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Abstract 3D powder printing (3DP) enables the fabrication of porous scaffolds
with anisotropic aligned pores for bone tissue engineering and for the fabrication
of custom made implants for cranio-maxillofacial surgery. By combining 3D print-
ing and self-setting biocement matrices, a low temperature processing chain can
be established for a simultaneous spatial control over both structure geometry and
composition by using multi-colour printers. This contribution aims to highlight bio-
ceramicmaterial approaches in order to fabricate scaffolds and implants by 3DPwith
a special emphasis on the drug modification of such structures.
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1 Introduction

Additive manufacturing (AM) techniques are considered to be suitable methods to
produce tissue replacement materials with a complex internal or external structure
based on prefabricated structure designs or patient specific computer tomography
data [1, 2]. The underlying principle of AM is a layerwise fabrication of near net
shape structures by spatial control of material bonding with methods such as stere-
olithography [3], fused deposition modelling [4], 3D powder printing [5–10], 3D
plotting [11, 12], melt electrospinning writing (MEW) [13, 14] or selective laser
sintering [15]. Such generated structures may either directly serve as patient spe-
cific implants (PSI) or they can be used as porous scaffolds with aligned pores for
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guided tissue ingrowth. Materials processed by AM cover a broad range from pure
metals [16], polymers [17], ceramics [18] or composites [19, 20], whereas every AM
method requires specific material properties for processing.

A major application site for PSI prepared by AM are large sized bone defects pre-
dominantly in the cranio-maxillofacial area [21]. Bone is a highly hierarchical and
slowly growing tissue with only a limited self-healing capacity, whereas in humans
defects above a critical size of approximately 10 mm show no bony regeneration but
the ingrowth of fibrous tissue [22]. Here, it is essential that the scaffold simulates
natural bone tissue growth by providing adequate composition, morphology, struc-
ture, and mechanical properties. According to Karageorgiou et al. the main criteria
for this purpose are sufficient mechanical strength within the range of cancellous
bone as well as a highly interconnected porosity of at least 50% with pore sizes
between 100 and 800 μm, whereas pore characteristics (size, interconnectivity) are
predominant parameters for nutrient exchange and cell ingrowth [23]. Since bone is
a highly mineralized tissue with approx. 70 wt% hydroxyapatite as inorganic com-
ponent, manufacturing approaches for bone scaffolds and implants usually comprise
calcium phosphate compounds (e.g. hydroxyapatite, tricalcium phosphate, brushite)
to mimic the bone ionic composition. Scaffold preparation either involves the fabri-
cation of a green ceramic structure by the aid of polymeric binders, which are burnt
out afterwards, or low temperature self-setting cement powder and pastes can be
applied to avoid sintering and to produce hydrated calcium phosphate phases [6, 9,
17]. The latter is only possible by using non-thermal AM procedures (e.g. 3D plot-
ting or printing), whereas the absence of heat enables the simultaneous deposition
of drugs [24] or even living cells [25] within the scaffold.

This contribution aims to highlight material approaches to fabricate bioceramic
scaffolds and implants by 3D printing with a special emphasis on the drug modifica-
tion of such structures. The 3D powder printing technology enables the fabrication
of porous scaffolds with anisotropically aligned pores in the sub millimeter range
and has gained increasing attention for the fabrication of scaffolds for bone tissue
engineering and custom made implants for cranio-maxillofacial surgery. Since 3D
printing is a low temperature procedure it enables in addition a simultaneous spatial
control over both structure geometry and composition by using multi-colour printers
in conjunction with low temperature self-setting ceramic matrices.

2 3D Printing Technology

3D powder printing (3DP) is an attractive technology due to its rapid and inexpensive
model making ability in technical or medical applications, e.g. for the fabrication
of casting moulds [26] or biodegradable and osteoactive implants [10, 27–31]. The
3D powder printing technique forms a 3-dimensional structure based on thin powder
layers and a binding agent, which is locally sprayed onto the powder leading to a
localised solidification of the powder particles [32, 33]. The solidification process can
be either induced by a physical mechanism (e.g. organic liquid, swelling or partial
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dissolution of polymeric additives, phase changes) or by a chemical reaction (e.g.
hydraulic cement setting, acid-base reaction). A detailed description of the different
hardening possibilities during 3DP can be found in literature [34]. Although the
reactive binding component is often distributed in the powder and the printing liquid
only starts the binding process, the printing liquid will be denominated as “binder”
within this article.

