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Summary 

Skull surgery, also known as craniectomy, is done to treat trauma or brain diseases and may require the use 

of an implant to reestablish skull integrity. This study investigates the performance of 3D printed bone 

implants in a mouse model of craniectomy with the aim of making biodegradable porous implants that can 

ultimately be fitted to a patient’s anatomy. A non-polymeric thermoplastic bioink composed of fatty acids 

and β-tricalcium phosphate was used to 3D print the skull implants. Some of these were sintered to yield 

pure β-tricalcium phosphate implants. The performance of non-sintered and sintered implants was then 

compared in two semi-quantitative murine calvarial defect models using computed tomography, histology 

and luciferase activity. Both types of implants were biocompatible but only sintered implants promoted 
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defect healing, with osseointegration to adjacent bone, and the formation of new bone and bone marrow 

tissue in the implant pores. Luciferase scanning and histology showed that mesenchymal stem cells seeded 

onto the implants engraft and proliferate on the implants after implantation and contribute to forming bone. 

The experiments indicate that fatty acid-based 3D printing enables the creation of biocompatible and bone-

forming β-tricalcium phosphate implants. 

 

Keywords: 3D Printing, Additive Manufacturing, Bone; Ceramics; Implants; Regenerative Medicine; Tissue 

Engineering; Tricalcium Phosphate 

 

1. Introduction 

The restoration of craniofacial bone that has been damaged or surgically removed is a common challenge in 

maxillofacial surgery and neurosurgery(Fernandez de Grado et al., 2018). One example is craniectomy where 

skull bone is removed to access or depressurize the brain to treat e.g. stroke and traumatic brain 

trauma(Beez, Munoz-Bendix, Steiger, & Beseoglu, 2019; Rossini et al., 2019). Often the skull piece is re-

implanted but in some cases infection or traumatic damage to the bone prevents the reuse of the resected 

bone(van de Vijfeijken et al., 2018). The treatment then requires the use of an implant, known as a 

cranioplasty, that replaces the lost bone and restores its protective and aesthetic function. A wide variety of 

such implants are available to surgeons, both synthetic implants and donor bone grafts (allografts or bone 

flaps). All these implants are associated with various problems (Zanotti et al., 2016). Bone grafts are good at 

generating new bone but are limited in supply and size, their harvesting causes donor site morbidity, and 

they are prone to uncontrolled resorption. One recent review reported a failure rate for bone grafts of 25% 

in cranioplasty (Brommeland, Rydning, Pripp, & Helseth, 2015). Synthetic alloplastic implants made from 

metal, plastics and ceramics are often the alternative (Shah, Jung, & Skirboll, 2014). These can be made on 

demand, in any size, but currently used materials do not degrade in the body and remain permanently in 

place, where they may cause biofilm infections, bleeding and hematoma formation even long after surgery. 
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Titanium cranioplasties have been found to have complication rates of 30.4% (Hill, Luoma, Wilson, & Kitchen, 

2012). A recent systematic review and meta-analysis covering publications that included 1586 cranioplasty 

patients found that complications led to double-digit revision rates for both alloplastic implants and bone 

grafts, with an average failure rate of 18% (Malcolm et al., 2018). Better performing craniofacial implants are 

therefore needed. 

In addition to infection, rapid resorption and hematoma, another problem with many larger craniofacial 

implants is their fit with a patient’s anatomy. An ill-fitting implant may introduce both functional and 

aesthetic problems. A solution is to use scanning data to computer design an implant that can then be 3D-

printed (Nyberg et al., 2017) or computer numerical control (CNC) milled to generated patient-fitted bone 

implants (Otto, Kleye, Burian, Ehrenfeld, & Cornelius, 2017). Such implants are now available from many 

commercial suppliers and present a solution to restoring the function and appearance of the skull after bone 

removal, often with good results (Maroulakos, Kamperos, Tayebi, Halazonetis, & Ren, 2019). Currently, 

however, such implants are commercially available only as allografts or as implants made from permanent 

non-biodegradable materials like titanium and hydroxyapatite. There is therefore a need for new 

biodegradable materials that can be 3D printed to form patient specific implants.  

