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The repair of large cranial defects with bone is a major clinical
challenge that necessitates novel materials and engineering solu-
tions. Three-dimensionally (3D) printed bioceramic (BioCer) im-
plants consisting of additively manufactured titanium frames
enveloped with CaP BioCer or titanium control implants with sim-
ilar designs were implanted in the ovine skull and at s.c. sites and
retrieved after 12 and 3 mo, respectively. Samples were collected
for morphological, ultrastructural, and compositional analyses us-
ing histology, electron microscopy, and Raman spectroscopy. Here,
we show that BioCer implants provide osteoinductive and micro-
architectural cues that promote in situ bone regeneration at loca-
tions distant from existing host bone, whereas bone regeneration
with inert titanium implants was confined to ingrowth from the
defect boundaries. The BioCer implant promoted bone regenera-
tion at nonosseous sites, and bone bonding to the implant was
demonstrated at the ultrastructural level. BioCer transformed to
carbonated apatite in vivo, and the regenerated bone displayed a
molecular composition indistinguishable from that of native bone.
Proof-of-principle that this approach may represent a shift from
mere reconstruction to in situ regeneration was provided by a re-
trieved human specimen, showing that the BioCer was transformed
into well-vascularized osteonal bone, with a morphology, ultrastruc-
ture, and composition similar to those of native human skull bone.

bioceramic | titanium | 3D printing | cranial reconstruction |
osteoinduction

The reconstruction of cranial defects represents a major
challenge for the patient, the health care system, and society.

Ideally, material introduced into a defect should promote a bi-
ological response that results in structural and functional resto-
ration of the defect.
Autologous bone grafts have been the standard for reconstruc-

tive treatment. However, the relatively high resorption, protrusion,
and infection rates and the high rate of donor-site morbidities still
represent major obstacles (1–3). Several alloplastic materials have
been introduced as alternatives, including polymethyl methacry-
late, polyether ether ketone (PEEK), polyethylene, titanium, and
injectable/moldable calcium phosphate-based bone cement. The
main drawback of these materials is poor bone and soft tissue in-
tegration, which may cause implant exposure, infection, and ulti-
mately, implant removal (4, 5). Although common, cranioplasty
results in high complication rates and costs (3, 6), necessitating new
biomaterial-based innovative solutions.
A scaffold, cells, and biochemical signals are considered the

triad necessary for tissue regeneration (7). Efforts are being made
to determine the regenerative potential of these factors alone or in
combination. Cell therapy contributes to intramembranous bone

formation and significantly increases calvarial defect repair in
experimental studies (8, 9). Growth factors have resulted in im-
proved bone regeneration in experimental studies (10, 11). Although
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promising, these strategies are still in the developmental stage, and
the regeneration of large, cranial defects in humans has thus far
attracted limited attention. Unsatisfactory clinical results have been
achieved with autologous adipose-derived stem cells in combination
with β-tricalcium phosphate (β-TCP) granules and titanium or
polymer mesh (12). Encouraging results have been obtained with the
combination of bone morphogenetic protein-2 (BMP-2), collagen
sponges, and polylactide plates in a small group of patients (13).
Nevertheless, the latter strategy is largely hampered by potential
long-term adverse events and by regulatory and financial constraints
(14–16).
The process of bone regeneration in conjunction with bioma-

terials has been extensively documented, and several terms have
been coined, including osseointegration, osteoconduction, and
osteoinduction. Osseointegration has been defined as the integra-
tion of a screw-shaped titanium implant with direct bone contact
(17), withstanding the functional load (18) without loosening (19).
Osteoconduction refers to bone growth on a surface; hence, an
osteoconductive material allows bone growth on its surface or into
pores, channels, or irregularities (20). The term osteoinduction
generally refers to the induction of undifferentiated osteoproge-
nitor cells to commit to the osteogenic lineage (21). In the context
of biomaterials, Miron and Zhang (22) listed mesenchymal stem
cell (MSC) recruitment, MSC differentiation to osteoblasts, and
ectopic bone formation as crucial principles for osteoinduction.
Daculsi et al. (20) defined osteoinduction as active osteoinduction
(as with BMP) or passive osteoinduction (if a material/scaffold is
able to induce osteogenic differentiation). More recently, Bohner
and Miron (23) used the term intrinsic osteoinduction to describe
material-induced heterotopic ossification. Although the definitions
and mechanisms of these processes are incompletely understood, it
could be hypothesized that an ideal implant for large defects
should allow for osteoconduction and have osteoinductive capacity
while being able to establish long-term osseointegration in the
recipient bone defect.
For large bone defects, a composite implant comprising

mechanically robust and bioactive components provides an ap-
propriate alternative. In this case, titanium would be an excellent
reinforcing material that is well documented for osseointegration
and osteoconduction (24, 25). Several CaP-based ceramics are
known to promote bone regeneration. Monetite is the anhydrous
form of dicalcium phosphate, with a relatively high rate of bio-
resorbability, and in vivo studies have revealed its bone-promoting
effect (26–28). Moreover, monetite, with controlled open and closed
channel geometries, demonstrated osteoconduction and osteoin-
duction when implanted in skeletal and nonskeletal sites in a goat
model (29). Additionally, intentional inclusion of other CaP phases
may not only modify mechanical and handling properties but may
also modify osteoinductive effects. For example, it has been shown
that the addition of small amounts of β-TCP and pyrophosphate
improves the mechanical properties (30) and setting time (31), re-
spectively, of calcium phosphate cements. Moreover, the presence
of the β-TCP phase together with hydroxyapatite (HA) in biphasic
ceramic provided osteoinductive and bone-promoting effects in vivo,
which were not evident with either phase implanted alone (32, 33).
The advent of three-dimensional (3D) imaging, computer-assisted
design, and additive manufacturing technologies has provided new
opportunities, enabling the manufacture of customized composite
implants (34, 35).
This study focuses on the hypothesis that cranial defects in

