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Abstract In vitro models of osteogenesis are essential for

investigating bone biology and the effects of pharmaceu-

tical, chemical, and physical cues on bone formation.

Osteogenesis takes place in a complex three-dimensional

(3D) environment with cells from both mesenchymal and

hematopoietic origins. Existing in vitro models of osteo-

genesis include two-dimensional (2D) single type cell

monolayers and 3D cultures. However, an in vitro scaffold-

free multicellular 3D model of osteogenesis is missing. We

hypothesized that the self-inductive ossification capacity of

bone marrow tissue can be harnessed in vitro and employed

as a scaffold-free multicellular 3D model of osteogenesis.

Therefore, rat bone marrow tissue was cultured for 28 days

in three settings: 2D monolayer, 3D homogenized pellet,

and 3D organotypic explant. The ossification potential of

marrow in each condition was quantified by micro-com-

puted tomography. The 3D organotypic marrow explant

culture resulted in the greatest level of ossification with

plate-like bone formations (up to 5 mm in diameter and

0.24 mm in thickness). To evaluate the mimicry of the

organotypic marrow explants to newly forming native bone

tissue, detailed compositional and morphological analyses

were performed, including characterization of the ossified

matrix by histochemistry, immunohistochemistry, Raman

microspectroscopy, energy dispersive X-ray spectroscopy,

backscattered electron microscopy, and micromechanical

tests. The results indicated that the 3D organotypic marrow

explant culture model mimics newly forming native bone

tissue in terms of the characteristics studied. Therefore, this

platform holds significant potential to be used as a model of

osteogenesis, offering an alternative to in vitro monolayer

cultures and in vivo animal models.
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Bone formation takes place in a complex microenvironment

under the regulation of chemical [1–3] and physical [4–6]

cues, necessitating the involvement and interaction of multi-

ple cell types [7–16]. Various models have been developed

and utilized to investigate bone formation. These models

comprise either in vitro monolayer culture systems that

employ single cell types (e.g., calvarial osteoblastic cells,

mesenchymal stem cells) [17–21], explant cultures of bone

tissue fragments (e.g., mouse metatarsals and calvaria) [22,

23], or in vivo animal models (e.g., murine fracture healing

models) [24–29]. It has been shown that cells cultured in two-

dimensional (2D) monolayer conditions display significant

perturbations in gene expression compared to cells in native

tissues and cells cultured in three-dimensional (3D) culture

conditions [30]. On the other hand, bone fragments/explants

are formed readily on an existing mineralized tissue platform;

therefore, they are not particularly useful for studying the full

scale of bone formation, which encompasses both prolifera-

tion and differentiation of stem cells. In vivo models are
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complex, and the responses observed in these models are

generally the result of multiple systems in the organism. In

addition, with in vivo animal models it is harder to target

specific proteins (i.e., transgenic mouse models) compared to

in vitro systems, which allow protein targeting methods such

as silencing RNA (siRNA) [23]. Therefore, there is a need for

novel 3D in vitro models which embody the multicellular and

physiological characteristics of native tissues [15, 30–35]. The

3D culture platforms are conveniently situated between the

basic 2D culture systems and the complex in vivo models and

can be an alternative to the currently used animals [30, 33, 34].

Therefore, we propose a scaffold-free, multicellular, 3D in

vitro model based on the inherent ossification potential of bone

marrow explants as an effective tool to study osteogenesis.

Earlier studies on the ossification potential of bone mar-

row tissue have shown that ectopic implantation of marrow

induces ossification and forms a tissue that is composed of

both bone and marrow components [36]. In addition, it was

previously demonstrated that bone marrow tissue inherently

ossifies in vitro [37]. We have recently shown that explant

cultures of rat marrow tissue result in ossified structures in

the absence of osteoinductive agents and without any serum

supplementation [3]. However, it is unknown whether the

extracellular matrix and micromechanical characteristics of

the ossified formations resulting from marrow explants are

similar to newly forming native bone tissue. Moreover, the

effect of different culture conditions (i.e., 2D vs. 3D culture)

on the inherent in vitro ossification potential of marrow

tissue is unknown. In the current study, rat bone marrow

explants were cultured for 28 days in three different con-

ditions: 2D monolayer, 3D homogenized pellet, and 3D

organotypic explant culture. Next, the morphological and

compositional properties of the resulting ossified formations

were investigated and characterized by delineating: (1) the

ossification level and structural organization of the ossified

matrix with micro-computed tomography (lCT); (2) the

compositional and cellular organization of the ossified

marrow explants by high-magnification back-scattered

electron microscopy (BSEM), histology, immunohisto-

chemistry, and flow cytometry; (3) the mineral to matrix

ratio of the ossified marrow explants with Raman micro-

spectroscopy; (4) the elemental analysis of the ossified

matrix with energy dispersive X-ray spectroscopy (EDS);

and (5) the micromechanical properties of the ossified

matrix with microindentation.

Methods

In Vitro Culture Conditions

Whole bone marrow tissue was isolated from the femora

and tibiae of male Long-Evans rats 80–90 days old

(approved by the Institutional Animal Care and Use

Committee). We previously described comprehensively the

bone marrow extraction and explant culture procedure [3].

Briefly, diaphyseal bone marrow was extracted with a

centrifugation-based technique that minimizes the transfer

of bony fragments from the donor bone tissue into the

culture environment. Marrow tissue was cultured on inserts

with porous PET membranes (Transwell, 0.4 lm pore size;

Corning, Corning, NY) at a 7 lL (7 mm3) volume (Fig. 1).

