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In adults and children over two years of age, large cranial defects do 
not reossify successfully, posing a substantial biomedical burden. 
The osteogenic potential of bone marrow stromal (BMS) cells has 
been documented. This study investigates the in vivo osteogenic
capability of adipose-derived adult stromal (ADAS) cells, BMS cells,
calvarial-derived osteoblasts and dura mater cells to heal critical-size
mouse calvarial defects. Implanted, apatite-coated, PLGA scaffolds
seeded with ADAS or BMS cells produced significant
intramembranous bone formation by 2 weeks and areas of complete
bony bridging by 12 weeks as shown by X-ray analysis, histology and
live micromolecular imaging. The contribution of implanted cells to
new bone formation was 84−99% by chromosomal detection. These
data show that ADAS cells heal critical-size skeletal defects without
genetic manipulation or the addition of exogenous growth factors.

Research in tissue engineering has shown the therapeutic advantages of 
delivering cells and growth factors in biodegradable scaffolds, which supply 
the necessary environmental cues to recreate a suitable niche for cellular 
proliferation and differentiation1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and clinical 
applications have been proposed.

Calcium phosphates such as tricalcium phosphates and apatites have been 
reported12 to provide such a niche for osteoblasts13, 14. Biological apatite 
comprises a range of minerals found naturally in bone and has 
osteoconductive and osteophilic properties7, 15, 16, 17, 18. The inherent 
brittleness of calcium phosphates, however, precludes their use as the 
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exclusive graft material in load-bearing or large defects19. The popular 
polylactides (PLA) and glycolides (PGA) and other synthetic polymers such as 
poly lactic-co-glycolic acid (PLGA) have an established safety record in 
humans20, but are not generally considered osteoinductive. Apatite-coated 
polymers combine the osteoconductive properties of bioceramics and the 
mechanical resilience of polymers. Scaffolds impregnated with apatite 
increase in vitro cellular attachment21, 22 and bone nodule formation23, as 
well as in vivo bone formation15, providing an appropriate osteogenic 
environment for tissue engineering21.

Of the potential targets for tissue engineering and regenerative medicine, 
skeletal defects are perhaps most likely to meet with clinical success in the 
near future. Data from the US Health Cost & Utilization Project show that 
12,700 craniotomies and craniectomies were performed in 2001, and 
procedures to correct defects associated with facial trauma numbered 
20,616. The national costs for these procedures are estimated to be 
approximately $549 million and $400 million, respectively24. Thus, the 
reconstruction of craniofacial skeletal defects represents a substantial 
biomedical burden.

Local application of multipotent cells has been attempted in an effort to heal 
critical-size or nonhealing calvarial defects; however, current systems require 
the addition of exogenous growth factors for sufficient and timely bone 
formation, usually by viral delivery4, 6, 10, 25. Given current problems with 
gene therapy approaches, existing therapies for craniofacial defects are 
limited to complex reconstructive surgery, with associated morbidities. What 
is needed is an approach that combines scaffolds with a readily available 
source of osteogenic cells that do not require genetic manipulation.

The use of embryonic stem cells, which are capable of forming bone 
nodules26, has declined because of ethical controversy; focus has shifted 
towards adult stem cells, especially the active multipotent precursor cells 
found in bone marrow27, 28, 29, 30, 31, 32, 33. More recently, a second large 
stromal compartment found in adipose tissue has received attention and is 
believed to contain multipotent cells. In vitro, ADAS cells differentiate down 
osteogenic, chondrogenic, myogenic, adipogenic and even neuronal 
pathways34, 35, 36, 37, 38, 39, 40, 41, 42, 43. Although it remains to be 
determined whether ADAS cells meet the definition of stem cells, they are 
multipotential, are available in large numbers, are easily accessible, and 
attach and proliferate rapidly in culture, making them an attractive cell 
source for tissue engineering. Moreover, ADAS cells demonstrate a 
substantial in vitro bone formation capacity 34, 36, 37, equal to that of bone 
marrow, but are much easier to culture. The in vivo osteogenic capability of 
ADAS cells placed extraskeletally has been described44, 45, but their ability to 
heal bony defects has not yet been investigated. In this study we used ADAS 
cells seeded onto apatite-coated scaffolds to successfully heal critical-size 
skull defects in mice.

