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Abstract
This paper introduces a novel class of resorbable implant materials based on composites of solid fatty acids and
ceramic powders. The materials could be 3D printed and cast into implants that consisted of powder particles
embedded in a dense and solid lipid matrix. The implants possessed 10x higher compressive strengths than
pure fatty acids and their compressive strength, resorption speed and drug release rate could be controlled by
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varying the fatty acid tail length. The materials supported the attachment and growth of mesenchymal stem
cells in vitro and when implanted in a subcutaneous mouse model they were found to be biocompatible and
support the formation of cellularized and vascularized tissue in vivo. These results indicate that solid fatty
acid/ceramic matrices may be used as a biomaterial for structural implants and controlled release drug depots
providing an attractive alternative to the polymer based matrices commonly used for such implants.

Keywords: Fatty Acids, Tricalcium Phosphate, Scaffolds, Additive Manufacturing, 3D Printing, Controlled
Release

1. Introduction
Implants are an integral part of modern medicine where they are used to release pharmaceuticals and to treat
structural tissue loss. Structural implants are typically either auto- or allograft donor tissues or permanent
synthetic implants made from metals or plastics. Neither solution is without problems, the use of graft tissue
suffers from donor morbidity, limited availability, size limitations and the risk of disease transmission [1]. Metal
or plastic implants, on the other hand, may lead to post-surgical complications such as stress shielding,
inflammation, allergy and infection that are in part a consequence of their permanent and foreign nature [2-3].
Resorbable structural implants are attractive alternatives as they are readily available and temporary; they are
now being used for making resorbable bone implants, stents, sutures and many other medical devices. Another
common type of resorbable implant is the controlled release depots that, when implanted, release
pharmaceuticals over prolonged time periods. This maintains the drug concentration within its therapeutic
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window, reduces dosing frequency and improves adherence. Another drug depot use is in the treatment of
localized diseases such as solid tumors and infections where they provide high drug concentrations locally.
Resorbable implants of either kind are commonly made from biodegradable synthetic polyesters like polylactic
acid (PLA), polyglycolic acid (PGA) and polycaprolactone (PCL) [4-5]. An attractive property of such polyesters is
that they are thermoplastic and therefore easy to shape with thermal processes such as extrusion, molding and
3D printing. They remain foreign materials, however, that release acidic degradation products that may, in
certain applications, cause pain, swelling, inflammation, calcium resorption and destroy biomolecules [6-9].
There is therefore great interest in developing resorbable implants based on components that are endogenous
to the human body. These have mostly been based on biopolymers like collagen, gelatin and hyaluronic acid
and resorbable minerals like tricalcium phosphate (TCP) [10-11]. Unfortunately, many biopolymers like collagen
are insoluble and difficult to shape with melt processes [12], they are also allo- or xenogenic proteins that may
trigger inflammation and rejection. Ceramics like TCP also face problems; they often require extensive ceramic
processing and sintering at temperatures in excess of 1000°C to yield mechanically stabile structures. Such
sintering is time-consuming, alters the physical sizes of the implants typically shrinking them 20% and the heat
involved precludes the inclusion of beneficial organic matter like pharmaceuticals and extracellular matrix
components. Non-sintered ceramics like calcium phosphate cements exist but the processing of these is
difficult as their setting time and heat development must be controlled carefully.
We have recently applied a new method of additive manufacturing to produce tricalcium phosphate implants
[13]. The technique relies on non-aqueous fatty acid suspensions of insoluble powders such as powdered
tricalcium phosphate. The suspensions are thermoplastic and may be thermally melted within a movable
syringe and then deposited and solidified onto a cooler build platform layer-on-layer to 3D print objects. We
showed that stearic acid/TCP suspensions could be 3D printed into implants that after sintering were strong,
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biocompatible and osteoconductive in vitro. The post-printing but pre-sintering implants produced by this
method were found to be solid and composed solely of the constituent calcium phosphate powder suspended
in a frozen matrix of solid stearic acid but we did not explore this non-sintered material further.
Fatty acids are endogenous chemicals found in large quantities in the human body and they are transported in
the blood plasma as one of our primary energy sources. A recent paper quantified the concentration of free
fatty acids to range from 0.19mM to 0.50mM in the serum of healthy persons [14]. Solid lipids have also been
extensively used in drug delivery systems such as microparticles [15-16], solid lipid nanoparticles [17], tissue
engineering implants [18] and vaccines delivery systems [19] with great success. Yet the use of solid lipids for
larger and/or structurally loaded implants is hindered by their low mechanical strength.
We hypothesize that non-sintered solid lipid/ceramic composite matrices may hold general potential as strong
and easily shapeable and resorbable implant materials that introduce no foreign molecules into a patient’s
body. This paper explores such matrices based on solid fatty acids that are combined with TCP for use as bone
forming and/or drug releasing implants. It investigates the microstructure, mechanical strength, resorption,
drug release, cellular adhesion and in-vivo biocompatibility of such fatty acid/TCP implants.