The marrow growth medium was osteogenic; however, it

did not contain any osteoinductive factors (such as dexa-

methasone or BMP-2) and was composed of (modified

from Luria et al. [37]) a-MEM (Sigma, St. Louis, MO),

10% MSC-qualified-FBS (Invitrogen, Carlsbad, CA), 60

U/mL Pen-Strep (Invitrogen), 2.5 lg/mL fungizone

(Sigma), 50 lg/mL ascorbic acid (Sigma), 5 mM Na-

b-glycerophosphate (MP Biomedical, Solon, OH), and

3.5 mg/mL glucose (Sigma). The culture medium was

changed every 2 days, and all marrow cultures were

maintained at 37�C, 5% CO2, 95–99% relative humidity (to

prevent dehydration of the explants) throughout the

experiment (28 days). In order to investigate the effect of

different culture conditions on the in vitro inherent ossifi-

cation potential of marrow tissue, three different settings

were utilized with the same volume of marrow tissue and

the same culture medium: (1) 2D culture with marrow

immersed in the culture medium and adherent cells form-

ing a monolayer, (2) pellet culture in which suspended

marrow cells were centrifuged and cultured as a micromass

on a membrane at the interface of air and medium, and (3)

explant culture in which the marrow was cultured ‘‘as is’’

on a membrane at the interface of air and medium.

Marrow Monolayer (2D) Culture (Fig. 1a)

This culture condition was employed to segregate adherent

and nonadherent cells. Essentially, this condition is similar

to the 2D monolayer culture systems of marrow-derived

cells commonly used in the literature [18, 38, 39]. Marrow

tissue (7 lL) was dispersed and homogenized in the culture

medium, filtered through a 70-lm cell strainer, and trans-

ferred into the culture inserts (n = 6), allowing adherent

cells to attach on the porous membrane and keeping non-

adherent cells suspended (Fig. 1a). Nonadherent cells were

aspirated off during medium changes, and the adherent cell

population was cultured for 28 days.

Marrow Homogenized Pellet Culture (Fig. 1b)

This culture condition kept the adherent and nonadherent

cells together; however, their spatial association was nul-

lified by homogenization. Marrow tissue was dispersed and

homogenized in the culture medium, followed by filtering
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through a cell strainer with 70 lm pore size. Then, the

suspended marrow tissue was centrifuged at 1,000 rpm for

5 min to obtain a homogenized pellet of all marrow cells

(both adherent and nonadherent). The supernatant was

discarded, and 7 lL of the pellet was pipetted and trans-

ferred onto culture inserts (n = 6) (Fig. 1b). The insert

carrying the pellet was placed in culture wells, which were

filled with medium to a level to contact the insert mem-

brane. The medium was consistently in contact with the

membrane over the entire culture period. The membrane

had 0.4 lm porosity, which allowed fluid diffusion.

Therefore, the presence of medium above the membrane

occurred by diffusion through the membrane, and this

configuration preserved the cellular composition of pellets,

preserving both the adherent and nonadherent marrow

cells. Furthermore, the insert containing the pellet was

removed and placed on the side during medium changes;

therefore, the cellular composition was maintained

throughout this air–medium interface culture model for

both marrow-derived pellet culture and the following

marrow explant culture conditions.

Explant Culture of Marrow (Fig. 1c)

Immediately after extraction from the donor animals,

marrow tissue was pipetted and transferred onto the culture

inserts (7 lL each, n = 10) with minimal manipulation.

Similar to the pellet culture conditions, the lower side of

the porous membrane was in contact with a sufficient

amount of medium (in a six-well plate) (Fig. 1c). The

upper portion of the porous inserts was not filled with

medium, to preserve the structural and cellular integrity of

the marrow explant ‘‘as is’’.

lCT Analysis

Mineralization and ossified volume of cultured marrow

samples (n = 10) were analyzed and measured by lCT

scans performed at day 28. Samples were fixed in 10%

formalin and kept in the fixative before and during the

scans (lCT 40; Scanco Medical, Brüttisellen, Switzerland),

which were performed with a 16 lm voxel resolution

(I = 145 lA, E = 55 kVp, integration time = 200 ms).

Scanned images were reconstructed and analyzed with

commercial software (Scanco Medical) using the standard

segmentation parameters for bone tissue [40–42]. An

ossified marrow explant was stained with 2% silver nitrate

(von Kossa staining [18]) to visualize the mineralized

matrix and compare with the detected ossified volume by

lCT.

Histological Analysis

At the end of the culture period (28 days), 10% formalin

was used to fix the ossified marrow samples, followed by

decalcification in formic acid solution (1:1 solution of 50%

aqueous formic acid and 20% sodium citrate) for 12 h.

Decalcified explants were then washed in tap water for

30–45 min, embedded in paraffin, sectioned, and dried

overnight in a 37�C oven. Sections were deparaffinized and

Fig. 1 Overview of marrow culture conditions tested in this study at

day 0. The same volume (7 lL) of marrow tissue was utilized with the

same culture medium in three different culture conditions, with a

culture duration of 28 days. In each case, the culture setup was

composed of a culture insert with a PET porous membrane (0.4 lm

pore size, Transwell; Corning) placed in a six-well culture plate.

a Monolayer culture system in which marrow tissue was dispersed

and suspended in medium. The typical monolayer marrow culture

allowed adherent marrow cells to attach on the porous membrane and

suspended nonadherent marrow cells, which were washed away

during the first medium change. b The air–medium interface marrow

pellet culture system in which marrow tissue was suspended and

homogenized in culture medium, followed by centrifugation to obtain

a pellet, which is transferred onto porous membrane. c The air–

medium interface marrow explant culture system used for culturing

bone marrow explants in their intact form. In pellet (b) and explant

(c) culture conditions, the inside of the insert (i.e., above the porous

membrane) was not filled with medium, to prevent the immersion and

dispersion of marrow pellet/explant and to maintain the compositional

integrity during medium changes. Otherwise, transport of medium to

the explants occurred by diffusion and wicking of the medium

through the membrane (Color figure online)
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hydrated in a graded series of alcohol solutions (100, 95,

70, and water). Slides were then stained with Masson’s

trichrome to visualize the collagen-rich ossifying regions.