Calcium phosphate materials are especially attractive. Our bones are composed of 60–70% calcium 

phosphate (Jeong, Kim, Shim, Hwang, & Heo, 2019), and calcium phosphate ceramics have seen widespread 

and successful clinical use as synthetic, readily available bone graft substitutes for decades (Guillaume, 2017), 

even for very large cranial defects (Biskup, Singh, Beals, Joganic, & Manwaring, 2010). Tricalcium phosphate 

(TCP) is an especially appealing material because implants made from it are biodegradable in contrast to 

those made from hydroxyapatite (Oh, Ko, Jaiswal, & Whang, 2016). Its degradation rate is sufficiently slow 

to allow new bone to be formed in its place as it degrades, and as it degrades it releases calcium and 

phosphate ions that contribute to the formation of new bone (Jeong et al., 2019). Yet no TCP based patient-

specific implants have reached regulatory approval for general clinical use. 
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While TCP is often used alone as a bone implant, several groups have also shown that mesenchymal stem 

cell (MSC) seeding on bone implants may be used to improve bone formation (Granero-Molto, Weis, 

Longobardi, & Spagnoli, 2008). MSCs are capable of supporting bone formation in two ways, by secreting 

osteogenic growth factors like bone morphogenic proteins that stimulate other cells to form bone and by 

differentiating to become bone forming osteoblasts and osteocytes themselves. The extent to which MSCs 

contribute to bone formation via these mechanisms is still being investigated. 

We recently discovered a new class of bioink that consists of solid particles, such as TCP powder, suspended 

in a solid fatty acid matrix (Jensen et al., 2018; Slots et al., 2017). When heated above the melting point of 

the fatty acid, the bioinks melt to become 3D printable by extrusion, even at very high solid loading (60% 

V/V). When they cool after 3D printing, the inks freeze into very strong fatty acid composite materials 

(6.6MPa compressive strength for dense inks). These materials may subsequently be sintered to yield pure 

ceramics, with little shrinkage. Importantly, both sintered TCP implants made this way and non-sintered 

stearic acid/TCP composite implants are biocompatible in vitro in MSC culture as well as in vivo in a murine 

subcutaneous implantation model. However, when tested in this in vivo model, the implants did not develop 

mineralized bone. To assess whether this was due to the ectopic implantation site or if it could be the material 

that prevented bone formation, we set out to do the present study. Here we further characterize the 

materials and evaluate their performance in a well established murine calvarial bone defect model with and 

without prior MSC seeding.  

 

2. Methods 

2.1 Materials 

Lauric acid and β-TCP (96% pure, cat. no. 21218, average particle diameter 6.37 μm) were from Sigma Aldrich; 

stearic acid was from Merck. The Healos collagen sponge was a hydroxyapatite-coated collagen type I sponge 

from DePuy. The titanium net was a preformed orbital floor net 0.3 mm from Biomet. 
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2.2 Implant Preparation 

Inks for implant preparation were formulated by mixing 25 g TCP with 5 g stearic acid or lauric acid (W/W 

83%, approximate V/V 60%). We have previously measured the TCP powder grain size to be 6.37 μm in 

diameter on average. The mixture was heated to 80°C in a water bath while stirring, after which it achieved 

a tooth paste like consistency. This ink was then loaded into plastic syringes for 3D printing.  

A square box (10 mm × 10 mm × 2mm) was designed in the Autodesk Inventor. This was exported as an STL 

file and sliced into gcode using Slic3r with 1 perimeter, 0 top and bottom layers, 40% infill, 0.2-mm layer 

height and a printing speed of 10 mm/s. The inks were placed into 3-mL EFD syringes fitted with a 22 gauge 

Luer-Lok (internal diameter: 410 μm). The box was 3D printed using an Inkredible+ 3D bioprinter (Cellink, 

Sweden), the box gcode and ink-loaded syringes. The resulting 3D prints had a square distribution of square 

pores with a 400μm width and strut widths of 600μm. The prints had 4 layers and were 800μm high. After 

printing, but before sintering, circular implants were punched out of the box using 4-mm biopsy punches. 