humans can be repaired by an implant tailored to promote bone
regeneration and osseointegration in the entire defect. Such an
implant should recapitulate the shape of the cranial vault, exhibit
sufficient mechanical properties, promote vascularization and
tissue ingrowth via multiple interconnected spaces, facilitate host
cell recruitment via osteoconductive and osteoinductive material
properties, and be replaced by bone. The approach reported here
does not employ the systemic or local application of cells or

growth factors. Using 3D-printed cranial implants consisting of a
titanium-reinforced bioceramic (BioCer), we report the long-term
(12 mo) repair of surgically created cranial defects with mature,
well-vascularized bone and associated periosteum and endosteum
in sheep. Proof-of-principle that large, hemicraniectomies in hu-
mans can be restored by new bone, with a structure and compo-
sition similar to that of normal bone, was provided after the
detailed investigation of a retrieved, customized BioCer implant
21 mo postsurgery.

Results
Implant Design and Characterization. The experimental BioCer
implant (test) used in the sheep skull was composed of calcium
phosphate tiles reinforced and interconnected by an additively
manufactured titanium frame with built-in, low-profile fixation
arms (Fig. 1A). The titanium (Ti) implant (control) used in the
sheep skull had a design and dimensions similar to those of the
BioCer implant, but it was made entirely of additively manu-
factured Ti (grade 23) (Fig. 1B). The BioCer cranial implant used
in the human skull was composed of calcium phosphate tiles
interconnected by a Ti frame, with built-in fixation arms for an-
chorage of the implant to the recipient, native skull bone (Fig. 1C).
The top and bottom faces of the Ti control were solid, whereas the
bulk of the tile was porous (porosity, ∼75%; pore size, ∼0.6 mm).
The amount of glycerol released from the ceramic was 0.25%

of the weight of the ceramic in the first extraction, and 0.01% in
the second one. In the third consecutive extraction, the amount
released, if any, was below the detection limit.
For both the experimental and clinical BioCer implants, X-ray

diffraction (XRD) analysis after autoclaving demonstrated that
the composition was dicalcium phosphate anhydrous (monetite,
84.74%), β-TCP (8.34%), and dicalcium pyrophosphate (β-CPP,
6.77%) (Fig. 1D and SI Appendix, Table S1). The XRD analysis
also demonstrated that only extremely limited fractions of the
material were converted to HA (0.11%) and brushite (0.04%)
after autoclaving (Fig. 1D and SI Appendix, Table S1).
The BioCer implant exhibited a porosity of ∼43%, density of

∼2.6 g/cm3, and surface area of∼4m2/g. Scanning electronmicroscopy
(SEM) showed that the BioCer tiles consisted of micrometer-sized
crystals. The crystals were arranged in a stochastic manner (Fig.
1E), giving rise to microporosities within the tile (<1 μm) (Fig. 1 E
and F). The tiles were arranged with grooves/channels of up to 800
μm between adjacent tiles.

Promotion of Bone Regeneration in Sheep Cranial Defects. After 12
mo, BioCer implants revealed defect restoration and soft tissue
adaptation in sheep cranial defects. In contrast, soft tissue con-
traction was apparent around Ti implants, with visible metal on
the skin and dura sides (Fig. 2 A–C).
Histologically, the Ti implants showed less bone than the

BioCer implants. Osteonal bone extended from the original re-
cipient bone toward the peripheral interconnected pores (Fig.
2 D, F, and H). The BioCer implants revealed a considerable
amount of osteonal bone filling the defects and enveloping and
in direct contact with the BioCer tiles (Fig. 2 E, G, I, and K).
More bone had formed toward the dura side than the skin side
(Fig. 2G). Within multiple concavities of the partially degraded
ceramic, coupling of bone formation and resorption was ob-
served. At these remodeling sites, blood vessels were commonly
detected. One conspicuous feature was the regeneration of peri-
osteal and endosteal tissues in the BioCer-treated defects. The
corresponding regions of the Ti implants, however, exhibited a
thick fibrous encapsulation.
Significantly higher percentages of bone area (BA%) and

bone–implant contact (BIC%) were demonstrated for BioCer vs.
Ti, both in the total defect area (Fig. 2 M and N) and in the
peripheral and central regions of interest (ROIs) (Fig. 2 O and P).
Very low BIC% values were found for Ti (center, 3%; periphery,
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19%) compared with BioCer (center, 63%; periphery, 70%)
(Fig. 2P).
Backscattered electron-scanning electron microscopy (BSE-SEM)

corroborated the histological observation of osteonal bone at the
periphery of the Ti and BioCer implants. Ti exhibited more sepa-
ration from the bone (Fig. 3 A and C). In contrast, irrespective of
the location within the defect (periphery or center), union with bone
was observed for the BioCer implant (Fig. 3 B and D) and verified
by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDS) (Fig. 3 E and F).
Mineral crystallinity of bone formed centrally in the BioCer

and peripherally in the Ti was higher than that of the native bone
(Fig. 3G). Carbonate-to-phosphate (Fig. 3H) and apatite-to-collagen
(Fig. 3I) ratios were higher in the native bone, indicating more aged
tissue. The higher carbonate-to-phosphate ratio for BioCer (vs. Ti)
at the periphery indicated more mature tissue (Fig. 3H).

Detailed results are provided in SI Appendix, Results 1.1.

