treatment is not well-suited for mineralized biological
samples which contain an abundant and relatively soft organic matrix,
and which have mineral crystal orientations that provide key informa-
tion on the biology and properties ofmineralized extracellularmatrices.
Homogenization of samples by crushing and grinding into powders in-
herently involves disaggregation andmixing of sample components in a
way that precludes access to information on important hierarchical
tissue architecture and microscopic compositional organization and
structure.

In this study, for comparative purposes, we repeated – as others
have done previously – XRD analyses on dried pulverized/ground
homogenized samples. However, we additionally included various
treatment steps, and we performed a careful and thorough analysis
of resin-embedded intact samples of both mineralized cell cultures
and bone tissue to allow us also to determine preferential crystal ori-
entations and nucleating planes within the extracellular matrix.
From the XRD performed on resin-embedded intact samples, we
demonstrate that the apatite crystals in the MC3T3-E1 cell cultures



Fig. 6. Microbeam X-ray diffraction patterns of 12-day untreated MC3T3-E1 cell culture
mineral and control mouse calvarial bone as analyzed at a cut block surface after embed-
ding in resin. Prior to X-ray diffraction analysis, a histological section was cut and stained
with von Kossa reagent (staining black) for mineral (with counterstaining with toluidine
blue, insets) to assist with X-raymicrobeamplacement (the analyzed location is shown by
thewhite circlewith crosshairs, 50 μmdiameter) on the block surface. Diffraction patterns
were obtained with starting angle between the incident X-ray beam and the sample
surface plane (θ1) of 10 and 25°.
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possess preferential orientations within the volume of the sample
analyzed— like they do for intact bone tissue— an observation argu-
ing against random dystrophic calcification. Unlike (hkl) reflections
Fig. 7. EDS microanalysis, and ATR-FTIR spectroscopy, of 12-day MC3T3-E1 cultures (in-
cluding NaOCl treatment to remove organic material), untreated mouse calvarial bone,
and synthetic carbonated hydroxyapatite (C-HA) and synthetic pure hydroxyapatite
NIST standard referencematerial (HA-SRM). (A) EDS spectra fromall samples show abun-
dant calcium and phosphorus. (B) FTIR analysis of powders from each sample show bands
characteristic of hydroxyapatite mineral— phosphate as well as absorption bands charac-
teristic of the organicmatrix— amide and carbonate that are evidenced for cell culture and
bone calvaria.
characteristic of polycrystalline powdered hydroxyapatite, XRD of
resin-embedded MC3T3-E1 samples shows crystals with preferen-
tial orientation along the (100), (101) and (111) planes, with the
(100) plane representing the prismatic faces of hexagonal hydroxy-
apatite. These specific crystal orientations seen in both cell culture
and in calvarial bone indicate guided biogenic crystal growth and
not stochastic dystrophic calcification.

Remarkable similarity was found between the culture mineral and
calvarial bone mineral using most of the methods that we applied in
our study. In both cases, the biogenic mineral was poorly crystallized
and consisted of nanoscale-range crystals as evidenced by broadened
peaks in X-ray diffraction and electron diffraction. While other studies
have characterized mineral in various in vitro cell culture models
using cell lines or primary cell cultures, we are the first to provide a de-
tailed, comprehensivemulti-technique analysis of themostwidely used
osteoblast cell culture model (MC3T3-E1 cell cultures) [7–9]. In all
cases, poorly crystallized apatitic X-ray diffraction patterns were ob-
served, this being characteristic of biogenic apatite as shown by Kuhn
et al. [7] who likewise improved mineral analysis by removing the ac-
companying organic phase. Such observations are typical for biological
hydroxyapatites where the poor crystallinity of the mineral is related
to impurities, substitutions and accommodation of inorganic ions and/
or small organic molecules within the crystals [27,28]. Indeed, when
compared to pure hydroxyapatite, bonemineral has carbonate substitu-
tionswithin the lattice structure of the crystals, being substituted at ap-
proximately 7 wt.% at the PO4