RESULTS
Uncoated versus apatite-coated PLGA scaffolds
Scaffolds seeded with juvenile calvarial-derived osteoblasts with substantial 
osteogenic potential46 were implanted into critical-size (4 mm) defects. After 
four weeks in vivo, X-ray analysis showed that the osteoblasts seeded onto 
apatite-coated PLGA scaffolds produced high density mineralization in the 
area of the defect whereas osteoblasts seeded onto uncoated PLGA scaffolds 
did not; no mineralization was seen on coated or uncoated scaffolds without 
cells (Fig. 1, left column). Alizarin red staining localized bone formation to 
areas of mineralization (Fig. 1, center column). Although apatite-coated PLGA 
scaffolds absorbed some alizarin red stain in the absence of bone formation, 
bone-specific staining was distinguishable. H&E staining showed 
characteristic bone morphology only in defects implanted with apatite-coated 
PLGA scaffolds seeded with juvenile calvarial-derived osteoblasts (Fig. 1, 
right column).
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Figure 1. X-ray, alizarin red and histological analysis of
specimens at 4 weeks.

Note absence of bone formation in uncoated PLGA 
scaffolds with or without juvenile osteoblasts (top two 
panels). In addition, no bone formation was seen in 
apatite-coated PLGA without cells (third panel). 
Importantly, robust bone formation was seen in 
apatite-coated PLGA seeded with juvenile osteoblasts 
(bottom panel). s, scaffold; b, newly formed bone; m, 
mineralized bone; ob, osteoblasts.

Full Figure and legend (85K)

Critical-size defect determination
Defects of 0.8 mm, 2 mm, 3 mm, 4 mm and 5 mm were created in the right 
parietal bone of adult (2-month-old) male FVB mice, implanted with 
apatite-coated PLGA scaffolds without cells, and analyzed after 12 weeks of 
healing. Defects of 0.8 mm completely healed within the 12-week period (see 
Supplementary Fig. 1 online) as did 0.8 mm defects that were not implanted 
with a scaffold (data not shown). Defects of 2 mm and larger that were 
implanted with apatite-coated PLGA without cells did not heal during the 
12-week time period (see Supplementary Fig. 1 online), nor did defects of 
corresponding sizes without implanted scaffolds (data not shown). These 
larger defects showed only minimal (<10%), unorganized bone formation as 
seen by X-ray analysis and H&E staining. These results identified 2 mm or 
larger defects as critical-size or nonhealing defects.

BMS and ADS cell culture
BMS and adipose-derived stromal (ADS) cells were harvested from juvenile 
(3 to 6-d-old) and adult (2 to 3-month-old) FVB mice. ADS cells showed 
greater attachment (data not shown) and proliferation (Fig. 2a) profiles on
culture dishes than BMS cells. Freshly harvested BMS cells required 2 to 3
weeks to reach subconfluence, whereas freshly harvested ADS cells reached
subconfluence in only 2−3 d (data not shown). First passage ADAS and BMS
cell proliferation rates were examined by cell counting, and western blot
analysis was done for proliferating cellular nuclear antigen (PCNA), a protein
whose expression correlates with proliferation rate. ADS cells proliferated
substantially more than BMS cells over a period of 7 d (Fig. 2a). Finally, 
ADAS cells produced substantial PCNA, whereas BMS cells produced almost 
none (data not shown). As a control, loading of total protein was examined 
by -actin western blot analysis.

Figure 2. Proliferation and bone formation of ADS and BMS
cells.

(a) Cell counts of proliferating ADS versus BMS cells. 
(b) Bar graph demonstrating the percent bone 
formation as detected by H&E and the percent 
mineralization quantified through X-ray analysis 2, 4, 8 
and 12 weeks after implantation. Note increasing bone 
formation and mineralization over time. (c,d) H&E 
staining indicating bone formation of implanted cells 
after 2 (c) and 12 (d) weeks. Low and high power 
histology and X and Y chromosome staining of 
specimens at 2 and 12 weeks. H&E staining identified 
bone formation from juvenile ADS and ADAS and BMS 
cells as compared to control (no cell) implanted 
animals. Bone formation increased over time in all four 
groups leading to complete bony bridging after 12 
weeks. Chromosome detection identified source of cells 
in newly engineered bone (XX chromosome = female 
donor cells). The far right column shows X and Y 
chromosome fluorescing in areas of new bone formation 
at 400  magnification. X chromosomes are fluorescing
red and Y chromosomes are fluorescing green. Areas of
intense red/yellow fluorescence are localized to areas of
high nuclei density on the scaffold. The percentage of
XX nuclei found in new bone is indicated in the upper
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left corner of each frame and the presence of male XY
nuclei is indicated with white arrows. Female donor cells
comprised 92−99% of cells in regenerated bone. The
left column shows the area of the defect taken with an
original magnification of 25 . Black arrows indicate the 
osteogenic fronts. The area in the box is magnified in 
the center column with 200  magnification.