The implants had approximately 9 pores. Some of the pieces were sintered by placing them into a cold oven 

(LH30, Nabertherm), where they were heated to (over 1h) and burned at 400°C for 1 h and then heated to 

(over 2 h) and sintered at 1100°C in atmospheric air for 2 h, followed by slow cooling (over 16 h) to room 

temperature. We have previously characterized thus sintered TCP implants with Raman spectroscopy and 

scanning electron microscopy and have shown them to be pure β-TCP ceramics with nanoporosity (Slots et 

al., 2017). Control implants for the mouse experiments included a soft collagen sponge and a clinical grade 

titanium net normally used to reconstruct orbital floor bone. In both cases, a 4-mm biopsy punch was used 

to punch out circular 4-mm control implants from larger implants. All implants were placed in closed bags 

and autoclaved prior to use.   

 

2.3 Implant Characterization 

To characterize the implants, cylinders measuring 1 cm in height and diameter were 3D printed using the 

same seetings, material and porosity as above and half of them were sintered using the same sintering 
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parameters. Height, weight and diameter at the cylinder bottom, center and top was recorded before and 

after sintering. X-ray diffraction was then performed on powders and crushed implants using a PANalytical 

X'Pert Pro with a Cu Kα X-ray souce. Data was recorded with a PIXcel point detector in reflection Bragg-

Brentano mode. The resistance of the implant cylinders to mechanical compression was determined using a 

universal testing machine (Zwick Z050). Force (N) and elongation (mm) was recorded, stress (MPa) was 

calculated from the force using the smallest cylinder cross section. The test was performed position 

controlled with a test speed of 1 mm/s during the entire test sequence. Five replicate samples were used for 

compression testing and size change measurements. 

 

2.4 Implantation studies 

The experiments were performed at the University of Southern Denmark’s central animal facility under 

standard housing conditions and at fully equipped experimental surgery facilities. The studies were approved 

by the Danish Animal Experiments Inspectorate. 

In the first mouse experiment, the experimental groups were a positive control consisting of a 

hydroxyapatite-coated collagen sponge with cells (n=1), a negative control with no implant (n=1), non-

sintered lauric acid/TCP implants with (n=5) and without cells (n=5) and sintered TCP implants with (n=5) and 

without cells (n=5). The cells were luciferase- and telomerase-expressing human mesenchymal stem cells 

derived from bone marrow were grown in MEM medium with 10% fetal bovine serum and 1% 

penicillin/streptomycin at 5% CO2 and 37°C as previously described (Simonsen et al., 2002). The cells were 

seeded onto implants in static culture by placing the implants in separate wells in an ultra-low-adherence 24 

well plate (Corning Costar), 50 μL medium with 500,000 cells were then added onto the implants using a 

pipette and after 1 h incubation, a further 1 mL of extra medium was added, after 16 hours of culture the 

implants were implanted in the mice. The non-sintered lauric acid/TCP implants that were seeded with MSCs 

disintegrated overnight and were not used. 
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The first study used 8-10 week female immunodeficient NOD.CB17-Prkdc<scid>/J (“NOD-scid”) mice, the 

mice weighed 24g average ranging from 22.1g to 28.7g. These were housed in a barrier facility with 12:12 

photoperiod and ad libitum access to autoclaved drinking water and chow diet (Altromin 1324, irradiated 

variant). For implantation, anesthesia was induced by intraperitoneal injection of ketamine (100 mg/kg body 

weight) and xylazine (5 mg/kg body weight). Analgesia was provided pre- and post-operatively in the form of 

voluntarily ingested buprenorphine (Abelson, Jacobsen, Sundbom, Kalliokoski, & Hau, 2012). After shaving 

and disinfecting the skin on the top of the head, a 1-cm longitudinal midline incision was made. The periosteal 

layer was removed from the right parietal bone, and a circular defect was created by hand drilling with a 4-

mm skin biopsy punch. An implant was positioned in the defect and the skin was sutured. Each animal 

received one implant (except for the negative control). The implants were not fixed to exclude the effect of 

sutures or glues on the performance of the implants. Two mice in the non-cell seeded, non-sintered lauric 

acid/TCP implant group died before surgery due to a problem with anesthesia. After 2 days, the mice were 

CT and IVIS scanned. The mice were IVIS scanned again at weeks 1, 2, 4 and 8. After the 8-week IVIS scanning, 

the mice were euthanized and CT scanned again.  

The second mouse experiment was done as the first except that immunocompetent C57BL/6JBomTac mice 

were used. Due to their immunocompetency, cell seeding was not done in this experiment. The experimental 

groups were a positive control consisting of titanium nets (n=2), a negative control with no implant (n=2), 

non-sintered stearic acid/TCP implants (n=6) and sintered TCP implants (n=6). 