3− position, and to a lesser extent at the
OH− position [29]. Carbonate substitutions and other elemental impu-
rities in bone apatite increase crystal solubility thereby facilitating dis-
solution and resorption of bone during bone remodeling. In this study,
elemental analysis of culture mineral by energy-dispersive spectrosco-
py (EDS, X-ray microanalysis) revealed an elemental signature consis-
tent with that of calvarial bone, with FTIR spectroscopy confirming
the presence of apatitic carbonate and phosphate groups. In in vitro
studies, carbonated culture mineral has been observed by FTIR spec-
troscopy previously in rat bone marrow stromal cell cultures [30,31],
fetal rat calvarial cell cultures, chicken osteoblasts [7,32] and mouse
2T3 osteoblasts [2]. In in vivo studies, chick calvariae [33], cartilage
[34], and bone tissue [35] have been studied by FTIR spectroscopy
[36]. Few studies have performed FTIR spectroscopy on MC3T3-E1 cul-
tures or compared these spectra to bone—Luppen et al. [24] examined
mineral in MC3T3-E1 cultures under BMP2-stimulated or unstimulated
conditions, but without a direct comparison to bone, and Bonewald
et al. [2] failed to detect apatite mineral in MC3T3-E1 cultures by FTIR.
In the latter case, the authors attributed this to perhaps changes in the
cell line properties attributable to variations in tissue culture conditions
or clonal selection. Indeed, we have shown that different serum lots
commonly used for cell culture appear to contain variable levels of min-
eralization inhibitors that may inhibit extracellular matrix mineraliza-
tion in vitro [37], and thus screening of serum lots is recommended.
Using such selected serum lot additives, along with ascorbic acid and
β-glycerophosphate (regardless of dosing at 2, 4 or 10 mM; data not
shown) as a phosphate source, culture conditions in our hands are high-
ly permissive of what appear to be bone-like mineralization closely re-
sembling physiologic bone mineralization in vivo as described
previously [6,26,38–41] and in the current study. We thus encourage
the use of the MC3T3-E1 cell culture model as a suitable approach to
study bone extracellular matrix mineralization when appropriate cul-
ture conditions have been selected that are permissive to mineraliza-
tion, and when collagenous matrix secretion and assembly have been
verified.

While this study was not designed to examine in detail the initial
stages and locations of mineral deposition, or how mineral crystals in-
teract with the surface of collagen fibrils or their gap/hole zones, our
data show that mineralization in the extracellular matrix of MC3T3-E1
osteoblast culturesmatches closely to that observed in bone tissue. Con-
comitant with matrix mineralization in the cultures was the
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Table 3
Absorption bands and assignment for vibrational modes observed in ATR-FTIR spectra of the powder-form mineral samples.

Sample MC3T3-E1 cell culture MC3T3-E1 cell culture (NaOCl-treated) Mouse bone (calvaria) C-HA HA-SRM Assignment

Band/peak (cm−1) 1643 1635 1635 – – Amide I
1538 – 1544 – – Amide II
1451 – 1451 1449 – ν3b, carbonate
1409 1415 1405 1417 – ν3a, carbonate
1238 – 1240 – – Amide III
1115(sh; shoulder) 1115(sh) 1115(sh) 1108(sh) 1087 ν3a, phosphate
1070(sh) 1074(sh) 1065(sh) 1060(sh) 1055(sh) ν3b, phosphate
1013 1017 1014 1019 1020 ν3c, phosphate
960(sh) 960(sh) 958(sh) 962 963 ν1, phosphate
873 873 872 873 – ν2, carbonate
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development ofmatrix-embedded, osteocyte-resembling cells showing
numerous extended dendritic cell processes permeating thematrix and
closely associating with extracellular mineralization foci (as shown by
confocal microscopy). We also demonstrate ultrastructurally by SEM
and TEM in vitro that these mineralization foci – like those found
in vivo in native bone tissue – consist of agglomerations of apatitic crys-
tals that often align along collagen fibrils and that propagate as larger
mineralized areas throughout thematrix. Associated with this mineral-
ization occurring in vitro is the abundant accumulation of the
mineralization-regulating protein osteopontin as occurs in vivo [13,42].
Conclusions

In summary, we show that cultured MC3T3-E1 osteoblasts synthe-
size and assemble a collagenous extracellular matrix whose organiza-
tion and mineralization occur in a manner very similar to that
occurring in bone. We have determined that the mineral deposited in
MC3T3-E1 osteoblast cultures occurs initially as small mineralization
foci in the extracellular matrix, with subsequent propagation of miner-
alization throughout the matrix. Like for native normal bone tissue, the
mineral phase in the cultures is a poorly crystallized, carbonate-
substituted hydroxyapatite consisting of small nanocrystallites having
specific orientations and preferential (100), (101) and (111) growing
planes with their c-axis aligned parallel to collagen fibrils. From these
findings and from the use of other biophysical approaches, we conclude
that matrix–mineral relationships, and the mineral phase, are similar
betweenMC3T3-E1 osteoblast cultures andmouse bone, thus validating
the use of this culture model for biomineralization studies. This study
has made comparisons to bone and synthetic standards, and future
studies will consider a time course of mineral evolution/maturation in
MC3T3-E1 osteoblast cultures, and a comparison to other culture
models.
Table 4
Mineral:matrix and carbonate:phosphate ratios as determined by integrated band area
and by band intensity.

Sample Mineral:matrix ratio

ν1ν3PO43−/amide I

Carbonate:phosphate
ratio

(%) ν2CO32−/

ν1ν3PO43−

Area Intensity Area Intensity

MC3T3-E1 cell culture 2.7 1.5 0.9 5.4
MC3T3-E1 cell culture
(NaOCl-treated)

– – 1.1 5.5

Mouse bone (calvaria) 3.4 1.9 1.4 7.5
C-HA – – 1.7 8.1
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