2. Methods
2.1 Materials
Lauric acid (C12), myristic acid (C14), palmitic acid (C16), stearic acid (C18), gelatin and alginate were purchased
from Sigma-Aldrich. Monocalcium phosphate (MCP) was from Acros Organics (Cat. No. 378610010). Minimum
essential medium (MEM) medium, foetal bovine serum (FBS) and penicillin/streptomycin (P/S) was from
Invitrogen. The creation of the human eGFP and telomerase expressing bone marrow derived mesenchymal
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stem cells (eGFP+ hMSCs) was described in a previous publication [20]. Tricalcium Phosphate (TCP) was
primarily from Sigma Aldrich (Cat. No. 21218) but was also sourced from Merck Production Chemicals (Cat. No.
1.02143.1000), Macron Fine Chemicals (Cat. No. 4280-03) and PanReac AppliChem (Cat. No. 141228.1210)
where indicated.

2.2 Implant Preparation
Unless otherwise indicated, inks for implant preparation were formulated by mixing 25g TCP with 5g fatty acid
(W/W 83% & V/V 60% for stearic acid), heating the mixture in a water bath to 80°C and thoroughly mixing the
melted components into a suspension using a spatula. More complex formulations were used where indicated,
these were a fatty acid/gelatin/calcium phosphate cement suspension made with 14.25 g MCP, 10.75 g TCP, 17
g lauric acid and 2.5 g gelatin, as well as fatty acid/gelatin and fatty acid/alginate suspensions made with 7 g
stearic acid and 12.5 g or 12 g gelatin and alginate, respectively. The ratios of these complex formulations were
chosen by weighing off the solid powders and then adding fatty acid until a fluid suspension was formed.
3D printing was done with 2 different 3D printers, indicated in text. In some cases the inks were loaded into an
aluminum syringe that was placed into a heatable syringe extrusion head (a Vol-25, Hyrel 3D, USA). A CAD file
of a 50 mm x 50 mm x 3 mm box was constructed using Autodesk Inventor 2015 and exported as a STL file. This
file was imported into a System 30 3D printer (Hyrel 3D, USA), where it was prepared for printing using Slic3r
1.2.9. Settings were a layer height of 0.2 mm, a print speed of 15 mm/s, an infill of 70%, a rectangular infill
pattern, a solid top and bottom value of 0 and a perimeter value of 0. The extrusion head was heated to 80°C
during printing. The printing bed was heated to 40°C for the first layer of the print to facilitate ink adhesion but
was not heated for the remaining print. Printing was done through a 1 mm nozzle. After printing, the 50 mm x
50 mm x 3 mm print was carefully removed from the printing bed and was cut into smaller 7mm x 7mm pieces.
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Alternatively, each ink was added to an individual 3 ml EFD syringe compatible with an Inkredible+ 3D
bioprinter (Cellink, Sweden). Each syringe was fitted a 22 gauge luer lock tip (internal diameter: 410 μm). Pieces
measuring 10 mm x 10 mm x 2 mm were designed using Inventor. The slab was exported as a STL file and sliced
using Slic3r with 1 perimeter, 0 top and bottom layer, 40% infill, 0.2mm layer height and a printing speed of 10
mm/s. It was then 3D printed.
For casting, three types of casts were used, in all cases the heated (80°C) fatty acid or fatty acid/TCP
suspensions were placed into the casts using a spatula. The first casts was cylindrical casts (height 2 cm,
diameter 2 cm), made from either latex by applying liquid latex to a cylindrical shape (height 2 cm, diameter 2
cm) or by 3D printing an elastic cast with these internal dimensions using a Form2 3D printer and elastic resin
(Both from Formlabs). The other cast was the top of an elastic single-use plastic Pasteur pipette. The material
solidified upon cooling and could then easily be removed from the elastic molds. The third type of casts were
3D printed in polyvinyl alcohol (PVA) using an fused deposition modelling (FDM) 3D printer (a System 30 with a
MK1-250 head, Hyrel 3D, USA). The casts were either rectangular or were anatomically shaped. The anatomic
cast was made by segmenting a digital jaw scan in Meshmixer. A section was inverted to form a cavity in a solid
square block that was 3D printed yielding a custom jaw shaped cast. After casting the suspension, the cast was
placed in a 40°C demineralized water bath to dissolve the PVA yielding the implant.
Where sintering was performed, this was done in a cold oven (LH30, Nabertherm) that was heated to 400°C in
air for 1 hour, then 1100°C or 1300°C in air for 2 hours followed by slow cooling to 25°C.