Full Figure and legend (135K)

All cell types developed multiple cellular projections in three dimensions in
attaching to apatite-coated PLGA scaffolds whereas those in culture dishes
did not (data not shown), indicating potential differences in
mechanotransduction. Additionally, no statistical differences were detected
among cell groups (passages 1−3) in attachment rates to the apatite-coated
PLGA scaffold (data not shown). Thus, the different seeding efficiencies of
cell types were not a cause of differential in vivo bone formation rates.

Comparative bone formation over time
Female juvenile ADS and ADAS cells, BMS cells, calvarial-derived osteoblasts 
and dura mater cells were seeded onto apatite-coated PLGA scaffolds, 
implanted into 4 mm critical-size right parietal defects of male FVB mice, and 
analyzed after 2, 4, 8 and 12 weeks. Bone formation was quantified through 
H&E staining of calvarial sections (Fig. 2b, left). In general, each group
displayed increased bone formation over the 12-week time period, except for
the control (no cell) implanted animals, in which there was almost no bone
formation. Calvarial-derived osteoblasts, BMS cells and ADS cells all
demonstrated maximal bone formation at the 12-week time point, filling
70−90% of the area of the defect.

Mineralization was quantified through X-ray analysis. All groups showed 
increased mineralization over time, except for the adult-derived dura mater 
cell group, which maintained a baseline mineralization level close to control 
(no cell) animals (Fig. 2b, right). Importantly, by the 12-week time point, 
juvenile calvarial-derived osteoblasts mineralized more bone than all other 
groups. There were no substantial differences between ADS and BMS cell 
mineralization rates.

Because mineralization can be observed radiographically only several weeks 
after bone formation, we also investigated juvenile ADS- and ADAS- and 
BMS-cell bone formation through H&E staining and compared to no-cell 
controls. All four groups demonstrated substantial bone formation by 2 
weeks, which grew to areas of complete bony bridging through the 12-week 
healing period, whereas no-cell controls did not (Fig. 2c,d). By 2 weeks of 
healing, bone formation appeared as islands within the area of the defect and 
was not contiguous with the bony fronts (Fig. 2c). Additionally, new bone
formation was localized to the area of the scaffold adjacent to the dura
mater, potentially indicating strong paracrine signaling between the
underlying dura mater and the cells within the defect. Implanted versus host
cell contribution to new bone was investigated through X and Y chromosome
detection. At 2 weeks, new bone was determined to consist of 96−99%
implanted female donor cells.

After 4 weeks of healing, new bone formation had increased in island size 
and number, but remained distinct from the osteogenic fronts (see 
Supplementary Fig. 2 online). New bone, which was previously located only
next to the dura mater, expanded further into the scaffold, with 85−97% of
the nuclei identified as the implanted female donor cells. By 8 weeks of
healing, implanted cells had formed enough bone to span most of the defect
and contributed 84−99% of the new bone (see Supplementary Fig. 2 online). 
Note the thickening of the osteogenic fronts at this time. By 12 weeks after 
implantation, ADS and BMS cell groups had formed complete bony bridging 
in areas of the defect spanning the two bony fronts (Fig. 2d). New bone was
quantified to consist of 92−99% implanted female donor cells. Interestingly,
at each time point, bone formation was histologically similar between ADS
and BMS cells, as well as between juvenile- and adult-derived cells.
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Like ADS and BMS cells, juvenile and adult calvarial-derived osteoblasts and 
dura mater cells formed minimal amounts of bone by 2 weeks, which 
increased throughout the study period (data not shown). Twelve weeks after 
implantation, juvenile calvarial-derived osteoblasts formed complete bony 
bridging, whereas adult calvarial-derived osteoblasts formed substantial 
bone, but did not completely bridge the defect (see Supplementary Fig. 2
online). Both juvenile- and adult-derived dura mater cells formed minimal 
bony islands that did not span the area of the defect at 12 weeks.

Intramembranous versus endochondral bone formation
Intramembranous versus endochondral bone formation was investigated 
through analysis of cartilage formation. Samples implanted with juvenile ADS 
and BMS cells were stained with safranin O in order to identify cartilage 
formation. Whereas nasal cartilage showed positive staining (red/orange), 
both ADS and BMS cells showed an absence of cartilage staining after 2, 4, 8 
and 12 weeks of healing, indicating that bone formation occurred through 
intramembranous ossification (Fig. 3).

Figure 3. Intramembranous versus endochondral bone
formation.