Ectopic Bone Formation at Subcutaneous Sites. After 3 mo, no ad-
verse reactions to the BioCer or Ti implants were observed
macroscopically (Fig. 4 A and B). Histological analysis demon-
strated ectopic bone formation at subcutaneous (s.c.) sites of
BioCer implants (Fig. 4 D, G, H, J, and K) but not Ti implants
(Fig. 4C). Bone was detected on the surface and in the concav-
ities of the partially degraded material. This bone had the char-
acteristics of newly formed bone, albeit with a lamellar structure
(plexiform). Osteocytes, osteoblast seams, and blood vessels were
frequently detected. Large multinucleated cells were often ob-
served on the BioCer surface (Fig. 4 I and L). The multinucleated
cells appeared to participate in material degradation, as they were
associated with eroded surfaces and exhibited phagocytosis of
BioCer particulates.
The overall scores revealed bone in all animals (six of six) with

BioCer implants, whereas bone was never detected in animals
with Ti implants (0 of six) (Fig. 4 E and F). Bone was more
frequently detected in the central third than in the third facing
the skin (Fig. 4F).
BSE-SEM confirmed ectopically formed lamellar bone, with

osteocyte lacunae aligned parallel to the BioCer surface (Fig.
5 A–C). Raman spectroscopy of the ectopic bone revealed or-
ganic and inorganic components typical of bone, including car-
bonated apatite and collagen (Fig. 5D).

Clinical Retrieval. Bone formation and the bridging of tiles were
indicated by computed tomography (CT) prior to explantation.
Macroscopically, the BioCer implant was integrated with well-
vascularized bone and soft tissues at explantation (Fig. 6 A
and B).
Histologically, the implant components (BioCer tiles and Ti

frame) showed integration with the surrounding tissue and bone,
with no signs of adverse reactions (Fig. 6 C–K). A considerable
amount of mature, vascularized, osteonal bone was found in as-
sociation with the BioCer tiles, including in the most central zone
of the implant. Bone enveloped the tiles and bridged the intertile
spaces.
The smallest amount of bone was found in conjunction with

the exposed Ti in the transitional zone (Fig. 6E). Bone formation
and integration were found in relation to the Ti mesh elsewhere
(Fig. 6 C, D, F, and G). With BioCer, bone formation–resorption
coupling occurred within porosities and concavities (Fig. 6I). As
observed in the sheep skull, the periosteum and endosteum were
restored on the skin and dura sides of the BioCer (Fig. 6 J and K).
For both tile and intertile ROIs (Fig. 7 A and B), the central

zone of the implant revealed a larger bone area than the transi-
tional zone (Fig. 7 C and E). High BioCer–bone contact was dem-
onstrated in the tile (78 to 91%) (Fig. 7D) and intertile (88%)
(Fig. 7F) ROIs. In the intertile ROI of the transitional zone, the Ti
exhibited lower bone contact (2%) than the BioCer (88%) or the Ti
frame in the peripheral (78%) and central (65%) zones (Fig. 7F).
Bone growth into the intertile ROI (indicative of bridging

between tiles) revealed the highest values in the central zone
(80%) (Fig. 7G). The observation of tile bridging and a larger
amount of bone in the peripheral and central zones than in the
transitional zone was further supported by micro-CT (Fig. 7 I–K).
As determined using Raman spectroscopy, the composition of

the regenerated bone was typical of mature lamellar bone and
similar to that of the control, native bone (Fig. 8 A–D).
HAADF-STEM imaging and EDS demonstrated ultrastruc-

tural and chemical bonding between the BioCer and the human
cranial bone (Fig. 8 E and F).

Compositional Fingerprint of Regenerated Bone and Transformation
of the BioCer Implants In Vivo. The Raman spectroscopy results for
regenerated bone are summarized in Fig. 9A. In the human skull,

Fig. 1. Design and characterization of the implants. (A) The experimental
bioceramic (BioCer) implant used in the sheep skull was composed of calcium
phosphate tiles reinforced and interconnected by an additively manufac-
tured titanium frame with built-in, low-profile fixation arms (black arrows).
The intertile space is indicated (white arrow). (B) The titanium (Ti) implant
(control) used in the sheep skull had a design and dimensions similar to those
of the BioCer but was made entirely of additively manufactured Ti (grade
23). (C) The BioCer cranial implant used in the human skull was composed of
calcium phosphate tiles interconnected by a Ti frame, with built-in fixation
arms (black arrows) for anchorage to the recipient, native skull bone. The
clinical implant had the following characteristics. (i) Laser-cut, medical grade
2 Ti rectangular frames were welded together and then molded with BioCer
tiles. The spacing (white arrow) was 0.5 to 1 mm between two adjacent
BioCer tiles. (ii) The joints (transitional zone) between two adjacent frames
were not covered by the BioCer material and were spaced at 1.5 to 2 mm
(black arrowhead), with exposed Ti between two adjacent tiles. (D) For both
the experimental and clinical BioCer implants after autoclaving, the com-
position was anhydrous dicalcium phosphate (84.74%), β-TCP (8.34%), and
dicalcium pyrophosphate (6.77%), whereas extremely limited fractions of
the material were HA (0.11%) and brushite (0.04%) phases. (E and F)
Scanning electron micrographs show the topography of the surface (E) and
the inner core (F) of a BioCer tile of an experimental implant.

26662 | www.pnas.org/cgi/doi/10.1073/pnas.2007635117 Omar et al.
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bone formed at the center and periphery of the BioCer implant
was compositionally similar to native bone. In the sheep skull,
the carbonate-to-phosphate and mineral-to-matrix ratios of the
native bone were higher than those of newly formed bone (after
12 mo) adjacent to the peripheral regions of the Ti and BioCer
implants and the central region of the BioCer implants. In the
sheep soft tissue, the newly formed bone (after 3 mo) adjacent to
the central region of the BioCer implants was compositionally
similar to well-mineralized, native bone.
Raman spectroscopy demonstrated BioCer implant transfor-

mation in vivo (Fig. 9B). The BioCer implants showed varying

extents of conversion to carbonated apatite at the expense of
monetite, β-CPP, and β-TCP at the three analyzed locations
(near Ti, bulk, and near bone). The strongest conversion to ap-
atite tended to occur within 10 to 100 μm of the bone–implant
interface (i.e., near bone). This conversion was most advanced in
the sheep soft tissue and least advanced in the sheep skull, where
monetite remains detectable. In the “near Ti” and “bulk” areas,
the ceramic retained varying amounts of TCP and calcium py-
rophosphate. Corroborating the Raman findings, XRD and quan-
titative analysis using Rietveld refinement (SI Appendix, Fig. S30)
on human samples revealed in vivo phase transformation to apatite