In addition, safranin O fast green staining was performed to

check for cartilaginous formation via the presence of pro-

teoglycans. Light microscopic images were taken with an

Olympus (Tokyo, Japan) Vanox microscope equipped with

the Qimaging Micropublisher 5.0 RTV 5 megapixel CCD

camera.

Immunohistochemical Analysis for Extracellular

Matrix Typification

The protocol followed for immunohistochemistry of the

ossified marrow explants was modified from previously

published reports [43, 44]. Sections of decalcified, ossified

marrow explants were deparaffinized and treated with

10 mM sodium citrate solution (pH 6.0) for 10 min at 95�C

for epitope recovery. Sections were then cooled for 15 min,

washed in deionized water, and treated with 3% H2O2 for

10 min to quench endogenous peroxidase activity. Fol-

lowing this step, sections were rinsed with Tris-buffered

saline (TBS) and immersed in a protein block solution

(Dako, Carpinteria, CA) for 30 min to prevent nonspecific

binding. The blocking solution was then drained, and the

sections were incubated with the primary antibody for 1 h

at room temperature. Anti-rat primary antibodies included

anti-collagen type I rabbit polyclonal IgG antibody (1:10

dilution; AbD Serotec, Raleigh, NC) and anti-collagen type

III rabbit polyclonal IgG antibody (1:300 dilution, AbD

Serotec) to characterize matrix composition. After incu-

bation with the primary antibody, sections were washed

with TBS and sequentially incubated with a prediluted

biotinylated secondary antibody (30 min), a peroxidase-

labeled streptavidin (30 min), and a 3,30-diaminobenzidine

chromogen solution (5 min), using the Universal Dako

LSAB ? kit (Dako) and following the manufacturer’s

instructions. Sections were then washed with DI water,

counterstained with hematoxylin, and coverslipped. Sec-

tions stained in a similar manner but without the primary

antibody served as the negative control.

Immunohistochemical Analysis for Presence

of Osteocyte-Like Cells

The presence of osteocyte-like cells in the ossified marrow

explants was analyzed through immunohistochemical

staining for the commonly accepted osteocyte markers

CD44 [44] and sclerostin [45, 46]. The anti-rat primary

antibody anti-CD44 (OX-49) mouse monoclonal IgG was

used to detect the presence of osteocytes [44] (1:100

dilution; Biolegend, San Diego, CA) according to the

staining protocol described in the previous section.

Sclerostin expression on paraffin-embedded sections of

cultured bone marrow explants and rat tibiae was detected

as previously described [45, 46]. Briefly, sections were

deparaffinized, treated with 3% H2O2 to inhibit endogenous

peroxidase activity, blocked with rabbit serum, and then

incubated with 1:100 dilution of goat polyclonal anti-

mouse sclerostin antibody (R&D Systems, Minneapolis,

MN). Sections were then incubated with rabbit anti-goat

horseradish peroxidase-conjugated secondary antibody

(Santa Cruz Biotechnologies, Santa Cruz, CA), followed

by avidin-conjugated peroxidase (Vectastain Elite ABC

Kit; Vector Laboratories, Burlingame, CA). Color was

developed with a diaminobenzidine substrate chromogen

system (Dako). Nonimmune IgG was used as a negative

control.

High-Magnification Imaging of Lacunocanalicular

Formations with BSEM

Ossified marrow explants were fixed in 70% ethanol, fol-

lowed by serial dehydration (ethanol 80, 90, 100% 9 2).

Dehydrated samples were embedded in (poly)methyl-

methacrylate (PMMA) for undemineralized assessment of

the ossified matrix. PMMA embedding involved infiltration

of the samples with 80% methyl methacrylate (Sigma) and

20% dibutyl phthalate (Sigma, M1) for 1 day, followed by

infiltration with M1 supplemented with 1 g/L benzoyl

peroxide (Sigma) for 1 day. After infiltration, samples were

embedded with M1 supplemented with 3.5 g/L benzoyl

peroxide for 2 days, followed by 2-day curing in a 45�C

oven. PMMA-embedded samples were sectioned trans-

versely with a low-speed diamond saw, exposing the cross

section of the ossified marrow explants. The exposed sur-

faces were polished with increasingly fine sandpaper, up to

2,000 grit, and final polishing was conducted with a pol-

ishing cloth using 0.05-l alumina particles. Polished

samples were visually checked with a light microscope.

BSEM imaging was performed on the polished surface

with a gaseous analytical detector (GAD) at an accelerator

voltage of 10 kV, with a 4.4 mm working distance and at

10,0009 magnification (NanoSEM; FEI, Hillsboro, OR).