Safranin O staining of defects implanted with juvenile
ADS or BMS cell−seeded scaffolds after 2, 4, 8, and 12
weeks as compared to mouse nose cartilage at 200
magnification. Note the absence of cartilage staining 
(red/orange) at all time points, indicating bone 
formation did not occur via endochondral ossification.

Full Figure and legend (43K)

Live micro-CT imaging of calvarial-derived osteoblasts and ADS cells
Increasing bone density of individual animals was examined over time. Live
micro−computed tomography (CT) images were captured, and specific areas
of bone formation were revisited over time in the same animal as identified
by bone landmarks and defect size (Fig. 4). Bone density was measured at 
nine points on the right parietal bone containing the defect, from medial to 
lateral, including: two areas outside the defect, five areas within the defect 
and two more areas outside the defect. These areas were compared to the 
bone density of the symmetrical uninjured left parietal bone for each animal, 
which was set to a control density value of 100%.

Figure 4. Live micro-CT imaging.

Individual animals from control (no cell), juvenile
calvarial-derived osteoblasts and juvenile ADS
cell−seeded scaffolds were anesthetized and imaged 2,
4, 8 and 12 weeks after implantation. Images are a
posterior view of a coronal sliced CT. Note the defects in
the parietal bone are visible on the right side on the
image. The area of the defect is indicated in the top left
panel with a white arrow; defects are in a similar
location in all the remaining specimens. Below each
image is a graph demonstrating location on the x axis 
and percent density on the y axis as compared to the 
uninjured left parietal bone of each animal. Densities 
were measured from left to right with two points 
outside the defect medially, five points inside the defect 
and two points outside the defect laterally. The red line 
at 100% represents the density of the corresponding 
uninjured left parietal bone.

Full Figure and legend (97K)

Control animals (no cells) did not show any increase in radiopacity in the 



Adipose-derived adult stromal cells heal critical-size mouse calvarial def... http://www.nature.com/cgi-taf/DynaPage.taf?file=/nbt/journal/v22/n5/ful...

6 of 14 5/25/2005 5:01 PM

area of the defect over the 12-week time period as demonstrated by 
micro-CT (Fig. 4, upper row). The observed radiopacity in the area of the
defect was due to the apatite coating on the scaffolds and quantified to be
25−50% of the left parietal bone radiopacity for each animal.

Juvenile calvarial-derived osteoblasts, a cell type known through histology 
and X-ray data to be highly osteogenic, showed baseline radiopacity at the 
2-week time point; this increased over time, as seen through micro-CT 
imaging (Fig. 4, middle row). By 8 weeks, new bone reached 90% of the 
radiopacity found on the uninjured left parietal bone, and after 12 weeks, 
normal bone density had almost spanned the defect.

Juvenile ADS cells also showed baseline radiopacity at 2 weeks, which 
increased over time as seen through micro-CT imaging (Fig. 4, lower row). 
After only 4 weeks, much more quickly than did juvenile calvarial-derived 
osteoblasts, the new bone radiopacity equaled 90% of that found in the 
uninjured left parietal bone. By 8 weeks, new bone mineralization had 
exceeded the uninjured bone radiopacity by 20%. Areas of new bone did not 
completely mineralize the defect by 12 weeks, but remained denser than the 
uninjured left parietal bone.

Bone metabolic activity of ADS cells
Osteoblastic metabolic activity of immature new bone formation precedes 
mature bone formation and mineralization by several weeks. A bone scan 
measures the osteoblastic metabolic rate by reading incorporation of 
radiolabeled phosphorus into newly forming bone at the regenerating surface 
of the trabeculae. Given the substantial osteogenic potential of ADS cells 
based on histology, X-ray and micro-CT data, we further investigated their 
metabolic activity.

The metabolic activity for juvenile ADS cells was measured against control 
(no cell) implanted animals (Fig. 5). In uninjured animals, craniofacial areas 
with high physiological incorporation included cranial sutures and the 
mandible. Not surprisingly, these areas corresponded to growth plates and 
open ossification centers (Fig. 5, top panel). Metabolic increases of two- to 
threefold over baseline indicated the presence of inflammation, whereas 
increases of 10- to 15-fold indicated bone metabolism.

Figure 5. Bone metabolic activity of animals implanted with
control (no cells) or ADS cell−seeded scaffolds as determined
by radiolabeled MDP incorporation overlaid with micro-CT
images.