2.3 Scanning Electron Microscopy
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Implant structure was investigated using scanning electron microscopy (SEM). Samples were coated with 10
nm of gold in a Cryofox thermal evaporater (Polyteknik A/S, Denmark) and imaged using a SEM (JSM 6480,
JEOL). Images were recorded at 10 kV and WD = 15 mm.

2.4 Mechanical Testing
Mechanical properties of the implants were determined at room temperature (25°C) on cylindrical samples
(diameter 2 cm, height 2 cm) by compression testing with a Zwick Z050 universal testing machine (Zwick Roell,
Germany). Stress, strain and Young’s modulus was recored. The tests were performed position-controlled with
a test of speed 1 mm/s during the entire test sequence. Either 4 or 8 replicates were used in each group as
indicated in the figure captions (n=8 or n=4).

2.5 Degradation Study
Porous pieces of 3D printed material measuring 10 mm x 10 mm x 2 mm were weighed individually before
being transferred to sterile 12 well trays in a sterile LAF bench. Each well received 2 mL of MEM cell medium
containing 10% FBS and 1% P/S. The samples were then incubated at 37°C at 5% CO2. At different time points
the pieces were weighed individually to determine the rate of degradation. After each weighing, the entire cell
medium in each well was replaced. Four replicates were used in each group (n=4).

2.6 Methylene Blue Release
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Fatty acid (10g) was melted in a water bath, added 9.9g TCP and 100mg methylene blue and stirred to a
homogeneous suspension. The suspension was then added to the Pasteur pipette cast. When solidified by
cooling the objects was cut out of the cast and weighed, the average sample weight was 3.6g giving an average
methylene blue loading of 18mg. The objects were placed in 50 mL tubes with 20 mL PBS and were incubated
statically at 37°C. Measurements of released methylene blue were done spectrophotometrically at different
time points by transferring 200 µL of the PBS to a 96 well plate where absorbance at 668nm was measured
with an Epoch microplate reader (BioTek). After each measurement the entire volume of PBS was replaced.
Four replicates were used in each group (n=4).

2.7 In Vitro Cell Culture
The hMSC cells were cultured in MEM medium with 10% FBS and 1% P/S at 37°C and 5% CO2. Implants (porous,
7 x 7 x 3 mm) were placed in non-adherence 24 well plates (Costar) and seeded with 105 cells in 1 mL medium.
After 24 hours the medium was replaced with 1 mL fresh medium. At 24 and 48 hours post seeding, the
implants were observed with an inverted fluorescence microscope at 10x magnification.

2.8 In Vivo Implantation
Biocompatibility was tested by placing the material in four sub-cutaneous pockets in a mouse model. As it was
a pilot experiment, a single mouse per group was used. To be able to assign any toxicity to a particular
material, four identical implant materials was implanted in the same mouse. To allow the placement of the
material in these pockets it was necessary to crush the implants into a non-homogenous powder using a
mortar and pestle. After crushing, the powder resembled a standard granulated bone graft powder. Powdered
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material (40 mg) was placed in 1 mL syringes where the tips had been cut off, the syringe openings were
blocked with cotton and the syringes were autoclaved to 121°C. Some syringes were then added 500000
human MSCs in 200 µL medium and were incubated overnight before implantation. Groups were sintered TCP
or non-sintered stearic acid/TCP, both +/- cells.
Female NOD.CB17-Prkdcscid/J (“NOD-scid”) mice (8 weeks old) were weighed and used for implantation, the
mice were anaesthetized by intraperitoneal injection of ketamine (100mg/kg) and xylazine (5mg/kg). An
incision was made on each side of the dorsum. From each incision, two subcutaneous pockets were created by
blunt dissection resulting in four pockets per mouse. The dry powder was wetted with 50 µL saline, excess
liquid was removed and the powder placed into each pocket. The incisions were sutured and the mice placed
back in cages. See supplementary figure 1 for images of the implantation. After 8 weeks the mice were
euthanized by cervical dislocation and the implants retrieved. The experiment was approved by the Danish
Animal Experiments Inspectorate.