The process is illustrated on figure 1. 

 

2.5 Histology 

After 8 weeks, the animals were euthanized, and the implants and surrounding bone were removed and fixed 

in 10% neutral buffered formalin (4% formaldehyde) for 2 days, after which they were decalcified in 4.0 M 

formic acid for 3 days (mice). The decalcified implants were dehydrated in standard increasing concentrations 

of ethanol, ending in xylene before paraffin embedding. Four micrometer sections were cut from the 
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implants at the beginning of the paraffin blocks and at depths of 100 and 200 micrometers. The sections were 

then stained with hematoxylin and eosin or with immunohistochemical staining with human vimentin. The 

stained sections were studied at x20 magnification using a microscope (Leica DM4500B, Leica Microsystems, 

Germany) and Surveyor software (objective Imaging). Images were recorded and stitched together. 

Quantification of total implant surface and bone-covered implant surface was performed in Digimizer 5.3.4 

at 24x zoom using the Path function. 

 

2.6 CT Scanning 

The mice were CT scanned under isoflurane anesthesia with 70 kVp and a resolution of 10.5 um (cubic voxels) 

using a vivaCT40 microCT scanner (Scanco, Brüttisellen, Switzerland) after surgery and after euthanasia. The 

resulting images were analyzed in the proprietary Scanco software. 

 

2.7 Bioluminescence imaging 

Long-term survival of human MSCs genetically modified to stably express firefly luciferase and implanted in 

immunodeficient mice was visualized with in vivo bioluminescence imaging using an IVIS Spectrum (Perkin-

Elmer). The mice were injected with D-luciferin (150 mg/kg body weight, Perkin-Elmer P/N 122796) 10 

minutes before imaging. Immobilization was achieved by isoflurane inhalation. Images were acquired with 

an exposure time of 0.5 or 1 second, and binning 8, FOV 13.2, f1. The radiance within fixed-size circular ROIs 

was measured in the unit of p/sec/cm2/sr. 

 

2.8 Statistics 

All data are reported as means with standard deviations. Differences in variance and means between groups 

were determined using f-tests and t-tests done in Excel 2013. Statistical significance was assumed at p-values 

below an alpha level of 0.05. 
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3. Results 

The implants have been extensively characterized with SEM, Raman spectroscopy, mechanical testing and in 

vitro cell culture previously (Jensen et al., 2018; Slots et al., 2017). But XRD had not been done to study the 

retention of the beta phase calcium phosphate during 3D printing and sintering nor had shrinkage during 

sintering been studied and theses analysis were therefore done (Figure 2a-d). XRD showed a highly similar 

spectrum for the initial TCP powder and for the non-sintered and sintered 3D printed samples indicating a 

near complete retention of the beta phase. A weight loss of 18.0% (SD: 9%) was observed during sintering, 

close to the theoretical 16.7% expected after elimination of the stearic acid. During sintering, the cylinders 

shrunk 3.5% (SD: 0.6%) in height and 2.0% (SD: 1.9%), 2.6% (SD: 1.4%) and 3.5% (SD: 1.7%) in top, center and 

bottom diameter, respectively. Since a new porosity was used, compression testing was also done again 

(Figure 2e-f). Both non-sintered SA/TCP and sintered TCP demonstrated brittle behavior and failed on 

average at 10MPa (SD: 6.2) and 6.7MPa (SD: 1.3MPa), respectively. 

The purpose of the first experiment was to compare the performance of non-sintered lauric acid/TCP 

implants with sintered TCP implants, both 3D printed using the same technique, in a murine calvarial defect 

with and without stem cells. During the experiment, all mice behaved normally, and no adverse reactions 

were observed. Weight change from surgery to euthanization was −0.9% for the no-implant control, +5.5% 

for the cell-seeded collagen sponge control, +1.9% (SD: 5.2%) for the cell-seeded sintered TCP implants, 

+5.6% (SD: 7.7%) for the sintered TCP implants without cells, and zero change (SD: 4.7%) for the non-sintered 

lauric acid/TCP implants. There was no significant difference in weight change between the groups. 