For each time point, the top row displays the micro-CT 
scan, the middle row displays the metabolic activity, 
and the lower row displays the overlaid composite of 
metabolic activity and micro-CT scan. For all columns at 
each time point, the left column is the x axis, the 
middle column is the y axis and the right column is the 
z axis. For orientation, we have marked the defect with 
a yellow arrow for the three views of the micro-CT 
image. The location of the defect does not change 
between 2 and 12 weeks. Bone scan intensity is 
indicated in color on the left axis of the image with 
white and red indicating the highest value and black 
and blue indicating the lowest value.

Full Figure and legend (144K)

One day after implantation, control animals (no cells) displayed an absence 
of metabolic activity in the area of the defect, but high metabolic activity at 
the osteogenic fronts (data not shown). Similarly, animals treated with ADS 
cells showed minimal metabolic activity in the area of the defect, with the 
characteristic high metabolic activity in the osteogenic fronts. Two weeks 
after implantation, the metabolic activity of control animals (no cells) 
remained unchanged, with high metabolic activity at the osteogenic fronts 
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and no metabolic activity in the area of the defect. In contrast, animals 
treated with juvenile ADS cells showed a dramatic increase in metabolic 
activity in the defect as well as the osteogenic fronts (Fig. 5, middle panel).
At the 8-week time point, the metabolic levels of animals with juvenile ADS
cells remained elevated, whereas those of control animals (no cell) remained
low (data not shown). However, by 12 weeks, both control (no cell) animals
and animals implanted with juvenile ADS cells had reduced metabolic activity
to equivalently low levels, indicating the return of the ADS cell−implanted
animals to a resting metabolic state (Fig. 5, lower panel). Interestingly, this 
correlates to a time of bony bridging.

 Top

DISCUSSION
Current craniofacial surgery techniques use a combination of autogenous, 
allogeneic and prosthetic materials. Autografts are clinically limited by the 
donor supply and associated harvesting morbidity. Prosthetic materials avoid 
these issues, but their effectiveness is limited by unpredictable graft 
resorption, infection, structural failure and unsatisfactory aesthetic 
outcomes47, 48, 49. Protein-based and gene-based therapies aim to deliver 
factors needed during endogenous wound healing. Factors, such as 
transforming growth factor- , activin A, bone morphogenetic protein,
fibroblast growth factor, insulin-like growth factor, growth hormone,
parathyroid hormone and parathyroid hormone−related protein, and platelet
rich plasma, are being investigated for their osteogenic ability47, 50. The field 
of regenerative medicine combines various approaches, such as the 
cell-seeded scaffolds used in our study, to repair tissue defects. The goal of 
this research remains to find the most appropriate osteogenic cell type(s) 
and delivery method(s), which are speedy, safe and clinically relevant.

Our results provide evidence that non−genetically manipulated ADAS cells,
seeded onto apatite-coated PLGA scaffolds, can regenerate bone in adult
critical-size calvarial defects. The osteogenic abilities of ADAS and BMS cells
were similar as judged by histology and X-ray analysis. In addition, our study
refrained from the use of growth factors and from genetic manipulation of
the cells, avoiding the problems of gene therapy4, 6, 10, 25.

ADAS cells have several advantages over BMS cells from the perspective of 
clinical application. Our harvesting technique usually yields 800 mg of 
subcutaneous fat tissue and 0.6 mg bone marrow per mouse. Thus, the yield 
of cells is much higher from fat than from bone marrow. Furthermore, the 
proliferation rate of ADAS cells was substantially higher than BMS cells 
during subsequent in vitro expansion. Because ADAS cells proliferate rapidly 
in culture, populations can readily reach the enormous cell numbers needed 
for clinical application. The ease of harvest, large number of cells and rapid in 
vitro expansion are attractive advantages of ADAS cells over BMS cells when 
contemplating clinical strategies. Moreover, the use of autogenous ADAS cells 
may circumvent many of the current limitations associated with bone grafts. 
A patient's own ADAS cells could be harvested and epigenetically expanded 
in culture, seeded onto apatite-coated PLGA scaffolds, and implanted into 
calvarial defects.

Studies have documented an interaction between juvenile dura mater and 
cranial osteoblasts during the bone induction processes of calvarial 
morphogenesis, cranial suture fusion and calvarial reossification51, 52, 53, 54,

55, 56. Interestingly, the first evidence of bone formation in this study was 
located directly next to the dura mater, further supporting the idea of strong 
paracrine signaling between the underlying dura mater and overlying 
calvaria. With time, bone formation progressed in an endocranial to 
ectocranial direction into the scaffold, eventually forming a thickness 
comparable to the uninjured left parietal bone.