Assessment of Cellular Residency by Flow Cytometry

Cells were harvested by pooling at least 10 marrow explants

per time point (days 0, 14, and 28) and by incubating them

in 1 mg/mL collagenase (Sigma) in 0.25% trypsin-EDTA

solution (Invitrogen) for 15 min at 37�C with gentle mixing

at intervals. After enzymatic treatment, the cell suspension

harvested was filtered through a 70-l cell strainer and

centrifuged. Following centrifugation, red blood cells

(RBCs) were lysed by suspending the cells in 1 9 RBC

lysis buffer (150 mM ammonium chloride, 10 mM sodium
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bicarbonate, and 1 mM EDTA) for 5 min at room temper-

ature. Prior to incubation with the specific antibodies, cells

were suspended in 5% mouse serum (Santa Cruz Biotech-

nology, Santa Cruz, CA) for 20 min at 4�C to prevent

nonspecific binding of the antibodies. Cells were then

stained with FITC-labeled CD45 antibody (Biolegend) to

identify hematopoietic cells [47]. STRO-1 antibody has

been commonly used to label marrow mesenchymal pro-

genitors [12, 48–52], and therefore, PE-labeled STRO-1

antibody (Santa Cruz Biotechnology) was used to identify

rat MSCs based on the literature [12]. Labeled cell popu-

lations were analyzed by a flow cytometer (Cell Lab Quanta

MPL; Beckman Coulter, Fullerton, CA), and the data were

evaluated by performing a dot plot analysis using WinList

6.0 software (Verity Software House, Topsham, ME).

Quantification of Mineral to Matrix Ratio by Raman

Microspectroscopy

After 28 days in culture, formalin-fixed, ossified marrow

explants were transferred onto glass slides and the Raman

spectra were obtained with a 660 nm laser (LabRam

HR800; Horiba Jobin Yvon, Edison, NJ). A wavenumber

range of 250–1800 cm-1 was selected to visualize the

characteristic peaks of bone tissue. As a control, the

diaphyseal portion of the tibia of a rat used in this study

was fixed and analyzed the same way. The ratio of the

intensities of 959 cm-1 peak (apatitic mineral, symmetric

stretch for PO4
-3) and 1,450 cm-1 peak (N–H bending,

methyl deformation, CH2 wagging) was quantified [53–56]

in ossified marrow explants (n = 10) and rat tibiae (n = 3)

to compare the mineral/matrix ratio.

Analysis of Calcium (Ca) to Phosphorus (P) Ratio

with EDS

Elemental analysis of ossified marrow explants was con-

ducted with EDS using the FEI Quanta 3D FEG Dual-beam

SEM equipped with an Oxford INCAPentaFET-93 large

area crystal Energy Dispersive X-Ray detector in low

vacuum mode. Diaphyseal sections of rat tibiae were

included as positive controls and similarly analyzed with

EDS. Elemental analysis on rat tibia was conducted on the

periosteal surface (newly forming bone) and on the intra-

cortical regions (older bone) separately, due to different

maturity levels of bone tissue at these locations [57, 58]. In

this study, the Ca/P weight ratio of the ossified marrow

samples and the native bone tissue were compared with

relative values. Therefore, EDS quantification was per-

formed on the samples under the same measurement set-

tings and conditions. The Ca/P weight ratio was measured

for ossified marrow (OM) explants (n = 21), periosteal rat

tibiae (PRT, n = 5), and intracortical rat tibiae (IRT,

n = 6) and used to compare the crystalline level of the

samples [59]. The Ca/P weight ratio for human bone (HB,

ages 15–55, n = 80) was obtained from a previous study

[60] for comparison.

Micromechanical Analysis

Microindentation of OM explants was performed, and

microhardness values were compared with those of native

rat tibiae. Native rat tibiae were fixed with 70% ethanol,

dehydrated, PMMA-embedded, sectioned, and polished as

described above. Embedded tibiae were sectioned trans-

versely to expose the cross section of the mid-diaphyses.

Microindentation on the rat tibial diaphysis was performed

on the PRT and IRT regions separately due to the differ-

ence in the micromechanical properties, which is associ-

ated with the different maturity of the bone tissue at these

locations [57]. Microindentation was performed on pol-

ished, PMMA-embedded samples using a Vickers (Mal-

den, MA) diamond microindenter with a microhardness

tester (Leco LM247AT). The indentation load was selected

to be 200 gf with a dwell time of 15 s [61, 62]. Vickers

hardness (HV) was calculated using the manufacturer’s

software (Leco Amh43) by averaging the measurements

obtained from 10–26 individual indentations for each

sample group.

Statistical Methods

The ossification level in different marrow culture conditions,

the Ca/P weight ratio, and the HV values of the samples were

analyzed statistically with Kruskal-Wallis one-way analysis

of variance, followed by the Mann-Whitney U-test and a post

hoc test with Bonferroni correction for multiple compari-

sons. The measured ratio of the Raman peak intensities at

959 cm-1 (apatitic mineral, symmetric stretch for PO4
-3) and

1,450 cm-1 peak (N-H bending, methyl deformation, CH2

wagging) in the samples was statistically analyzed by the

Mann-Whitney U-test. Statistical significance was set at

P \ 0.05, and the P value obtained for each test was adjusted

based on the number of comparisons according to Bonferroni

correction (P value obtained from the test multiplied by

number of comparisons). Error bars in the figures indicate

standard deviation (SD).

Results

Effect of Culture Condition on In Vitro Ossification

Potential of Marrow Tissue

Rat bone marrow explants underwent ossification without

the addition of any osteoinductive factors in both the pellet
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culture and explant culture conditions (Fig. 2). However,

the monolayer culture condition did not result in a

detectable level of inherent ossification in marrow samples

(Fig. 2); therefore, it was not included in the statistical

analysis. Culturing marrow explants ‘‘as is’’ at the air–

medium interface resulted in a significantly greater level of

inherent ossification (0.728 ± 0.407 mm3, n = 10) com-

pared to the pellet culture (0.019 ± 0.010 mm3, n = 6)

(P \ 0.05).