The CT scans (Figure 3) showed that the lauric acid/TCP implants had disintegrated after 2 days, with TCP 

powder visible as a cloud over the defect. At 8 weeks, this cloud had mostly disappeared, demonstrating that 

the TCP material is resorbable. One mouse in this group showed some healing of the void, whereas the other 

two did not. The sintered TCP implants showed varying degrees of mineralization after 8 weeks. Of the 10 

sintered TCP samples, 8/10 showed some level of new mineralization, mainly in the implant pores and on the 

implant surfaces, and 4/10 showed some degree of bonding to the adjacent skull bone. Unfortunately, at the 
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end of the experiment, 3/10 implants had moved and resided on top of the skull next to the defect. Of the 

sintered TCP implants that remained in the defect, all showed some form of bone formation such as pore 

mineralization and/or skull bonding. None of the sintered samples showed marked resorption. The no-

implant control showed little healing of the void, the defect is therefore likely a critical size defect. The cell-

seeded collagen sponge showed mineralization at the core of the sponge but not in the gap between the 

sponge and the surrounding bone. 

In most cases, histologic examination (Figure 4) confirmed the CT scans. The non-sintered lauric acid/TCP and 

no-implant control samples all showed a large gap in the skull where the resection was performed, with no 

new bone formation. Osseointegration with adjacent skull bone, defined as the presence of continual bone 

from skull to implant in at least one of the implant sides, was seen in only 1/5 of the cell-seeded sintered and 

2/4 of the non-cell-seeded sintered TCP implants (one non-cell-seeded implant was lost during histological 

processing). New bone formation on the surface of the implants was observed in 5/5 of the cell-seeded and 

3/4 of the non-cell-seeded sintered TCP implants. Bone coverage, defined as the implant surface covered by 

new bone divided by the total implant surface, was quantified, and on average was 30% (SD: 13%) for the 

cell-seeded and 15% (SD: 16%) for the non-cell-seeded sintered TCP implants. The difference in average bone 

coverage between the groups was not statistically significant. One of the non-cell-seeded sintered TCP 

implants showed the formation of new vascularized bone marrow within two of its pores. The cell-seeded 

collagen/hydroxyapatite sponge control showed bone formation in its core but not at its edges; thus, there 

was no osseointegration present in this sample. 

The engraftment, proliferation and differentiation of the seeded human luciferase-expressing MSCs in the 

immunodeficient mice were studied by IVIS scanning and histology (Figure 5). IVIS scanning revealed that 

cells survived and appeared to proliferate (as indicated by increased luciferase expression) in 5/5 of the cell-

seeded sintered TCP implants as well as in the cell-seeded collagen/hydroxyapatite control. The cell 

proliferation was most marked during the first 2 weeks, after which the cell numbers plateaued. In all mice 

and at all times, the luciferase signal was restricted to the cranial implants. Histological staining for human 
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cells showed that the seeded human MSCs appeared in massive numbers around the implant. There they 

likely participated in bone formation by differentiating into osteoblasts and osteocytes, as seen by the 

presence of human cells lining new bone and human cells buried in new bone, respectively. 

The aim of the second experiment was to determine whether the use of stearic acid instead of lauric acid 

would be more stable and better at forming bone in vivo. It was also decided to use immunocompetent mice 

to test for immune/foreign body reactions to the implants, this precluded using hMSCs with the implants. 

Except for changing lauric acid to stearic acid, using a different strain of mice, using a titanium net instead of 

a collagen sponge as the positive control and not including cell-seeded implants, every other aspects of this 

experiment was identical to the first experiment. Animal weights were recorded in order to dose anesthesia 

but were lost after the experiment; however, none of the animals were observed to markedly lose weight, 

and all behaved normally during the study. CT imaging (Figure 6) revealed the formation of new bone on the 

implants and in their pores in 6/6 of the sintered implants. Clear bonding to the adjacent skull bone was seen 

in 3/6 of the sintered implants, and all sintered implants remained in place. Both titanium implants and one 

of the non-sintered implants had moved out of the defect. None of the sintered samples showed marked 

resorption between day 2 and week 8. The non-sintered stearic acid/TCP implants kept their overall shape 

during the 8 week period but showed signs of marked resorption especially at their edges. None of the non-

sintered samples, however, showed any signs of new bone development, and neither did the titanium 

samples or the non-treated empty void samples. The titanium samples, however, were difficult to assess 

because their images were distorted by imaging artifacts.  