Results from several experimental systems suggest that cells from one tissue 
type can form other tissue types after transplantation. This could be due to 
the presence of multipotent or several types of adult progenitor cells in donor 
tissues, or alternatively, to fusion of donor and recipient cells57, 58, 59, 60. In 
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our study, histological examination, X-ray examination and live 
microimaging, taken together, revealed a robust area of bony tissue 
regeneration. However, we cannot rule out the possibility that the 
regenerated bony tissue could be due to fusion of donor and recipient cells. 
Nevertheless, whether bone formation was due to the contribution of the 
multipotent cells or hybrid cells, our data demonstrate repair of critical-size 
bone defects and emphasize the utility of apatite-coated PLGA scaffolds 
seeded with ADAS or BMS cells in skeletal regenerative medicine.

 Top

METHODS
Cell harvest and culture conditions.
All experiments followed the protocols approved by the Animal Facilities at 
Stanford University. FVB mice were purchased from Charles River 
Laboratories. For all animals, the first day of life was considered the first day 
after birth. Animals were housed in light- and temperature-controlled 
facilities and given food and water ad libitum. All cell types were harvested 
from juvenile (3- to 6-day-old) and adult (2- to 3-month-old) female FVB 
mice. Calvarial osteoblasts and dura mater cells were harvested as previously 
described46.

ADS cells were harvested from the subcutaneous anterior abdominal wall. 
Inguinal fat pads were excised, washed sequentially in serial dilutions of 
betadine and finely minced in PBS. Tissues were digested with 0.075% Type 
II collagenase (Sigma) at 37 °C for 30 min. Neutralized cells were
centrifuged to separate mature adipocytes and the stromal-vascular fraction. 
Floating adipocytes were removed and pelleted stromal cells were passed 
through a 100 m cell strainer before plating.

BMS cells were isolated from hind legs (2 femurs and 2 tibias). Hind legs
were serially washed with betadine solution in PBS and all soft tissues
removed. Both ends of the bone were cut and culture medium with 20% FBS
was forced through the marrow cavity with a syringe. Extracted cells were
pelleted and incubated in water for 3 min to lyse red blood cells. Neutralized
cells were then pelleted and cultured in medium containing 20% FBS. BMS
cells were maintained for 5−7 d before changing medium and subsequently
changed every 2−3 d in culture medium containing 10% FBS.

All cell types were cultured in DMEM, except for osteoblasts which were 
cultured in -MEM, containing 10% FBS and 100 IU/ml penicillin, and 100 
IU/ml streptomycin at 37 °C in an atmosphere of 5% CO2. Cells were grown 
to subconfluence and passaged by standard methods of trypsinization, 
except bone marrow, which was lifted from the plate with a cell scraper. Only 
cells of passage 1 through 3 were used for all experiments.

Scaffold preparation.
PLGA scaffolds were fabricated from 85/15 poly(lactic-co-glycolic acid)
(inherent viscosity = 0.61 dL/g, Birmingham Polymers) by solvent casting
and a particulate leaching process. Briefly, PLGA/chloroform solutions were
mixed with 200−300 m diameter sucrose to obtain 92% porosity (volume 
fraction), and compressed into thin sheets in a Teflon mold. After 
freeze-drying overnight, scaffolds were immersed in three changes of 
double-distilled (dd) H2O to dissolve the sucrose, and gently removed from 
the Teflon plate with a fine-tip spatula. After particulate leaching, all scaffolds 
were disinfected by immersion in 50%, 60% and 70% ethanol for 30 min 
each, followed by three rinses of ddH2O. All scaffolds were dried under a 
laminar flow hood.

After scaffold fabrication, scaffolds were coated with apatite. SBF (simulated 
body fluid) solution was prepared with ion concentrations that were five 
times that of human blood plasma. All solutions were sterile filtered through 
a 0.22 m PES membrane (Nalgene). Immediately before the coating 
process, dried PLGA scaffolds were subjected to glow discharge, 
argon-plasma etching (Harrick Scientific) to improve wetting and coating 
uniformity. Etched PLGA scaffolds were then incubated in SBF at 37 °C inside
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a water-jacketed incubator. Coated PLGA scaffolds were rinsed gently with 
sterile ddH2O to wash away excess sodium chloride solution, dried in a 
laminar flow hood and disinfected with 70% ethanol. Integrity of the apatite 
coating was analyzed with a scanning electron microscope (SEM). 
Apatite-coated scaffolds were mounted on SEM stubs (Ted Pella) and coated 
with carbon to improve conductivity. The secondary electron mode was 
applied during SEM (FEI/Phillips XL-30) observation. Energy dispersion X-ray 
spectrum was obtained to confirm elemental composition of the apatite 
structures.