2.9 Histology
In vivo implants and femur control bones were fixed in 10% neutral buffered formalin (4% formaldehyde) for 2
days after which they were decalcified in 4 M formic acid for 3 days. The decalcified implants were dehydrated
in standard increasing concentrations of ethanol, ending in xylene before paraffin embedding. Sections (4 µm)
were cut from the implants at depths of 200 µm. The sections were then stained with alcian blue, Sirius red or
hematoxylin/eosin.
The stained tissue sections were studied at 10x magnification with an automated microscope (Leica DM4500B,
Leica Microsystems, Germany) and Surveyor software (Objective Imaging). Images were recorded and stitched
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together. In Paint.Net (version 4.0.12), the stitched images of the Sirius red stained implants were cropped to
the implant tissues and the areas of collagen-rich tissue, collagen-poor tissue and residual graft material were
estimated using the amount of pixels differing by less than 40% from the RGB colors corresponding to these
tissues (defined as collagen-rich: (120;60;60), collagen-poor: (240; 80; 80), residual material: (200; 200; 200))
using the magic wand tool.

2.10 Statistics
All data analysis was performed in Excel 2010. The quantitative data reported are averages with standard
deviations. Statistical significance in difference of means between samples were tested with two-tailed T-tests
with significance determined with α = 0.05.