Again, histologic examination (Figure 7) confirmed the results of the CT scanning. The implant was not visible 

in one of the sintered TCP samples, but of the remaining five, 3/5 showed new bone attached to the implants, 

bone coverage was on average 14.7% (SD: 15.3%). None of the non-sintered stearic acid/TCP implants 

showed any new bone formation; instead the implants were full of vascularized cell-rich soft tissue. Thus, 

they appeared very biocompatible even if they did not form bone. We were unable to do a histologic 

examination of the titanium samples. 
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A quantification of the bone coverage observed in the two mouse experiments is illustrated in Figure 8. 

 

4. Discussion 

Many studies over the last 5 decades have assessed the performance of TCP implants in many different 

animal models and in patients, usually with positive results (Metsger, Driskell, & Paulsrud, 1982; Shue, 

Yufeng, & Mony, 2012). In rodent calvaria models, TCP is known to degrade slowly and to be replaced by new 

bone and vascularized tissue. However, the rate at which degradation takes place varies dramatically. One 

study reporting very limited resorption in rats over 26 weeks (Schliephake, Redecker, & Kage, 1997), and 

another reported marked resorption in rabbits over just 4 weeks (Hwang et al., 2012). In both our murine 

studies, we observed good cellular ingrowth and vascularization with no signs of inflammation around the 

sintered TCP implant but also with no signs of resorption over 8 weeks. Biocompatibility was also confirmed 

by the fact that the mice did not lose weight during the experiments, and none of the animals appeared to 

be inhibited in any way in their behavior after receiving the implants. While most of the sintered TCP implants 

formed bone, some did not. Movement of the implants after surgery is likely to be the greatest cause of this 

lack of bone formation as new bone always formed (albeit to different extents) when implants remained 

where they had been implanted. A further reason may be that we removed a full section of bone along with 

the periosteum, a critical source of bone-forming osteoblasts and MSCs (Lin, Fateh, Salem, & Intini, 2014). 

This resembles how the resection procedure has to be carried out in many clinical cases such as when infected 

or tumor-hosting bone is removed with safety margins (Kansy et al., 2017). The removal of the periosteum 

creates a difficult environment for bone formation since all bone-forming cells would have to migrate to the 

defect from adjacent bone and bone marrow. In the present study, this would be especially difficult since a 

gap between adjacent bone and the implants was present in the defects. This gap was and is difficult to 

prevent in the mouse studies due to the manual adaption of the implants to the defect; however, in future 

studies on larger animals, an attempt should be made to minimize this gap and the implants should be fixed 

using sutures or glue. The removal of the periosteum and the regenerative problems this introduces may 
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explain why some studies of TCP implants have reported more bone formation than we observed. However, 

several studies on implants in mouse calvaria where the periosteum is removed, come to the same conclusion 

as us, that bone formation is hindered unless bone forming cells are added or factors are added to recruit 

these from neighboring bone (Im et al., 2013; La et al., 2016; Mankani, Kuznetsov, Wolfe, Marshall, & Robey, 

2006). In many craniomaxillofacial surgeries, it is possible to retain the periosteum. In such cases, we would 

expect faster and more bone formation with the TCP implants. 

The prior seeding of MSCs may be another method to overcome limited migration of osteogenic cells, thereby 

promoting bone formation. MSCs are employed in the treatment of many diseases ranging from heart 

disease (Muller, Lemcke, & David, 2018) to brain regeneration, e.g. after stroke (Marei et al., 2018). The 

current thought is that most of their beneficial performance stems from paracrine secretion of growth factors 

and not from their differentiation into replacement cells. In some cases, implanted MSCs may perform most 

of their beneficial secretion of growth factors in the few days after implantation before rapidly succumbing. 

While secretion of growth factors by the seeded MSCs may have promoted bone formation in the present 

study, differentiation into osteogenic cells likely also contributed to bone formation because the seeded 

MSCs were seen to line newly formed bone on the implants, a hallmark sign of osteoblast activity. 