Fig. 2. Sheep skull implantation and investigations after 12 mo (histology and histomorphometry). (A) Parietal bone defects were treated with either a
bioceramic (BioCer) or titanium (Ti) implant. The dotted lines in A indicate the site of histological sections after retrieval. After 12 mo, the BioCer appeared to be well
integrated on both the skin (B) and dura (C) sides, whereas for Ti, partial soft tissue coverage and a visible metal surface (black arrows) were observed on the skin
and dura sides. (D and E) Survey cross-sections (van Gieson’s stain) corresponding to the black dotted lines in A. (A–K) Micrographs of toluidine blue-stained sections
showing the pattern of bone formation for the Ti (F, H, and J) and BioCer (G, I, and K) implants. The Ti shows new osteonal bone (NOB) with central blood vessels
(BVs) mainly as ingrowth from the native recipient bone (RB) (as shown in F and H), whereas the new bone (NB) formed in the center of the Ti implant does not
reveal a well-remodeled structure (as shown in J). With the BioCer, there is a considerable amount of NOB, with central BV filling the different regions of the defect,
as exemplified in the peripheral (I) and central (K) regions. The skin and dura sides of the Ti are covered with a thick fibrous capsule (FC), whereas the BioCer shows
the formation of periosteum (PO) and endosteum (EO) on the skin and dura sides, respectively. Histomorphometric analyses of the different ROIs (L) in the defect
demonstrate a significantly larger bone area (M and O) and higher bone–implant contact (N and P) for the BioCer than for the Ti, both at the total defect area level
(M and N) and in the peripheral and central ROIs (O and P). Statistical comparisons were performed using paired Friedman and Wilcoxon signed-rank tests.
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Fig. 3. Sheep skull implantation and investigations after 12 mo (ultrastructure and composition). The backscattered electron-scanning electron microscopy
(BSE-SEM) micrographs show the new osteonal bone (NOB) in the peripheral regions of the titanium (Ti) (A and C) and bioceramic (BioCer) (B and D);
separation is commonly detected between NOB and the surface of Ti, whereas NOB is found in direct contact with the BioCer. Osteocyte lacunae (Ot.Lc) are
commonly encountered in the vicinity of both the Ti and BioCer surfaces (exemplified by white arrows in C and D). (E) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image showing the ultrastructural union between the new bone (NB) and the BioCer surface. (F) Elemental
analysis, using energy-dispersive X-ray spectroscopy (EDS), across the interface reveals the continuity of the calcium (Ca), phosphate (P), oxygen (O), and
carbon (C) signals from the NB into the BioCer, along the black arrow in E. Although higher Ca and P ion concentrations are observed in BioCer, the Ca/P ratio
is comparable for BioCer and NB. (G–I) Raman spectroscopy. The mineral crystallinity (FWHM−1 ν1 PO4

3−; G) in the center of BioCer and the periphery of Ti is
higher than that in the native sheep skull bone. The bone in the periphery of BioCer shows mineral crystallinity similar to that of the native bone. The
carbonate-to-phosphate ratio (ν1 CO3

2−/ν1 PO4
3−; H) and the apatite-to-collagen ratio (ν2 PO4

3−/amide III; I) are higher in the native bone than in the NB
formed in the Ti- or BioCer-treated defects. The statistical comparisons were performed using nonpaired Kruskal–Wallis and Mann–Whitney U tests.

26664 | www.pnas.org/cgi/doi/10.1073/pnas.2007635117 Omar et al.
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(calcium-deficient HA, 69.5 ± 3.9%) and TCP (Mg-substituted
TCP, 15 ± 4.9%; β-TCP, 6.3 ± 1.2%) at the loss of β–CPP (6.5 ±
3.4%) and monetite (2.6 ± 1.2%) (SI Appendix, Fig. S30B and
Table S2).
Additional results are provided in SI Appendix.

Discussion
This study explored the hypothesis that an implant design con-
sisting of a mechanically robust scaffold with a BioCer coating
and well-defined macroporosity would enable primary stability,
bone ingrowth, and osseointegration, together with adaptation to
the dura mater and the overlying skin, without causing adverse
responses.
In the sheep skull, the BioCer implant promoted a higher de-

gree of bone formation, remodeling, and osseointegration, leading
to enhanced repair of the cranial defect in comparison to the Ti
implant. Moreover, endosteal and periosteal regeneration were
evident in the morphological analyses. A partial, albeit indirect,
explanation of the superior performance of the BioCer implant in

cranial defects was provided by assessment of the implanted
BioCer and Ti materials in soft tissues. Only BioCer promoted
bone formation and maintained bone outside the skeletal enve-
lope for 3 mo. Interestingly, the induced bone had morphological,
ultrastructural, and chemical characteristics similar to those of the
native skull bone and the bone regenerated in the skull defects.
Considering the clinical translation of customized cranial im-

plants, the structural integrity and regenerative potential of the
tissue at the recipient site could differ markedly from those ob-
served under controlled, experimental conditions. Nevertheless,
the experimental observations were corroborated by analysis of
an entire implant retrieved from a patient 21 mo postoperatively.
Histological, ultrastructural, and compositional analyses demon-
strated the regeneration of mature, remodeled, and vascularized
bone. Interestingly, the regenerated bone associated with the
BioCer implant had a composition similar to that of the native
bone, regardless of the location within the defect.
Several factors, including mechanical factors (36, 37), the prop-