3. Results
The fabrication of the implants is detailed in figure 1.
Fatty acid suspensions were made with four different TCP powders from four suppliers, only one would form a
suspension at a high solid loading (5:25 w/w ratio of fatty acid to TCP) without further processing, this was a
96% pure grade of β-phase TCP from Sigma Aldrich. This suspension was used for all subsequent experiments
unless indicated. We analyzed the volumetric size distributions of all four powders using a LS13320 Laser
Diffraction Particle Sizing Analyzer with a Tornado module (Beckman Coulter) and found that the Sigma Aldrich
powder was more finely grained than the other powders (average diameters were: Sigma Aldrich: 6.37 μm,
PanReac Applichem: 12.85 μm, Merck: 25.02 μm and Macron: 11.94 μm,). All powders showed bimodal size
distributions with smaller sub-micrometer particles and larger particles with sizes over 10 μm (Supplementary
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Figure 1), these are likely single particles and multi-particle agglomerates, respectively. During the project the
TCP powder from Sigma Aldrich went out of production, to utilize one of the other powders, the TCP from
Merck was sintered at 1100°C, the resulting powder was crushed with a StarBeater ball mill (VWR) at 30 Hz for
30 min using a steel ball, the resulting powder was passed through a 32 µm mesh sieve and the sieved (smaller)
fraction was able to yield a fluid suspension when combined with fatty acids at a 5:25 w/w ratio. This powder
was used where indicated in the figure texts.
To compare the microstructure of non-sintered stearic acid/TCP implants and TCP implants sintered at 1100°C
and 1300°C such samples were visualized using SEM (Figure 2). The non-sintered sample showed TCP particles
embedded in a dense matrix of stearic acid, no micro- or nano-porosity was observed. The sample sintered at
1100°C showed a microporous matrix of fused TCP particles, the particles retained their original size. The
sample sintered at 1300°C showed a dense, sharp-edged matrix of fused TCP with none of the original particles
visible indicating complete sintering and increased crystallinity.
The mechanical properties of dense cylindrical implants under compression were investigated (Figure 3). Both
non-sintered stearic acid/TCP and TCP implants sintered at 1300°C showed a classic linear compression profile
with little plasticity typical of ceramics. For sintered and non-sintered samples, the Young’s moduli were 506
MPa ± 100 MPa and 417 MPa ± 185 MPa, the maximum stresses were 24 MPa ± 10 MPa and 6.6 MPa ± 2.7
MPa and the strains at maximum stress were 3.0% ± 1.1% and 2.0% ± 1.1%, respectively. Only maximum stress
was statistically different between the groups.
The influence of the fatty acid tail length on the mechanical properties and degradation of the implants was
then studied. Compressive strength testing (Figure 4a) on cylinders of pure fatty acids and fatty acid/TCP
suspensions (cast in elastic SLA 3D printed casts) revealed that longer tail lengths gave higher compressive
strengths for the pure fatty acids (0.13 MPa, 0.19 MPa, 0.24 MPa and 1.18 MPa, respectively, for pure C12,
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C14, C16 and C18). Pure palmitic acid (C16) was significantly stronger than pure lauric acid (C12), whereas pure
stearic acid (C18) was significantly stronger than all other fatty acids. The fatty acid/TCP suspensions was an
order of magnitude stronger the pure fatty acid samples for all fatty acid tail lengths. The strengths of the C12C16/TCP samples were statistically identical whereas the stearic acid(C18)/TCP samples were significantly
stronger than all the other samples (5.6 MPa, 6.1 MPa, 4.3 MPa and 10.6 MPa, for C12-18/TCP, respectively).
The degradation study (Figure 4b) showed that that sintered TCP implants absorb 20% of their weight in water
immediately and then stay the same. For the composites with TCP, lauric acid (C12) samples, gained 12%
weight within the first hours before visibly disintegrating at the 8 hour time point. After 1 day, these implants
had completely disintegrated into floating flakes of the material. The myristic, palmitic and stearic acid samples
(C14, C16 and C18, respectively) did not initially gain weight. After 1 week, however, the myristic acid (C14)
sample started to gain weight and by 4 weeks it had gained 13% in weight and was starting to dissolve. The
palmitic and stearic acid samples only gained 5% weight during the 4 weeks and did not show signs of
dissolving.
The influence of the fatty acid tail length on the degradation rate prompted us to investigate its effect on the
release of methylene blue. Methylene blue is a common stain and drug that is used to treat methaemoglobinia
and encephalopathy and it is under investigation as a treatment for Alzheimer’s disease, fungal infections,
malaria and implant infections [21-24]. Implants with TCP, methylene blue and fatty acids (C12-C18) were cast
and placed in PBS at 37°C where after the methylene blue release was recorded at different time points (Figure
5). There was a fine correlation between tail length and cumulative release with longer tail lengths giving a
slower release. Lauric acid (C12) had released significantly more than all other samples at 4 hours before
disintegrating at 24 hours similar to its behavior in the degradation study. At this time point, a significant
portion of the methylene blue was still associated with the floating flakes, the presence of the debris made
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further absorbance measurements impossible for this group. From day 2 and onwards stearic acid (C18) had