Proliferation assessment.
Subconfluent cells were seeded at 5  103 cells per well in a 12-well dish. 
The number of cells per well were counted in triplicate using a 
hemacytometer at days 1, 3, 5 and 7. Western blot analysis was done as 
previously described46. Briefly, first passage cells were seeded in equal 
numbers and cultured for 48 h. Cell lysate was quantified and 30 g of total 
protein was fractionated on a 15% Tris-glycine SDS-polyacrylamide gel and 
transferred overnight onto an Immobilon-P transfer membrane (Millipore). 
Membranes were probed with the following antibodies: anti-PCNA (Santa 
Cruz Biotechnology) and anti- -actin (Abcam). A horseradish 
peroxidase-conjugated secondary antibody specific for mouse was purchased 
from Amersham Biosciences. Experiments were done twice.

Cell seeding.
Cells were trypsinized or lifted off culture dishes upon subconfluence, washed 
and quantified. Scaffolds were cut into disks of 4.5 mm diameter and seeded 
with 8  104 cells per cm2 of scaffold61. Cells in a 50- l volume were 
pipetted onto the scaffold several times. Cells were allowed to adhere for 2 h 
and then 100 l of additional culture medium was added. Twenty-four hours 
after seeding, cell attachment was checked by identifying nuclei. The 
scaffolds were incubated in 300 nM DAPI stain for 5 min and nuclei quantified 
with a Zeiss AxioPlan immunofluorescence microscope. Additionally, cellular 
morphology was investigated using immunohistochemistry techniques 
previously described46 and an FITC-conjugated phalloidin antibody from 
Molecular Probes. Forty-eight hours after seeding, cells were implanted into 
animals.

In vivo implantation and harvesting.
Adult male FBV mice were anesthetized with 7.5 mg/kg ketamine, 0.24 
mg/kg acepromazine and 1.5 mg/kg xylazine through an intraperitoneal 
injection. The surgical site was cleaned with ethanol and an incision was 
made just off the sagittal midline to expose the right parietal bone. The 
pericranium was removed and 0.8, 2, 3, 4 and 5 mm defects were made in 
the right nonsuture-associated parietal bone using a MultiPro Dremel drill 
with diamond-coated trephine bits under constant irrigation. Extreme caution 
was taken not to disturb the underlying dura mater. Before implantation, 
cell-seeded scaffolds were rinsed in sterile PBS to prevent transfer of 
medium-derived growth factors. After placement of the scaffold into the 
defect, the skin was sutured closed and the animal was monitored.

Samples were harvested 2, 4, 8 and 12 weeks after surgical implantation.
Calvaria were fixed in 10% formalin for 24 h at 4 °C. Representative skulls
were stained with 1 mg/ml alizarin red for 12 h to view bone formation.
Calvaria were X-rayed using a Faxitron X-Ray at 40 kVp for 4−8 s and then
decalcified overnight with decalcifying solution (Stephens Scientific). Samples
were then trimmed, processed and embedded in paraffin wax. X-ray results
were quantified using Scion Image Software. Critical-size defect results were
obtained from two groups of experiments with a total of 2−4 animals per
defect size after 12 weeks of healing. Bone formation results were compiled
from three groups of experiments. The number of animals per time point and
cell type are as follows: (2 weeks) eight control, five juvenile osteoblast,
eight juvenile dura mater, eight juvenile BMS, four juvenile ADS, five adult
osteoblast, three adult dura mater, six adult BMS and eight ADAS; (4 weeks)
seven control, four juvenile osteoblast, seven juvenile dura mater, eight
juvenile BMS, six juvenile ADS, five adult osteoblast, three adult dura mater,
five adult BMS and seven ADAS; (8 weeks) six control, three juvenile
osteoblast, seven juvenile dura mater, five juvenile BMS, six juvenile ADS,
four adult osteoblast, three adult dura mater, four adult BMS and six ADAS;
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(12 weeks) six control, two juvenile osteoblast, six juvenile dura mater,
seven juvenile BMS, six juvenile ADS, five adult osteoblast, three adult dura
mater, five adult BMS and eight ADAS.

Quantification of mineralization.
X-ray images were used to quantify mineralization. X-ray film was scanned 
into the computer and analyzed using Scion Image Software. A density slice 
technique was used and a threshold was set when the uninjured bone was 
highlighted. A circle with a standardized area (slightly smaller than the area 
of the defect so as not to include osteogenic fronts) was placed into the 
defect and highlighted areas, where bone was mineralized; these areas were 
quantified as a function of the number of pixels in the area. Uninjured, 
normal bone served as a control for all measurements. Defects implanted 
with control (no cell) scaffolds, which formed no bone histologically, were 
used as a reference point for the absence of bone mineralization. Mineralized 
scaffold itself had a very low radiopacity and was easily distinguishable from 
mineralized bone.