erties of implanted biomaterials (38), and the available biological

Fig. 4. Sheep dorsal s.c. investigations after 3 mo of implantation (histology). (A and B) No adverse soft tissue responses are observed macroscopically for
titanium (Ti) or bioceramic (BioCer). The dotted lines in A and B indicate the site of histological sectioning. (C and D) The survey light micrographs (van
Gieson’s stain) show the two implant types (Ti and BioCer), each consisting of six tiles and five slits, interfacing with the s.c. tissue toward the skin (Top) and
muscle (Bottom) sides. New bone (NB) (red staining) is detected with BioCer (as exemplified in D) but not Ti (as exemplified in C). The prevalence of bone in
different ROIs was determined histologically using a software grid (E), with data presented in the table (F). The scoring was recorded as follows: −, no bone
detected in any of the 12 rectangles; +, bone detected in 1–4 out of 12 rectangles; ++, bone detected in 5–8 out of 12 rectangles; and +++, bone detected in
9–12 out of 12 rectangles. Statistically significant differences are indicated by a hash sign (P = 0.027; n = 6) and asterisk (P = 0.042; n = 6). The comparisons
were performed using paired Friedman and Wilcoxon signed-rank tests. (G–L) Light micrographs of toluidine blue-stained sections show the formation of
ectopic NB in the BioCer implant. The NB is formed directly on the BioCer surface, with the typical appearance of osteoblasts (Ob), depositing a layer of darkly
stained osteoid, and osteocytes (Ot) embedded in the NB (some of the osteoblasts and osteocytes are indicated by white arrows). Loose connective tissue (LCT)
with blood vessels (BVs) is found in the close vicinity of the ectopic NB. Multinucleated cells (MNCs) are frequently encountered in association with concavities
in the BioCer surface. Some of the MNCs appear to contain material particulates (black arrow in L). In other regions, the concavities in the resorbed BioCer
surface are occupied by osteoblasts (Ob) depositing NB in close proximity to mesenchymal-like stem cells (MLCs) and BVs (as exemplified in K).
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cues [dura mater (39), stem cells (8, 40), and growth factors (10)],
have been implicated in the regeneration of bone within large de-
fects. Bone formation occurs mainly from the existing borders of the
bone and to a lesser degree in the defect center (36). On the other
hand, it has been shown experimentally that dura mater stem cells
(39), as well as administered adipose-derived adult stromal cells (8,
40) and growth factors (10, 11), promote bone regeneration in
cranial defects. Temporal observations of the involved biological
processes using a combination of morphological and molecular
techniques are therefore warranted to determine the precise cel-
lular and molecular mechanisms.
Current treatments for cranial defects employ autologous bone

grafts and an array of different alloplastic materials (41–43). Ti is a
chemically stable, mechanically adequate material that has ap-
propriate biocompatibility in many types of tissue. By virtue of
their ability to integrate with bone (osseointegration), the majority
of implants used in oro-maxillo-facial reconstruction are manu-
factured from commercially pure Ti or its alloys (44). The 3D-
printed Ti scaffolds, particularly those exhibiting reduced stiffness,
promote bone regeneration in large segmental defects in load-
bearing long bones (45). Consistently, Ti is considered a suitable
material for the mesh of cranial implants (43), providing me-
chanical support for biological processes that should ultimately

lead to bone regeneration in the cranial defect. Interestingly, the
excellent biological and clinical results of Ti in oral (25, 46) and
orthopedic (47) applications were surpassed by those of the
BioCer implant in cranial defects. Here, considerably less bone
formation and osseointegration was revealed in the transitional
zone for the exposed Ti (2%) than for the BioCer (88%). A similar
observation was made in the experimental skull defect. These ob-
servations indicate that Ti alone is not sufficient to elicit an ap-
propriate biological response and restore large, cranial defects.
Interestingly, the highest degree of bone regeneration and

osseointegration was observed in the central region of the BioCer
implant, distant from native bone. An understanding of the role of
the implant design and composition in the promotion and main-
tenance of bone is therefore of crucial importance. The BioCer
composition with monetite, β-TCP, and calcium pyrophosphate

Fig. 5. Sheep dorsal s.c. investigations after 3 mo of implantation (ultra-
structure and composition). (A) Backscattered electron-scanning electron
microscopy (BSE-SEM) of bioceramic (BioCer) implants in s.c. sites. The green
and yellow Insets in A are presented at a higher magnification (B and C,
respectively). (B and C) Ectopic new bone (NB) on the BioCer in the central
zone of the implant. Several osteocyte lacunae (Ot.Lc; white arrows in B and
C) and canaliculi (white arrowhead in B) are detected in the NB. (D) Aver-
aged Raman spectra of ectopic NB in the BioCer (purple) show an extracel-
lular matrix composition similar to native bone (green). For both, the main
phosphate peak (ν1 PO4

3−; 960 cm−1) is sharp and symmetrical. Bands rep-
resenting type I collagen, i.e., amides I and III, are evident. Furthermore, amino
acids, including proline (Pro; 850 cm−1), hydroxyproline (Hyp; 880 cm−1), phe-
nylalanine (Phe; 1,003 cm−1), and tyrosine (Tyr; 1,600 cm−1), are also detected.
The comparatively lower carbonate content (CO3

2−; 1,070 cm−1) of the ectopic
bone is attributable to the relative tissue age.