Furthermore, additional cells were seen to become embedded in this bone with the morphological 

appearance of osteocytes. In addition, the survival and engraftment of the cells were studied over time using 

luciferase, and it was observed that the cells not only survived but actively proliferated in the weeks after 

implantation before attaining a plateau with a constant cell number. The proliferation probably takes place 

as long as there is space available in the implant and defect. Once available space has been filled out, the 

cells likely stop dividing due to contact inhibition, explaining the plateau. Importantly, however, no signs of 

the seeded cells dying during 8 weeks of implantation were observed. We did not observe a statistically 

significant difference in bone formation between the cell-seeded and non-cell-seeded implants in our study. 

Many other studies have observed a beneficial effect of seeding MSCs on bone implants (Jones, Giannoudis, 
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& Kouroupis, 2016). It is likely that our sample number was either too small to observe any difference or that 

osteogenic cell migration from adjacent skull bone was sufficient to mask the effect.  

The non-sintered implants were well tolerated. This confirms the findings in our previous studies, where 

MSCs could grow directly on the implants and where a stearic acid/TCP material was implanted sub-

cutaneously in mice in the form of a granulate, with the subsequent formation of cellular and vascularized 

bone-free soft tissue in the granulate (Jensen et al., 2018). A similar tissue was seen to develop in the stearic 

acid/TCP implants in the present study. The implants appear biocompatible as many cells are in close contact 

with them on the histological images and these cells all appear normal with rounded intact nuclei and no 

signs of apoptosis or necrosis that would have destroyed their nuclei. In contrast to the sintered TCP implants, 

the non-sintered implants failed to form bone. Non-sintered fatty acid/TCP implants are highly hydrophobic 

and this may be the reason. In a previous in vitro study (Jensen et al., 2018), we observed that MSCs took 

longer to attach, spread out, and achieve their fibroblastic shape on non-sintered stearic acid/TCP implants 

versus sintered TCP implants. It is well known that surface properties like nanotopography and hydrophilicity 

can modulate osteogenesis (Feller et al., 2015), and several studies have shown that hydrophilic metal 

implants promote faster bone formation than hydrophobic metal implants (Gittens et al., 2014). In addition, 

although poorly water soluble, sintered TCP still releases calcium and phosphate ions to the surrounding 

medium to stimulate and aid bone formation, especially because it has a high surface area from which to 

release these ions due to its microporosity after sintering (Slots et al., 2017). We would expect the release of 

such ions to be inhibited in the fatty acid/TCP materials because the fatty acid blocks interaction between 

water and TCP. We suspect that non-sintered fatty acid/TCP materials may be able to generate bone if 

extracellular matrix molecules like collagen are added to which cells may attach, and/or if they are combined 

with osteogenic compounds/factors like bone morphogenic proteins. In their present form, the non-sintered 

fatty acid/TCP implants may be suitable as scaffolds for soft tissue engineering as they clearly form this tissue 

in vivo. The non-sintered fatty acid/TCP material may be ideal for this purpose as we observed that the 

degradation rate could be tailored by changing the fatty acid tail length, the lauric acid based implants 
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degraded within 24 hours whereas the stearic acid implants was undergoing slow resorption after 8 weeks. 

This confirms in vivo, our previous in vitro observations that fatty acid tail length correlates with degradation 

rate and drug release rate (Jensen et al., 2018). Scaffolds made from nanoparticles and microparticles of TCP 

could in principle trigger particle mediated inflammation, but the average particle size of > 6 μm used here 

should be large enough to avoid this effect that is mainly a problem for particles smaller than 3 μm (Kusaka 

et al., 2014). We did not observe marked inflammation in the histological sections. 

3D-printed bone implants have been the subject of many studies over the past 2 decades (Diao et al., 2018; 

Donate et al., 2019; Ishack, Mediero, Wilder, Ricci, & Cronstein, 2017; Komlev et al., 2015; Nandi, Fielding, 

Banerjee, Bandyopadhyay, & Bose, 2018; Tarafder, Davies, Bandyopadhyay, & Bose, 2013; Wen et al., 2017; 

Zhang, Yang, Johnson, & Jia, 2019), and many of these have investigated 3D printed TCP implants often with 

good results in vivo. The advantage of the method used to generate such implants in the present study is that 

the fatty acid-based 3D printing method is ideal for delivering large TCP implants under time pressure as the 

inks are easily and rapidly formulated and can be stored prior to use. The high-solid loading in the ink also 

enables it to support weight allowing larger implants to be made and minimizing shrinkage during sintering. 