released significantly less than myristic (C14) and palmitic acid (C16) whereas palmitic acid (C16) had released
significantly less than myristic acid (C14) from day 4 and onwards. Importantly, none of the samples displayed
burst release kinetics and all release curves were highly linear throughout the experiment as confirmed by
Pearson correlation coefficiencies equal to or above 0.974 for all of the groups.
To investigate cell compatibility we seeded eGFP+ hMSCs onto implants, these were then investigated using
fluorescence microscopy after 24 and 48 hours (Figure 6). After 24 hours the cells were found to clump
together in clusters, presumably due to the hydrophobicity of the substrate. After 48 hours, however, all
clusters had disappeared and the cells were observed to spread out and to adopt the normal hMSC fibroblast
like morphology.
To investigate biocompatibility, a pilot study was performed where non-sintered stearic acid/TCP and sintered
TCP implants were implanted sub-cutaneously in mice (Supplementary Figure 2). Post-operatively, no
inflammation or infection was observed at the sites of implantation or incision and the mice seemed to tolerate
the implants well with no weight loss. After 8 weeks, the implants were taken out, demineralized and stained
with alcian blue, hematoxylin/eosin and Sirius red (Figure 7 & 8, and Supplementary Figure 3 for higher
resolution images). The study included groups that were seeded with hMSCs but with human vimentin staining
it was observed that no human cells were present in the cell seeded implants and they looked identical to noncell seeded samples. The reason for this is unknown and these groups were therefore excluded from
histological analysis. Alcian blue stains acidic polysaccharides such as glycosaminoglycans present in cartilage
matrix as demonstrated by positive staining of cartilage, growth plates, epiphysis and the inner lining of normal
bone (Figure 7a). In the ectopic implants, alcian blue staining was found along the lining of the implant material
in both non-sintered (Figure 7c & 7d) and sintered samples (Figure 7g & 7h), there was also staining in the
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developing tissue between the implant material in both samples but markedly more so in the sintered sample.
Hematoxylin/eosin staining of bone stains the cartilage and growth plate blue, the cortical bone pink and the
cells purple (Figure 7b). In both types of implants (Figure 7e, 7f, 7i, 7j), the stain showed that recipient mouse
cells had colonized the entire implants. Cells were adhering to the remaining implant material but were also
residing between material grains. This, and pink coloring of the matrix between material grains indicates the
development of a cellularized proteinaceous tissue throughout the implants. Vascularization of both implant
types was observed with numerous capillaries and larger blood vessels filled with red blood cells penetrating
the implants. No major differences between the sintered and non-sintered samples were observed with the
hematoxylin and eosin stain.
Sirius red stains collagen red and if the collagen is structurally ordered it exhibits characteristic red
birefringence under polarized light. In normal bone, Sirius red stained the cortical bone and the epiphysis dark
red whereas the growth plate, cartilage and surrounding muscle and adipose tissue only stained light red
(Figure 8a). Under polarized light, the most of the cortical bone appears purple with a few areas of bright
orange whereas all of the epiphyseal bone appears bright orange (Figure 8b). In the implants (Figure 8c, 8d, 8g,
8h), the spaces between the implant material were stained red, some of these areas were dark read similar to
normal bone, these areas are presumably collagen rich, other areas only stained light red, these areas are
probably collagen poor. Under polarized light, the collagen rich areas in the implants (Figure 8e, 8f, 8i, 8j)
appeared bright orange, similar to the epiphysis of the normal bone (Figure 8b). When the fractional areas of
residual implant material and collagen rich or poor tissues were measured (Figure 9), it was evident that the
non-sintered implants contained more residual implant material (77% vs 49%) and less collagen rich tissue
(22% vs 10%) than the sintered implants. The ratio of collagen rich to collagen poor tissue, however, was about
1:1 for both types of implants indicating an equal propensity to initiate the early phase of osteogenesis.
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To investigate the potential for casting patient-fitted implants in dissolvable casts, we formulated different
fatty acid suspensions with calcium phosphate cement powders and tried casting these in dissolvable casts.
Through trial and error (supplementary figure 4), it was found that these worked best if added a small amount
of protein (gelatin) as they could otherwise crack during demolding. A custom cast for creating a patient-fitted
implant for restoring lost bone after mandibular bone resection was modelled, 3D printed and filled with a
fatty acid/calcium phosphate cement powder suspension containing 14.25 g MCP, 10.75 g TCP, 17 g lauric acid
and 2.5 g gelatin (Figure 10). Upon solidification, the cast could be dissolved in warm water which released the
custom made mandible implant. It was subsequently found that pure gelatin and pure alginate could also be
cast and shaped into implants using stearic acid suspensions at the ratio of 7 g stearic acid to 12.5 g and 12 g
gelatin and alginate, respectively (Supplementary figure 5).