Fig. 6. Investigations of clinical implant retrieved from the human skull
after 21 mo (histology). (A) Photograph showing the surgical flap dissection
and elevation to uncover the bioceramic (BioCer) implant for retrieval. (B) A
CT scan conducted prior to implant retrieval shows the implant in the re-
cipient skull after 21 mo. The customized implant consists of a laser-cut ti-
tanium (Ti) frame enveloped by multiple interconnected hexagonal BioCer
tiles. The joint [indicated by (Ti) in B] between two adjacent Ti meshes
(transitional zone) is not covered by BioCer and has a relatively larger
intertile space. The red-, green-, and yellow-coded tiles in B are examples of
the peripheral, central, and transitional zones that were subsequently pro-
cessed and analyzed (the full details are provided in SI Appendix, Fig. S16).
(C–E) Survey micrographs (van Gieson’s stain) corresponding to the periph-
eral (red), central (green), and transitional (yellow) zones in B, respectively.
(F–K) Selected micrographs of toluidine blue-stained sections of central and
peripheral tile and intertile regions of the BioCer. (F) Survey micrograph
showing complete bridging of an intertile space by well-vascularized, new
osteonal bone (NOB) in a central zone, integrating the BioCer as well as the
Ti. (G) A higher-magnification image of NOB, with blood vessels (BVs),
formed within a BioCer tile in a central zone, interfacing with the Ti within
the BioCer. (H) An intertile region in a peripheral zone, where NOB with
central BVs is visible. (I) Areas with resorption of the BioCer reveal a typical
bone-remodeling pattern, with osteoclast-like cells (OCL) (white arrow)
concomitant with an osteoblast (Ob) seam (black arrow), new bone (NB), and
BVs. (J and K) Vascularized NOB on the skin (J) and dura (K) sides of a tile in
the central zone. Periosteum (PO) and endosteum (EO) cover the NOB.
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Fig. 7. Investigations of clinical implant retrieved from the human skull after 21 mo (histomorphometry). (A) A CT scan shows the implant in the recipient
skull. The red-, green-, and yellow-coded tiles in A are examples of peripheral, central, and transitional zones that were subsequently processed and analyzed.
(B) Schematic of the tile and intertile regions of interest (ROIs) used for histomorphometry. (C and D) In the tile ROI, the largest bone area (C) and bone–
implant contact (D) are detected in the central zone of the implant, whereas the lowest values are found in the transitional zone. (E–G) In the intertile ROI,
the largest bone area (E) and bone growth distance (G) are detected in the central zone, and the smallest bone area and bone growth distance are found in
the transitional zone. In F, significantly less bone contact is found for the exposed titanium (Ti) than for the bioceramic (BioCer) in the transitional zone or the
Ti in the peripheral and central zones. The statistical comparisons were performed using nonpaired Kruskal–Wallis and Mann–Whitney U tests. (H) The 2D
microcomputed tomography (micro-CT) image in the central zone shows the new bone (NB), in light gray contrast, bridging adjacent tiles of the BioCer
(darker gray contrast), as well as integrating the Ti. Complete bridging with NB is also found between several adjacent tiles in the 3D micro-CT images of the
dura (I) and skin (K) sides (represented by the circles in I and K). The dura side K has a rougher appearance, indicating less bone coverage than observed on the
skin side, which has a smoother appearance (I). More NB filling on the skin side than on the dura side was confirmed in a cross-sectional micro-CT image (J).
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differs from that of other cranial implants made of calcium
phosphates that have been introduced clinically (48). Some sup-
port for osteogenic differentiation associated with bone formation
around the BioCer implant in vivo in both the central and pe-
ripheral regions of the cranial defect was provided in a case study
(49). One possible mechanism, proposed by Ripamonti et al. (50),
involves the microarchitecture (e.g., repetitive concavities, simu-
lating the basic multicellular unit) of the material surface exposed
to the biological surroundings. As shown here, these microenvi-
ronments may be created during the slow degradation of BioCer
when pores (i.e., concavities) are exposed to surrounding cells
and fluids. Cells (e.g., macrophages and osteoclasts) may actively
condition the surface of the BioCer, thereby creating a topology
that enables active bone formation and subsequent remodeling.
This assumption is supported by the present observations of
osteoclasts, osteoprogenitors, and osteoblasts at the BioCer
surface in conjunction with the formation of well-vascularized
bone.
A major finding in the present study is that the implant, con-

sisting of a 3D-printed titanium frame enveloped within a BioCer
consisting of three different CaP phases, was able to induce bone
regeneration, at both skeletal and nonskeletal sites. Despite

extensive research, the exact mechanism of material-induced ec-
topic bone formation is still unknown, although several theories
have been proposed. For instance, it has been suggested that the
release of Ca and P ions and the adsorption of pro-osteogenic
growth factors and cytokines stimulate inflammatory and regen-
erative cells (51). Furthermore, it has been proposed that the
process of CaP dissolution–reprecipitation on the material sur-
face, particularly within the micropores, may play a significant role
in ectopic bone formation (52). The major physical, chemical, and
biological factors involved in material-associated osteoinduction
were the subject of a recent review discussing a new potential
mechanism of osteoinduction: Local depletion of Ca2+ and PO4

3−

caused by apatite precipitation on the material surface can trig-
ger a relevant biological response (23). In addition, material
transformation of less stable/metastable CaP precursors to bone-
resembling apatite phases has also been implicated in the
osteoinductive properties of CaP (53). The present studies show
that the BioCer implant in fact undergo such transformation to
apatite. Importantly, the XRD and Raman spectroscopy analysis
of nonimplanted (native) as well as retrieved implant from human
skull show that this transformation occurs in vivo, after long-term
implantation, and not due to material processing before implantation.