Finally, the method also does not require time-consuming dehydration of the 3D prints before sintering, and 

such sintering may be accomplished in a matter of hours due to the ease with which fatty acids are removed 

via a temporary carbon structure. Combined these factors make the method attractive for creating sintered 

TCP implants for larger patient-specific craniofacial defects and potentially non-sintered fatty acid/TCP 

implants for soft tissue applications. 

In conclusion, sintered TCP implants were observed to be highly biocompatible in two murine calvarial defect 

trials. The sintered TCP implants support new bone and bone marrow formation within the defects and they 

could osseointegrate with surrounding bone. The implants could be seeded with MSCs that engrafted, 

proliferated and contributed to bone formation by differentiating into osteoblasts and osteocytes. Non-

sintered fatty acid/TCP implants were also highly biocompatible and formed vascularized and cell-rich tissues 

but no bone. Interestingly the resorption rate appeared to depend strongly on the fatty acid tail length, non-
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sintered implants made with lauric acid (C12 tail) dissolved within a couple of days in vivo whereas those 

made with stearic acid (C18 tail) were intact after 8 weeks as evident on the CT-scans and histological images. 

Fatty acid based bioinks are thus very suited to regenerative medicine as they enable rapid and simple 3D 

printing of biocompatible implants, with this method it may become possible to restore the shape and 

composition of skull bone when it is lost due to trauma or disease. 
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8. Figure Texts 

Figure 1. Mouse study. The implants were 3D printed (a) as nets that were then cut manually into circular 

implants with nine pores (b). Some of these were sintered, all were sterilized, and some were seeded with 

stem cells. The implants were then placed in calvarial bone defects (c). 

Figure 2. XRD and compression testing of implants. XRD was performed on stearic acid powder (a), TCP 

powder (b), non-sintered 3D printed cylinders (c) and sintered 3D printed TCP cylinders (d). Compression 

testing was performed on non-sintered 3D printed cylinders (e) and sintered 3D printed TCP cylinders (f). For 

compression testing, the strongest implant in each group is shown, the average numbers are given in the 

text. 

Figure 3. CT imaging of calvarial implants 2 days (baseline) and 8 weeks after surgery. These mice were 

immunodeficient NOD-scid mice. The collagen sponges was also added cells. 

Figure 4. Histology images, top row shows entire defects, while the lower rows shows closeup images of the 

implants (x20 magnification). Indicated are new bone formation (*), new bone marrow formation (#), implant 

(&), existing bone ($) and brain (£). Images h and I show implant pore, whereas images k and l show 

osseointegration at the implant/skull interface. Note the vascularized bone marrow in the implant pore on 

image (h). Scale bars are 1mm in the top row and 100μm in the lower rows. 

Figure 5. Engraftment, proliferation and osteogenic differentiation of MSCs in vivo. The post-implantation 

proliferation of luciferase-expressing human MSCs in immunodeficient mice was studied using IVIS scanning 

(a-b). (a) shows luciferase emission over time, gray lines represent individual mice with sintered TCP implants, 

the dotted black line represents the collagen/hydroxyapatite sponge implant, and the full black line 

represents the average of the mice with the sintered TCP implants. (b) shows the location of the luciferase 

signal. The presence and differentiation of the cells were further studied at the edge of an implant (c) and in 
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one implant pore (d) using histologic examination with immunohistochemical staining for human vimentin 

with hematoxylin and eosin as a counter stain. Human MSCs and cells derived from them appear brown, 

whereas mouse cells appear blue. Scale bars are 100μm. 

Figure 6. CT-imaging of calvarial implants 2 days (baseline) and 8 weeks after surgery. These mice were 

immunocompetent. Part of the titanium image at the baseline is missing due to an metal induced ct-artifact. 

Figure 7. Histology images, top row shows entire defects, while the lower row shows closeup images of the 

implants (x20 magnification). Indicated are new bone formation (*), new bone marrow formation (#), Implant 

(&). Images (e) and (g) show implant pores, whereas image (f) shows osseointegration at the implant/skull 

interface. Note the vascularized bone marrow in the implant pore on image (e). Scale bars are 1mm in the 

top row and 100μm in the lower rows. 

Figure 8. Bone coverage (implant surface covered by bone/total implant surface) as observed in the 

histological sections for both experiments. Each dot represents an individual mouse, the numbers indicate a 

number of multiple dots. 
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