4. Discussion
This work presents a novel biocompatible implant matrix based on a composite of solid fatty acids and ceramic
powders. We have previously demonstrated that this material may be sintered to yield a pure ceramic [13], but
here we show that the material may also be used non-sintered with the fatty acid remaining in place. The
implants were simple to manufacture using thermoplastic methods like casting and 3D printing. Even at a high
loading of TCP (83% W/W), 3D printing could be done with two simple and cheap extrusion based 3D printers.
This is important as 3D printing of implants is investigated across medical specialties like pharmaceutics,
maxillofacial [25] and cardiac surgery [26] as a means to produce implants that are tailor shaped to fit a
particular patient’s anatomic or pharmaceutical requirements. We also showed that such personalized
implants may be made by 3D printing custom water soluble casts and that dissolved in water after casting
yielding an intact hydrophobic implant. It was found that the particle size was important and that a small
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grained TCP powder with an average particle size below 10 μm yielded a fluid suspension at a higher solid
loading (5:25) than three other TCP powders with larger particle sizes. We speculate that the smaller powder’s
larger surface area may provide a better interaction with the fatty acid giving higher lubrication, however, we
have previously experimented with making similar suspension using stearic acid and nano-sized Al2O3 powders
and found these to be unable to form good suspensions (data not published), a lower particle size limit may
therefore also exist and the optimal particle size range may thus be a diameter of 1-10 μm.
We found the average strength of the sintered samples to be 24 MPa, this was significantly higher than the
11.6 MPa found in our previous published report for the same material. The difference is likely due to
difference in porosity and sintering temperatures (former study: porous & 1100°C, this study: dense and
1300°C). The SEM pictures demonstrate that when samples are sintered at 1100°C there is significant micro
porosity and little crystallinity whereas samples are sintered at 1300°C are dense and crystalline. The nonsintered implants were not as strong as the sintered implants yet they still achieved average stress at breaks of
6.6 MPa and 10.6 MPa in our two experiments, the difference is likely because two different TCPs had to be
used in these experiments. Samples composed of fatty acid/TCP were a magnitude stronger than similar
samples made from pure fatty acid. Strength rose with fatty acid tail length with stearic acid and stearic
acid/TCP being the strongest fatty acid and fatty acid/TCP samples, respectively. The obtained strengths with
the fatty acid/TCP samples are similar to those of trabecular bone [27] and to that achieved with many calcium
phosphate cements [28], the implants may thus be used for similar clinical applications where the load is
moderate or borne by temporary metal reinforcement. We conducted our mechanical strength studies with
dense cylindrical implants to obtain a compressive strength value that could be easily compared to other
studies and standard materials. The ideal implants would be made porous to promote bone formation
throughout the implant, when made porous we expect lower strengths (about 50% based on the strengths
measured on dense (24MPa) vs porous (11.4MPa) sintered TCP in this and our previous study [13],
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respectively. We would thus expect strengths in the vicinity of 3.3-5.3 MPa when are implants are made 50%
porous. Fairly large standard deviations were observed in our strength experiments, these may be caused by
sample variation arising from manual sample preparation such as air bubble entrapment within the castings
that might cause early failure, we expect that the preparation procedure could be optimized to yield better and
more consistent results.
The degradation rate is important for resorbable biomaterials as some applications require fast degrading
implants whereas others require slow degradation to provide structural integrity for a slowly developing tissue
or for long term drug release. We show that the resorption rate of the fatty acid/TCP composites can be
controlled from under 24 hours to at least a month simply by varying the fatty acid tail length. It is well known
that shorter tail fatty acids are more water soluble and this is likely the mechanism underlying our findings. As
circulating fatty acids are one of our body’s key cellular energy sources, it is likely that the released fatty acids
subsequently serve as an energy substrate via beta oxidation.
Fatty acids are hydrophobic whereas cells are hydrophilic due to their cell membrane phospholipids. Cell
seeding was therefore difficult and the seeded cells initially clumped together. We have observed similar
problems with polymer based implants of e.g. PLA or PCL as these are also highly hydrophobic but these can be
soaked in alkaline solution to liberate a hydrophilic carboxylic acid surface [29]. While this is not possible with
our material, the cells were observed to spread out and attain a normal morphology after 48h in serum
supplemented culture medium. Serum albumin is a known carrier of fatty acids [30] and is the most abundant
protein in serum, presumably the albumin in the culture medium serum acts as a fatty acid sink dissolving the
exposed stearic acid revealing TCP that cells can then bind to, deposition of extracellular matrix proteins may
also help yield a matrix to which the cells can bind. We did not test it, but it is likely that cell adherence may be
promoted by choosing a fatty acid with a shorter tail length as these were found to dissolve faster in our
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degradation assay, this would expose the TCP powder faster giving the cells something to attach to.
Alternatively, hydrophilic extracellular matrix components like gelatin and hyaluronic acid may be added to the
suspension as components to which cells may bind.
In vivo, sintered TCP and non-sintered stearic acid/TCP implants behaved alike, both were highly biocompatible
as evidenced by mouse cell infiltration into the implants where the cells grew both on and between the
remaining implant material. In both cases, a vascularized tissue formed that was similar to that of epiphyseal
bone in regards to alcian blue and Sirius red staining, it thus contains an extracellular matrix composed of both
ordered collagen and acidic carbohydrates. We speculate that the tissue may be early non-mineralized bone
tissue although a longer animal study would be necessary to determine whether this develops into mineralized
bone. The non-resorbed implant material and the collagen rich tissue occupied more and less, respectively, of
the non-sintered implants compared to the sintered implants. This result may be explained by residual stearic
acid limiting the resorption rate and thus freeing less space for tissue development, this is supported by the
two types of implant having a similar ratio of collagen rich to collagen poor tissue. The implant groups were run
in a single mouse per group, however, and the results should thus not be over-interpreted.
A previous study found that drug release rates from solid triglyceride implants could be varied by tuning the
triglyceride’s fatty acid tail length with longer tails giving slower release [31]. We found the same correlation
between tail length and the release of a drug (methylene blue) from the free fatty acid/ceramic implants
investigated in the present study. Such a drug releasing implant could be used to lower dosing frequency,
promote adherence and prevent drug resistance in long term and chronic disease treatments, it could also be
used for local drug release for the treatment of confined diseases like solid tumors if implanted at the disease
site. By combining custom 3D printing or casting of drug suspensions made with a tailored fatty acid tail length,
it could become possible to personalize both the drug dosage and release rate of such implants to each patient.
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The specific release rates found in our study would likely be different in vivo as we performed our release
experiment without agitation to remove any saturation barrier, in perfused in vivo environments, we would
expect a faster drug release than that found in this paper, we expect the same to be true for the implant
degradation rate.
It may be possible to formulate similar lipid/ceramic matrices with other solid lipids found naturally in the
human body. Implantable matrices based on cholesterol, phospholipids and triglycerides have been extensively
and successfully explored for sustained release of pharmaceuticals [32-34], but as far as we know not for
structurally loaded or larger implants. These studies with pharmaceutical release devices support our findings
that solid lipid implants are biocompatible and further indicate that the resorption rates and drug release rates
can be controlled by varying the lipid composition. We show here, however, that at least for fatty acids, the
inclusion of a ceramic component significantly raises the mechanical strength of such objects, this allows easier
handling of such pharmaceutical systems without risking them breaking or deforming which could alter their
dosage and release kinetics, it also enables the creation of moderately load bearing structural implants. The
exact chemical or structural mechanism underlying this increase in strength is at present unknown and will be a
subject for future studies.