Fig. 8. Investigations of clinical implant retrieved from the human skull after 21 mo (ultrastructure and composition). (A) A CT scan shows the implant in the
recipient skull. The red-, green-, and yellow-coded tiles in A are examples of the peripheral, central, and transitional zones that were processed and analyzed.
(B–D) Raman spectroscopy. (B) The mineral crystallinity (FWHM−1 ν1 PO4

3−), (C) the carbonate-to-phosphate ratio (ν1 CO3
2−/ν1 PO4

3−), and (D) the
apatite-to-collagen ratio (ν2 PO4

3−/amide III) of peripheral and central intertile bone in the bioceramic (BioCer) implant are similar to those of the native bone
(biopsy from the recipient skull). (E) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image shows the union of new
bone (NB) with the BioCer surface. (F) Elemental analysis, using energy-dispersive X-ray spectroscopy (EDS), across the interface reveals the continuity of Ca, P,
O, and C signals from the NB into the BioCer, along the black arrow in E, with higher contents of calcium and phosphorus in the BioCer and a higher content
of carbon in the bone.
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Therefore, detailed studies on the apatite transformation processes
and their kinetics in vivo are warranted.
Mechanical protection of the brain is a critical role of cranial

implants. A limitation of the present study is the absence of a
mechanical evaluation after bone regeneration and integration
with the surrounding tissue. Previous studies have shown ap-
propriate mechanical properties of the present material in
comparison with native skull (54). Furthermore, the cranial im-
plant, consisting of BioCer tiles interconnected by an additively
manufactured grade 23 Ti frame, equivalent to the present ex-
perimental BioCer implant, provided the best match for the
stiffness of the skull in comparison with commercial implants
made of PEEK and Ti (54). Another limitation is that the study
did not include cellular and molecular techniques, such as im-
munohistochemistry and gene expression analysis, to shed light
on the underlying mechanisms of the transition from empty space to
considerable bone repair, without the application of exogenous cells
and growth factors. Here, a detailed analysis of the early events
involved in the recruitment of different cell types and their subse-
quent stages of differentiation in vivo is particularly important. This
requires kinetic studies of the different cells (macrophages, osteo-
blasts, and osteoclasts) and their expression and secretion of factors
implicated in bone healing, regeneration, and remodeling.
The results of the experimental and clinical retrieval studies

provide proof-of-concept that this BioCer implant design and
composition promote in situ bone regeneration and osseointe-
gration. The design and material composition created a local
environment conducive to in situ bone regeneration at both os-
seous and nonosseous sites, without the administration of ex-
ogenous growth factors and cells.

Materials and Methods
A complete description of the materials and methods, including detailed
information on the study design and statistical analysis, is given in SI Ap-
pendix, 2 Materials and Methods.

Study Design. This study investigated whether critical-size cranial bone de-
fects can be regenerated using 3D-printed cranial implants consisting of a Ti-
reinforced BioCer without systemic or local application of cells or adminis-
tration of growth factors. The study design consisted of three parts. In the
first part, two large cranial defects (30 × 15 mm) were established in the
parietal bone of seven sheep, and in each sheep, one defect received an
experimental BioCer implant (test), whereas the other defect received a Ti
implant (control). In the second part, BioCer (test) and Ti (control) implants
were implanted s.c. in another group of six sheep. Skeletal (skull) and
nonskeletal (s.c. tissue) bone regeneration was investigated qualitatively
and quantitatively using multiple techniques after 12 and 3 mo, respectively.
In the third part, a proof-of-principle that a large hemicraniectomy (13.4 ×
11 cm; 115 cm2) in a human can be restored with new bone, achieving a
structure and composition similar to those of normal bone, was provided
after detailed investigation of a retrieved, customized BioCer implant 21 mo
postsurgery.

Implant Manufacturing.
Experimental implants. The BioCer implant for animal experiments consisted of
calcium phosphate tiles reinforced and interconnected by a 3D-printed ti-
tanium (Ti) mesh with built-in fixation arms (Fig. 1A). The BioCer was pre-
pared from a powder mixture of β-TCP/dicalcium pyrophosphate (Sigma-
Aldrich) and monocalcium phosphate monohydrate (Alfa Aesar; Thermo
Fisher) and mixed with glycerol (55–57). The BioCer was molded precisely
over the Ti frame in the form of rectangular tiles (thickness, 6 mm; spacing,
∼1 mm) and allowed to set overnight in sterile water. After removal from
the mold, the implant was left in sterile water for 48 h to eliminate glycerol.
The titanium implant (control) (Fig. 1B) had a design and dimensions similar
to those of the BioCer implant but was entirely additively manufactured

Fig. 9. Raman spectroscopy characterization of the regenerated bone and material transformation. (A) Raman measurements of the native skull bone and
bone regenerated in peripheral, P, and central, C, regions of titanium (Ti) and bioceramic (BioCer) implants in the human skull, sheep skull, and sheep s.c. soft
tissue. Labels a–h indicate the various regions analyzed in bone: native bone (a, d), periphery of BioCer (b, f), periphery of Ti (e), and center of BioCer (c, g, h).
(B) Raman measurements of the bioceramic (BioCer) implant prior to implantation and after retrieval from the human skull, sheep skull, and sheep s.c. soft
tissue. Labels 1 to 4 indicate spectral features characteristic of the various calcium phosphate phases detected: 1, β-tricalcium phosphate (β-TCP); 2, dicalcium
phosphate anhydrous (monetite); 3, dicalcium pyrophosphate (β-CPP); 4, carbonated apatite; *, v1 CO3

2−. Raman spectra of the BioCer were collected adjacent
to the titanium frame (“near Ti”), in the middle of the BioCer tile (“bulk”), and 10 to 100 μm from the bone–implant interface (“near bone”). Labels i–r
indicate the various regions analyzed in the BioCer: native nonimplanted BioCer (i), near Ti (j,m, p), bulk (k, n, q), and near bone (l, o, r). The illustrations show
the specific regions where the analysis was performed.
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from grade 23 titanium. The dimensions of the implants in the sheep skull
and soft tissue experiments were 30 × 15 mm and 18 × 18 mm, respectively.
Clinical implant. The clinically retrieved skull implant consisted of laser-cut Ti,
grade 2, covered with mosaic-shaped BioCer tiles with a chemical composi-
tion, porosity, density, and surface area identical to those of the experi-
mental BioCer implant. The implant was customized manually to fit a 3D-
printed model of the patient defect (Fig. 1C) prior to sterilization (OssDsign AB).