Histology and staining.
Paraffin embedded samples were sectioned at 10 m thickness with a 
microtome (Microtom). Sections were floated in a water bath at 40 °C,
placed on poly-L-lysine-coated Polysine microscope slides (Erie Scientific 
Company) and baked at 37 °C overnight. For hematoxylin and eosin (H&E)
staining, sections were dewaxed in xylenes and rehydrated in ethanol baths. 
Nuclei were stained with Gill no. 2 hematoxylin stain for 8 min and eosin for 
10 dips. Sections were then covered with permount and cover slipped. H&E 
staining was done on three samples per cell type per time point.

H&E-stained sections were used for quantification of bone formation at three 
standardized locations within the defect. Using Bioquant software (R&M 
Biometrics), we drew a line through the original defect from one edge to the 
other edge. We measured the length of the line as it passed through bone 
versus the length through scaffold for each sample.

For cartilage detection, sections were incubated in 0.02% (wt/vol) Fast 
Green FCF (Sigma) for 30 s, 1% (vol/vol) acetic acid for 30 s and 0.1% 
(wt/vol) safranin O (Sigma) for 40 min. Mouse nose cartilage was run at the 
same time as a positive control. Two samples per cell type per time point 
were stained.

X and Y chromosome detection.
Mouse X Biotin probe, Mouse Y FITC probe and the Dual Color Painting Kit 
were purchased from ID Labs. We dewaxed 10- m sections with CitriSolve
(Fisher Scientific) and dehydrated them in serial ethanol washes. Sections
were treated three times with 0.01% pepsin for 5 min followed by serial
dehydration. Probes were hybridized according to the manufacturer's
protocol overnight at 37 °C in the dark. The following morning, sections were
washed, stained with DAPI nuclear stain and imaged through fluorescent
detection with a Zeiss AxioPlan immunofluorescence microscope. Results
were derived from four serial sections from one sample each of juvenile and
adult ADS and BMS cell−seeded scaffolds at each time point. Ten to twenty
images were captured between the four sections for each sample.
Chromosome fluorescence was localized to nuclei through correlation with
the DAPI nuclear stain. The number of male and female nuclei in each
sample was quantified.

Imaging.
A small animal imaging system was used because it provides the best spatial 
resolution for small animals, such as mice. To study osteoblastic metabolic 
activity, we injected mice with 2 mCi (74 MBq) of Tc99m-labeled methylene 
diphosphonate (MDP) (Amersham Biosciences) intravenously via the tail vein. 
One hour later, the mice were anesthetized via intraperitoneal injection with 
the same anesthetic cocktail as for implantation. We imaged mice using an 
A-SPECT-micro-CT position-sensitive photomultiplier gamma camera 
(A-SPETTM, Gamma Medica). Whole-body planar images of the animal, 
together with a standard (1/100 of the injected dose in 1 ml) were obtained. 
We obtained selective posterior and right-lateral views of the heads using a 1 
mm pin-hole collimator. Localized pin-hole Single Photon Emission 
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Tomography (SPET) studies (2.2 mm pixel size) of the head were also 
acquired in 64  64 scaffold, 860 steps at 60 s per step, and reconstructed, 
taking into account the different radius of rotation (resolution in areas with 
mild uptake 500 m voxel size). Mirage software (Segami Corporation) 
was used to obtain data. Density was quantified with ImageJ software (NIH 
Image). Images were captured for two animals per cell type per time point.

After bone scan acquisition, a micro-CT image of the mouse calvaria was 
taken using the same A-SPECT machine without having to move the animal's 
head position. The micro-CT used an X-ray tube operating at 50 kVp and 
0.75 mA. To minimize skin radiation, a 1.0mm AI filter was inserted in the 
beam to cut off low energy X-rays. Images were captured for 0.5 s per view 
for 256 views in 360° vertical rotation. The detector produced a CT image
with 256 projections to reduce radiation dose. Images were captured for two 
to three animals per cell type per time point. The micro-SPET images were 
converted to a 256  256 scaffold and micro-CT tomographic studies were 
fused, allowing the achievement of simultaneous metabolic and anatomical 
information in every single tomogram of the scans in three different spatial 
axes.

Note: Supplementary information is available on the Nature Biotechnology 
website.
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