5. Conclusion
We have shown that composites of fatty acids and ceramic powders may be 3D printed and cast into
biocompatible implants and drug release systems. This enables simple thermoplastic shaping of personalized
implants using only compounds found naturally in the human body thus eliminating the need for the synthetic
polymer materials currently used in many resorbable implants. The method may be applicable to the tissue
engineering of many types of tissues as the TCP, gelatin and hyaluronic acid powders investigated in this paper
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may likely be substituted with other extracellular matrix components found in other tissues. As a drug delivery
system in a static test with a model drug, the implants exhibited a constant drug release rate for the week
tested with no burst-release, the release rate could be tuned by varying the length of the fatty acids. Further
studies are needed to assess the wider application of the system for other extracellular matrix molecules and
drugs as well as for investigating how the system functions chemically, structurally and biologically in a long
term and larger in vivo study. We conclude, however, that composites of fatty acids and ceramic powders seem
to be highly versatile biomaterials with attractive properties for personalized implants and controlled release of
pharmaceuticals.
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Figure 1. Implant fabrication. A stearic acid and tricalcium phosphate suspension was loaded into an aluminium
syringe (a) that was heated, the syringe was then pressurized mechanically and the material was extruded
through a nozzle. The extruder was controlled by a 3D printer (b & c) that deposited the material to create
cubic 8 cm3 implants (d) or 1 cm2 squares (e), some of the implants were subsequently sintered (f).
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Figure 2. Scanning electron microscope (SEM) images of non-sintered stearic acid/TCP and sintered TCP
implants.
Figure 3. Strain-Stress curves from compressive testing of the strongest non-sintered stearic acid/TCP (grey
line) and sintered TCP implants (black line). Average values and standard deviations were 24 MPa ± 10.3 MPa
and 6.6 MPa ± 2.7 MPa for sintered and non-sintered samples, respectively (n = 8), an excel file with all strain
stress curves may be seen in the supplementary file.
Figure 4. Compressive strength and degradation as a function of fatty acid tail length. Materials were
formulated with four different fatty acids +/- tricalcium phosphate (TCP). Their compressive strength (a) and
degradation in culture medium (b) was then investigated. Graphs shows average values ± standard deviation (n
= 4). These experiments used the milled TCP from Merck.
Figure 5. Cumulative release of methylene blue as a function of fatty acid tail length. Methylene blue was
incorporated into materials formulated with four different fatty acids and tricalcium phosphate (TCP). Their
methylene blue release in warm PBS was then recorded at different time points. The graph shows the average
cumulative release as a percentage of initial methylene blue load ± standard deviation (n = 4). Average initial
methylene blue load was 18mg per sample. This experiment used the milled TCP from Merck.
Figure 6. Cell adherence. MSCs were seeded onto non-sintered SA/TCP scaffolds and visualized with an
inverted epifluorescence microscope after 24h (left) and 48h (right)
Figure 7. Alcian blue and hematoxylin/eosin staining of implants after 8 weeks of sc implantation. Alcian blue
stains are: a, c, d, g and h; hematoxylin/eosin stains are: b, e, f, i and j. Femur bone controls are shown on: a
and b; Non-sintered SA/TCP implants are shown on: c, d, e and f; sintered TCP implants are shown on: g, h, i
and j. Total implants are shown on: a, b, c, e, g and i; Single representative images are shown on: d, f, h and j.
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All images were captured at x10 magnification, the images displaying total implants were captured as single
images that were merged. Arrows indicate blood vessels.
Figure 8. Sirius red staining of implants after 8 weeks of sub-cutaneous implantation. Normal light are: a, c, d, g
and h; polarized light are: b, e, f, i and j. Femur bone controls are shown on: a and b; Non-sintered SA/TCP
implants are shown on: c, d, e and f; sintered TCP implants are shown on: g, h, i and j. Total implants are shown
on: a, b, c, e, g and i; Single representative images are shown on: d, f, h and j. All images were captured at x10
magnification, the images displaying total implants were captured as single images that were merged.
Figure 9. Quantification of Sirius Red histology. For each sample the total area as a percentage of the largest
sample as well as the collagen-rich, collagen-poor and residual material areas as a percentage of the sample’s
total area was determined. The ratio of collagen rich to collagen poor tissue is also shown (100% is a 1:1 ratio).
The bar graph shows the average values ± standard deviation and significant p-values (n = 4). Non-sintered is
grey, sintered is white.
Figure 10. Patient-fitted custom castsing. A digital jaw scan was segmented (a), the segment was subtracted
from a solid box to create a CAD file of a custom cast (b), this cast was 3D printed with soluble PVA filament (c)
and the implant was cast therein. After solidification, the cast was dissolved in water yielding the implant (d).
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