Appearance and Structural Organization of OM

Explants

Marrow explants ossified to generate a plate-shaped, bone-

like tissue by day 28 with a diameter up to 5 mm

(3.2 ± 1.2 mm, n = 10) (Fig. 3a) and a thickness up to

0.24 mm (160 ± 55 lm, n = 8) (Fig. 4). OM explants

were visible to the naked eye (Fig. 3a). The presence of

calcified tissue was verified by von Kossa staining

(Fig. 3a), and lCT scans further confirmed the presence of

mineralized tissue (Fig. 3b). The mineralized volume

quantified by lCT was about 10% (0.73 ± 0.41 mm3) of

the initial bone marrow volume (7 lL, which is equivalent

to 7 mm3).

Cellular and Compositional Organization of OM

Explants

Masson’s trichrome staining showed the presence of high-

density collagen regions (blue color) beginning around day

14 (Fig. 4b). Such matrix formation occurred at regions of

explants interfacing with the porous membrane. The col-

lagen-dense zone increased in thickness and covered a

large portion of the sample by day 28 (Figs. 4c, 5a). Viable

osteoblast-like cells (arrowheads in Fig. 4e) were observed

around the collagen-rich regions (Fig. 4d). In addition,

viable osteocyte-like cells (* in Figs. 4d, 6i) were embed-

ded in the collagen-rich sections. Safranin O fast green

staining did not indicate the presence of proteoglycans

(orange color absent in Fig. 5b), implying absence of car-

tilaginous tissue. The collagen matrix synthesized during

the ossification of marrow explants was predominantly

collagen type I (Fig. 5c) and weakly positive for collagen

type III (Fig. 5d).

CD44 staining was observed on the surface of some of

the osteocyte-like cells present within the collagen matrix

of native rat bone tissue (Fig. 6b) as well as in the OM

explants (Fig. 6d). A negative control without the primary

antibody was included to negate any nonspecific/back-

ground staining (Fig. 6a, c). The presence of osteocyte-like

cells was further assessed through sclerostin staining,

which showed a weak positive staining in OM explants

(Fig. 6h) compared to native rat bone tissue, which dis-

played high reactivity with sclerostin (Fig. 6f). Negative

controls without primary antibody were included for both

native bone tissue (Fig. 6e) and ossified bone marrow

explants (Fig. 6g). High-magnification BSEM imaging

revealed the ossified regions of the marrow explants

embedded in PMMA resin (light gray areas in Fig. 6i).

Osteocyte lacunae were present in the ossified matrix (* in

Fig. 6i) with the connecting canalicular extensions

(arrowheads in Fig. 6i), which are the typical characteris-

tics of bone tissue observed with BSEM.

Temporal Residence of STRO-1? (MSCs) and CD45?

(Hematopoietic) Cells During Ossification

The CD45? hematopoietic cell fraction within the marrow

explants declined with the duration of the culture from

[95% at day 0 to 22% by day 28. The STRO-1? stromal

cell fraction was 3% on day 0, increased to 6% at day 14,

and declined to below 1% by day 28. The CD45–STRO-1–

fraction was observed to progressively increase with the

duration of the culture from below 2% at day 0 to[75% by

day 28 (Fig. 7).

Mineral to Matrix Ratio of OM Explants

Raman microspectroscopic analysis indicated that OM

explants displayed all of the key vibrational modes char-

acteristic to newly forming native bone tissue (Fig. 8a)

[53]. Specifically, phosphate vibrations (symmetric bend-

ing, asymmetric bending, and symmetric stretch at about

450, 650, and 959 cm-1, respectively) and type B

Fig. 2 The effect of culture condition on inherent in vitro ossification

potential of marrow tissue as measured by lCT. Traditional 2D

monolayer culture (n = 6), which disrupts the marrow tissue and

removes the nonadherent cells of the marrow, results in undetectable

ossification. Homogenization and pellet culture of marrow tissue

(n = 6) result in a low-level inherent in vitro ossification

(0.019 ± 0.010 mm3). On the other hand, the air–medium interface

marrow explant culture (n = 10) described in this study results in the

greatest level of inherent in vitro ossification (0.728 ± 0.407 mm3).

All groups displayed in the figure are significantly different from each

other (P \ 0.05)
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carbonate substitution vibrations (at about 1,070 cm-1)

were present. It was also observed that the apatitic mineral

(symmetric stretch for PO4
-3 959 cm-1) to N-H bend

(methyl deformation, CH2 wagging 1,450 cm-1) ratio [53]

was significantly lower in OM explants relative to native

bone tissue (Fig. 8b).

Ca/P Weight Ratio Analysis of OM Explants

Ca/P weight ratio analysis was conducted by EDS on the

OM, native PRT, and native IRT (Fig. 8c). OM displayed

both Ca and P peaks and had a Ca/P weight value of 1.32

(SD = 0.20, n = 21), which was significantly less than

Fig. 3 General overview of

ossifying marrow explants.

a von Kossa-stained marrow

explant at day 28 confirms the

presence of calcification.

b 3D lCT reconstructed

appearance of an ossified

explant that displays a plate-like

ossified structure at day 28

Fig. 4 Evolution of in vitro

inherently ossifying marrow

explants stained with Masson’s

trichrome over time. a Day 7.

b Day 14. c Day 28. d Close-up

view of day 28 section. Darker
blue color represents collagen-

rich sections of the explants. At

day 7 it was possible to see a

multicellular composition of

bone marrow tissue without any

traces of ossification (a). At day

14 the collagen-rich matrix

originated at the bottom of the

explant adjacent to the porous

membrane (b). At day 28 the

collagen-rich matrix deposition

increased compared to day 14

(c). Osteocyte-like cells were

observed to be embedded in the

collagen-rich matrix (d) (Color

figure online)

394 U. A. Gurkan et al.: Scaffold-Free Model of Osteogenesis

123



IRT (1.79, SD = 0.30, n = 6) and comparable to PRT

(1.28, SD = 0.10, n = 5) (Fig. 8c). Human bone has been

reported to have a Ca/P weight ratio of 2.21 (SD = 0.29,

n = 80, ages 15–55) [60], which was significantly greater

than that of native rat tibia and OM.