All implants, experimental or clinical, were steam sterilized by autoclaving
at 121 °C for 20 min.

Material Characterization. After autoclave sterilization, the BioCer material
for the experimental and clinical implants was characterized with respect to
the following parameters: 1) phase composition, using an X-ray diffractometer
(Aeris; Malvern Panalytical Ltd.); 2) porosity, using Archimedes’ principle for
dry, wet, and immersed weight measurement; 3) specific surface area, using
nitrogen adsorption in an ASAP 2020 system (Micromeritics Instrument Com-
pany); 4) density, using helium pycnometry in an AccuPyc 1340 pycnometer
(Micromeritics Instrument Company); and 5) microstructure, using SEM (Mer-
lin; Zeiss). Furthermore, the amount of glycerol diffusing from the BioCer
implant was evaluated with high-performance liquid chromatography–
evaporative light scattering detector, using an Agilent 1100 HPLC system and
based on exhaustive extraction method.

Animal Surgery. The experiment was approved by the Ministry of National
Education, Higher Education and Research (01139.2) (NAMSA, Chasse-sur-
Rhône, France) and complied with the ARRIVE guidelines. Seven adult fe-
male sheep (Ovis aries) underwent skull bone defect implantation. In each
sheep, bilateral rectangular defects (15 × 30 mm) were created in the pari-
etal bone. Each defect received either a BioCer or a titanium (Ti) implant.
Another group of six adult sheep underwent dorsal s.c. implantation with
BioCer and Ti implants in each animal. After 3 mo (s.c. implants) and 12 mo
(skull implants), the sheep were killed, and the implants with surrounding
tissues were retrieved and fixed in 10% formalin.

Clinical Retrieval. The protocol was approved by the Regional Ethics Com-
mittee in Stockholm (Dnr 2017/251031). Retrieval and processing of the
implant were performed in accordance with the Biospecimen Reporting for
Improved Study Quality guidelines. A 22-y-old male developed a subdural
hematoma after a car accident and underwent decompressive hemi-
craniectomy. Cryopreserved autologous bone was reimplanted after 1.5 mo
and explanted 13 mo later due to resorption and a suspected infection. Five
months later, the patient underwent cranioplasty with a BioCer implant. The
defect size was 13.4 × 11 cm (115 cm2). Minor trauma caused physical de-
formation of the implant, necessitating replacement 21 mo postoperatively.
The BioCer implant was retrieved and fixed, similar to the experimental
implants. The patient provided signed informed consent.

Sample Processing. After fixation, the retrieved clinical and experimental
implants were dehydrated, embedded in plastic resin (58), and processed for
X-ray micro-CT, histology, histomorphometry, Raman spectroscopy, and
electron microscopy.

Analytical Procedures.
Micro-CT. The retrieved clinical implant was scanned and analyzed using a
Skyscan 1172 scanner (Bruker micro-CT) and associated computer software.
Histology and histomorphometry. The morphology of the implant-associated
tissue and its relationship to the implant in different ROIs was evaluated
qualitatively and quantitatively by determining the BA% and BIC% under a

light microscope (Nikon Eclipse E600; Nikon NIS-Elements software; Nikon).
For the sheep s.c. implants, the prevalence of bone was determined.
Microstructural analysis. The structure of the bone–implant interface was
evaluated in resin-embedded and polished half-blocks using low-vacuum
SEM (Quanta 200 environmental SEM; FEI Company) operated in BSE mode
at an accelerating voltage of 20 kV.
Raman spectroscopy. Using a confocal Raman microscope (WITec alpha300 R)
equipped with a 532-nm laser, the composition [mineral crystallinity (59),
carbonate-to-phosphate ratio (60), and apatite-to-collagen ratio (61, 62)] of
implant-associated bone was evaluated. Interfacial bone in peripheral and
central zones of the retrieved clinical implant and the native bone (skull
bone biopsy obtained at implant retrieval) were analyzed. In the sheep skull
implants, interfacial bone in the peripheral and central regions of the im-
plant and the native bone were analyzed. Interfacial bone in the central
region of s.c. BioCer implants was analyzed.

The composition of the BioCer material itself was also analyzed with re-
spect to possible transformation into apatite after implantation. Material
analysis was performed before and after implantation using a confocal
Raman microscope (Renishaw inVia Qontor) equipped with a 633-nm laser.
Ultrastructural analysis. Selected resin-embedded human and sheep skull im-
plant specimens were used for HAADF-STEM in a Tecnai T20 LaB6 TEM/STEM
(FEI Company). In brief, a focused ion beam (Versa 3D FIB-SEM; FEI Company)
was used to prepare electron-transparent (∼100 nm thick) samples of the
intact bone-BioCer (63). Elemental analysis for calcium (Ca), phosphorus (P),
oxygen (O), and carbon (C) was performed using EDS with a nanoprobe in
STEM mode.
XRD analysis of the retrieved clinical implant. Retrieved BioCer implant samples
(n = 3) were harvested from resin-embedded human skull implant, using a
trephine, and finely ground in an agate mortar. The samples were analyzed
with respect to different crystalline phases using XRD (D8 Advance; Bruker
AXS GmbH).

Statistical Analysis. Histomorphometric comparisons of the experimental
sheep skull and s.c. implants (BioCer vs. titanium) were analyzed using paired
Friedman and Wilcoxon signed-rank tests. Histomorphometric comparisons
of the peripheral, central, and transitional zones of the clinically retrieved
implant were analyzed using nonpaired Kruskal–Wallis and Mann–Whitney
U tests. For Raman spectroscopy, nonpaired Kruskal–Wallis and Mann–
Whitney U tests were used. All statistical analyses were performed in SPSS
(v.23; IBM Corporation). All reported P values were two sided, and values of
P < 0.05 were considered statistically significant.

Data and Materials Availability. All data supporting the findings of this study
are available within the paper and SI Appendix.
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