Microhardness of OM Explants in Comparison

to Periosteal and Intracortical Bone Tissue

A microindentation test indicated that IRT (n = 10) had a

significantly greater HV value than PRT (n = 10) and OM

(n = 26) (Fig. 8d). The hardness of the embedding resin

(PMMA, n = 10) was also measured for comparison pur-

poses and was observed to be significantly less than all the

groups (Fig. 8d).

Discussion

The results of this study showed that (1) rat marrow tissue

ossified inherently in vitro without the addition of excipient

osteoinductive factors in both pellet culture and explant

culture conditions, (2) 3D organotypic explant culture

resulted in the greatest level of inherent in vitro ossification

of marrow tissue, (3) OM explants formed a visible 3D

plate-like bone tissue with viable osteoblast-like cells

layering the mineralized matrix and viable osteocyte-like

cells (CD44? and sclerostin?) embedded within the ossi-

fied matrix, (4) the marrow explant ossification process

supported the residence of STRO-1? MSCs and CD45?

hematopoietic cells throughout the culture period, (5) the

Ca/P weight ratio was comparable between OM tissue and

newly forming native bone tissue (periosteal tibia), (6) OM

tissue displayed all of the characteristic Raman peaks of

bone tissue with a lower mineral to matrix ratio, and (7) the

microhardness of OM tissue was less than that of native

bone tissue.

Bone formation involves the differentiation of MSCs or

osteoblast progenitors into osteoblasts, which are respon-

sible for producing the mineralized bone matrix [63, 64].

The in vitro monolayer models (2D) of bone formation that

are aimed at studying the differentiation into osteoblastic

phenotype generally employ various purification steps to

isolate the progenitors from sources such as bone marrow

[65]. These purification steps include isolation of the

adherent multipotent MSCs by eliminating the nonadherent

hematopoietic stem cells (HSCs) and the osteopoietic

accessory cells (OACs) [12]. In addition, recent evidence

indicates that the nonadherent cellular population of mar-

row tissue includes complementary MSCs, which also

display differentiation potential to multiple phenotypes

[66]. In order for the purified adherent population of cells

to display osteogenic potential, a variety of osteoinductive

factors (e.g., dexamethasone and BMPs) are added in a

range of concentrations [18, 67]. It has been suggested that

the presence of other cell types (i.e., HSCs, OACs) plays a

role in the differentiation of MSCs to osteoprogenitors and

osteoblasts and that these cell types regulate each other’s

functions [7–16]. These cell types are housed cumulatively

in bone marrow tissue, making it a critical component in

Fig. 5 Histochemical and

immunohistochemical analyses

of the extracellular matrix of

ossified marrow explants.

a Masson trichrome staining

showed the presence of a

collagen-rich matrix. b Safranin

O fast green staining did not

indicate the presence of

proteoglycans. c, d
Immunohistochemical images

for collagen type I and type III.

The collagen-rich matrix was

predominantly collagen type I

(c) and weakly positive for type

III (d) (Color figure online)
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Fig. 6 Analysis of osteocyte-

like cell presence in ossified

marrow explants with

immunohistochemistry (CD44

and sclerostin) and high-

resolution BSEM imaging.

a, c, e, g Nonimmune IgG.

b, d Anti-CD44 antibody.

f, h Anti-sclerostin antibody.

CD44 staining was observed on

the surface of osteocyte-like

cells embedded within the

collagen-rich matrix in rat tibial

tissue (b) and in ossified

marrow explants (d). Sections

stained without the primary

antibody served as the negative

control for immunohisto-

chemical analysis of CD44

(a, c). Sclerostin expression in

ossified marrow explants was

detected by immunohisto-

chemistry using an anti-murine

sclerostin antibody that also

recognizes the rat protein.

e, f Rat tibia used as positive

control. g, h Ossified bone

marrow explants

(demineralized) cultured for

28 days. Black and white
arrows indicate sclerostin-

positive and sclerostin-negative

osteocytes, respectively.

i BSEM image of an ossified

marrow explant embedded and

polished in a PMMA resin.

Gray regions correspond to

mineralized/ossified sections of

the explants, with * indicating

the location of lacunae where

the osteocytes reside.

Arrowheads indicate sections of

canalicular extensions, which is

a typical characteristic of the

osteocyte cell network (Color

figure online)
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bone regeneration [68–70]. Previous studies have demon-

strated that bone marrow explants inherently undergo

ossification in vivo [36, 71] or in vitro without the addition

of excipient osteoinductive factors [3, 37, 72]. In fact, we

have shown that when the cellular integrity of intact bone

marrow tissue is disrupted and the cells are cultured

according to the traditional monolayer culture methods

(i.e., eliminating the nonadherent cells with medium

change), the inherent ossification potential of bone marrow

tissue is lost (Fig. 2) [3]. Similarly, when the structural

integrity of marrow tissue explants was compromised

through dispersion and homogenization, in vitro inherent

ossification potential of marrow tissue decreased signifi-

cantly as observed in pellet culture conditions (Fig. 2).

Therefore, the in vitro marrow explant culture system

described here demonstrates a high potential of inherent

ossification of marrow tissue by preserving both the cel-

lular and structural integrity, therefore allowing it to be

Fig. 7 Change in the cellular

residence of ossifying bone

marrow explants with time by

flow cytometry. The CD45?

hematopoietic fraction

decreased with time. The

CD45–STRO-1– fraction

progressively increased with the

duration of culture. The STRO-

1? mesenchymal stem cell

progenitor fraction was

maintained throughout the

culture period, with a peak at

day 14 (inset)

Fig. 8 Compositional and micromechanical characterization of ossi-

fied marrow (OM) in comparison to intracortical rat tibia (IRT) and

periosteal rat tibia (PRT). a Raman microspectroscopic analysis of

OM in comparison to PRT indicated that OM displays all the

characteristic peaks of PRT (450, 650, 959, 1,070, 1,450, and

1,660 cm-1) with a lower-intensity apatitic mineral peak (959 cm-1),

which is an indicator of newly mineralizing bone matrix. b Apatitic

mineral (959 cm-1) to N–H bend (1,450 cm-1) ratio indicated the

crystallinity of OM (n = 10) to be lower (P \ 0.05) than that of PRT

(n = 3). c Comparison of the Ca/P weight ratio of OM with PRT,

IRT, and human bone (HB). The Ca/P weight ratio of HB (n = 80)

was significantly greater than that of IRT (n = 6), PRT (n = 5), and

OM (n = 21). IRT displayed a greater Ca/P ratio than OM, whereas

that of PRT was not statistically different from that of OM. Lines
connecting individual groups indicate statistical significance

(P \ 0.05). (Ca/P weight ratio of HB was based on literature [63].)

d HV values for OM in comparison to PRT and IRT measured by

microindentation tests. IRT displayed a significantly higher HV

compared to PRT as well as OM. The HV value of the embedding

resin (PMMA) was included for comparison purposes. All groups

displayed in the figure are significantly different from each other

(P \ 0.05)
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used as a model to study osteogenesis and to develop

therapeutic strategies for skeletal reconstruction.

Histological assessment of the Masson’s trichrome-

stained ossifying explant sections revealed collagen-rich

regions (blue color) starting at day 14 (Fig. 4b), which was

observed to correspond to the ossified volume of the

explants as detected by lCT conducted at day 28 (Fig. 3b).

These collagen-rich sections (Figs. 4c, 5a) were verified to

be mostly type I collagen (Fig. 5c), which is the most

abundant type in bone tissue. In addition to type I collagen,

type III collagen was observed at a lower extent in the

ossified marrow tissue (Fig. 5d). Collagen type III is

known to be expressed by early-stage osteoblasts during

the synthesis of woven bone tissue, which is then replaced

by the osteoid (rich in collagen type I) during the remod-

eling phase, reducing the presence of collagen type III

dramatically [73]. Therefore, the low-level presence of

type III collagen in ossified marrow explant is an indicator

that the type of bone present is woven bone.

The ossified matrix was observed to be surrounded by or

in contact with unmineralized tissue (Fig. 4c, d). In Fig. 4c,

the nonossified layer presents a weakly cellular tissue

structure, which is evidenced by a low number of stained

nuclei. This nonossified layer does not display a collage-

nous matrix per Masson’s trichrome staining (Figs. 4c, 5a)

and displays absence of collagen I (Fig. 5c). Therefore, it

may be suggested that the nonossified layer in marrow

explants is rich in cells of nonmesenchymal origin, which

are possibly hematopoietic cells such as platelets. Flow-

cytometric analysis further indicated that the number of

hematopoietic cells decreased en masse over time (Fig. 7),

which can be explained by the increasing volume of ossi-

fied tissue over time that replaces the nonossified marrow.

Further analysis is needed to clarify the identity of the cells

residing in the nonossified sections of the marrow explants.

Viable osteoblast-like and fibroblast-like cells were

apparent surrounding the ossification site in both the lower

and upper sections (Fig. 4d). Therefore, it can be postu-

lated that the ossified marrow emerges in two sheets of

unmineralized layers, which support the presence of

osteoblast-like cells. The osteoblast-like cells that are

present in these layers were observed to be in the process of

laying the mineralized matrix and getting trapped within

the matrix to become osteocytes. Therefore, self-inductive

ossification of marrow tissue may be dependent on the

presence of surrounding nonmineralized compartments that

potentially support the process of osteogenesis. The inter-

action and the dependence between the nonmineralized and

mineralized components of marrow ossification warrant

further investigation.

Viable CD44? osteocyte-like cells were observed to be

present in the collagen-rich ossified matrix (Fig. 6d) with

typical lacunae and primitive canalicular extensions

(Fig. 6i). In addition to CD44 immunohistochemical anal-

ysis, weakly positive sclerostin reactivity was observed in

the osteocyte-like cells embedded in ossified marrow

explants, which is an indicator of a newly forming bone

tissue with early-stage osteocytes (Fig. 6h). Cumulatively,

these results indicate that marrow explants form a 3D plate-

like ossified matrix (Fig. 3), which houses the basic cel-

lular elements (osteoblasts and osteocytes) of bone tissue.

There are two types of bone formation: endochondral

ossification and intramembranous ossification. It is known

that a fracture site that is not well stabilized (prone to

motion) tends to heal through endochondral ossification

[74, 75], in which ossification is preceded by the formation

of cartilaginous matrix. On the other hand, a well-stabilized

fracture site undergoes healing through intramembranous

ossification, in which mesenchymal stem cells directly

differentiate into osteoblasts and form an ossified matrix

[28, 29]. Intramembranous ossification is critical in skeletal

development and regeneration and takes place in the

periosteum, in the regeneration of the endosteum, and in

parts of the cranium, scapula, and clavicles [76–80]. It was

recently shown that healing through intramembranous

ossification results in a stiffer and faster-healed bone

compared to endochondral ossification in mice [28]. His-

tological analysis of the in vitro ossified marrow explants

with safranin O/fast green staining did not display (Fig. 5b)

the presence of proteoglycans at all time points, which can

be found abundantly in cartilaginous matrix. This finding is

expected considering the fact that the in vitro ossifying

marrow tissue in this study did not experience any

mechanical stimulation and, as described above, intra-

membranous ossification is generally observed in well-

stabilized fracture sites with minimal deformation of the

fracture callus [28, 29]. Therefore, it would be reasonable

to expect endochondral ossification if mechanical defor-

mations at the level that is observed at nonstabilized

fracture sites are applied during in vitro ossification of

marrow tissue. It should be noted that intramembranous

ossification commonly takes place in various locations in

the skeletal system [76–80] and produces a stronger and

accelerated healing of the fracture than endochondral

ossification [28]. Even though there is a limited number of

in vivo animal models of intramembranous ossification [28,

29], there seems to be a lack of in vitro models that

effectively represent the complex natural environment of

this process. Therefore, understanding the biology of

intramembranous healing via such in vitro models would

allow development of biological therapies for improving

fracture healing.

Earlier in vivo studies of ectopically implanted explants

demonstrated that the cells of hematopoietic origin left the

marrow explants [71, 81]. Our study supports this obser-

vation, which is evident by the decrease in the CD45?
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hematopoietic cell fraction throughout the culture period

(Fig. 7). The STRO-1? MSC fraction was maintained

throughout the culture period, indicating the perennial

presence of a stem cell progenitor population in our culture

system that gave rise to the differentiated cells. By the end

of the culture, a large fraction ([75%) of the cells were

negative for both CD45 and STRO-1, suggesting the

presence of committed/differentiated cells of mesenchymal

origin, including osteoblasts and osteocytes (Fig. 7).

In this study, the Ca/P weight ratio of ossified marrow

was compared with human bone tissue (value obtained

from literature [60]) and rat bone tissue in terms of crys-

talline level [59]. It was previously shown that the Ca/P

weight ratio increases in osteoblast cultures (30 days long)

with time, suggesting maturation of crystal growth, which

was supported by X-ray and infrared spectroscopic analy-

ses [59]. Our results indicated that the Ca/P weight ratio,

and hence the maturity, of the ossified marrow tissue was

comparable to that of the newly forming bone tissue (i.e.,

rat tibial diaphysis periosteal surface [58]) (Fig. 8c). In

attestation, Raman microspectroscopy showed that the

crystals making up the mineralized component of the

marrow explants were carbonated apatite that displayed all

the key vibrational modes typical of those observed in

natural bone tissue (rat tibial periosteal diaphysis)

(Fig. 8a). The phosphate symmetric stretch vibrations from

marrow explant crystals appeared at the same wavelength

as that of periosteal bone (959 cm-1), indicating that the

maturity of crystals in explants was comparable to that of

early-stage bone. However, it was also observed (Raman

microspectroscopy) that the 959 cm-1 (apatitic mineral,

symmetric stretch for PO4
-3) to 1,450 cm-1 (N-H bending,

methyl deformation, CH2 wagging) ratio was lower in

ossified marrow explants relative to native bone tissue

(Fig. 8b), which is an indicator of lower mineralization

and, hence, newly ossifying bone tissue [53]. In addition,

since the spectra were collected under similar data-inte-

gration times, the lower phosphate band intensities in the

case of ossified marrow explants at 950 high magnification

objective indicates that the amount of mineral in marrow

explants was smaller than that of bone.

Microscopic hardness of normal bone tissue has been

suggested to be a direct indicator of its degree of miner-

alization, and an increase in microhardness has been

associated with maturation of the ossified tissue [61].

Therefore, the HV value of the ossified marrow explants

was used to estimate the maturity and compare with PRT

(newly formed periosteal bone) and IRT (relatively more

mature intracortical bone). The results based on the hard-

ness measurements indicated that IRT and PRT were stiffer

(hence more mineralized) than ossified marrow (Fig. 8d),

which is expected considering that the culture duration of

the marrow explants (28 days) was significantly less than

the age of the donor rats (80–90 days) of the tested native

bone samples [57]. It should also be noted that the ossified

marrow explants display a woven bone structure, whereas

the IRT and PRT are lamellar bone. Therefore, the matu-

rity, and hence the microhardness, of the ossified marrow

explants is expected to increase with longer culture dura-

tions, which warrants further investigation.

The outcomes of this study showed that rat bone marrow

tissue inherently ossified in vitro under explant culture

conditions with the typical characteristics of newly forming

native bone tissue. These features included similar histo-

logical, morphological, and compositional properties

including distinctive Raman peaks and a typical Ca/P

weight ratio. It was also observed that viable osteocyte-like

and osteoblast-like cells were present in the ossified mar-

row matrix. Therefore, the inherent in vitro ossification of

bone marrow explants can be useful as a scaffold-free,

multicellular, and 3D model to study osteogenesis in terms

of morphological and compositional differentiation, cellu-

lar composition, mechanoresponsiveness, and gene and

protein expression. This platform may also be useful for

developing in vitro high-throughput drug-screening models

of osteogenesis for pharmaceutical research programs

[34, 82].
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