The general underlying principle of 3DP is demonstrated in Fig. 1a. In a first step,
a thin and smooth layer of powder is prepared in the building chamber by a counter-
clockwise rotating roller transferring powder from the reservoir to the printing bed
in a defined layer thickness. Secondly, the print head locally sprays the binder on the
powder surface such that the first layer of the implant structure is printed surrounded
by unreacted powder. After this the roller moves back, the powder reservoir lifts up
by the thickness of one layer and the rollermoves another powder layer to the printing
bedwhich is at the same time loweredbyone layer thickness. The secondprinted layer
of the structure is created on top of thefirst one andboth layers stick together by binder
diffusion due to capillary forces of the powder bed. This process repeats until all of
the layers of the sample are printed. The samples are then removed from the printing
bed and cleaned from residual unreacted powder. Cleaning is commonly performed
by blowing air, whereas the surface finish of the printed part can be improved by
vibration with the addition of smaller particles. While cleaning of the outer surface is
relatively easy, the removal of loose powder particles from the inner part (e.g. small
pores <500 μm intended for blood vessel ingrowth) is much more demanding and
may require additionally wet methods such as ultrasonication or microwave assisted
boiling of the sample [35]. However, these procedures are only possible in liquids
which do not dissolve the binder to avoid mechanical disintegration of the printed
sample. An approach for an improved depowdering of porous implants suggested by
Butscher et al. [36] is based on the design of an outer cage with windows, which are
large enough to enable depowdering, but at the same time can trap loosely bound (3D
printed) filler particles in the inside of the implant. Since the initial strength of the
printed parts is in most cases relatively low, a post-processing regime is commonly
applied to increase strength, e.g. by polymer infiltration [37], repeated immersion in
binder liquid for hydraulic setting systems [9] or sintering [38]. Generally, it has to
be taken into account that the 3DP process is an anisotropic manufacturing process
due to the layer wise preparation of thin powder layers by a roller. This means that
the final size of the printed structure may also show an anisotropic deviation from the
theoretical values and this also applies for other properties such as the mechanical
strength [39, 40].

Commercially available 3D powder printing systems (e.g. Z-Corp systems) com-
monly use thermally working drop-on-demand print-heads (Fig. 1b, c), in which
the binder droplets (approx. 30 picoliter in volume [41]) are created in thin nozzles
and ejected by a steam bubble formed by thermal evaporation of the binder liquid.
Such thermal print heads are comparatively cheap, but problems may occur if either
the binding liquid dries within the nozzles or solids are precipitated during binder
evaporation, both leading to a clogging of the nozzles and hence a reduction of print
head life time and printing quality. An alternative is the use of piezoelectric print
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Fig. 1 a Fabrication steps for additive manufacturing of a sample by 3D printing. 1–2: a roller
transfers a thin powder layer to the building room, 3: localised application of binder liquid leads to
spatially controlled hardening of the powder. 4: repetition of 1–3 results in the fusion of the printed
layers and the formation of a three dimensional object. b Thermally working print-head, which
ejects droplets through a nozzle by binder evaporation. c Left: commercially available print-head
(used in ZCorp Printers), middle: SEM of print-head nozzles, right: single parts of the print-head

heads, which form the binder drops by the sudden volume change of a piezoelectric
material, which causes an acoustic pulse and hence forms an ink-droplet in the nozzle
[42].

Printing systems are nowadays available from various companies enabling the
fabrication of samples spanning from the millimeter to the meter range [43]. Worth
to note is, that all commercial 3D powder printers (including materials) up to now
are designed for civil engineering purpose, their use in biomedical engineering is
sometimes difficult due to the special requirements (e.g. cleaning, sterilization etc.)
of this field. Similar, most of the commercially available print heads for 3DP systems
stem from ordinary ink jet printers and are hence filled with ink, which has to be
carefully removed prior to use. Even small ink residueswithin the print headmay also
lead to clogging of the nozzles when using experimental binder liquids, in addition
any ink contamination of the fabricated samples may have a detrimental effect on
the biocompatibility.
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3 Material Approaches to 3D Powder Printing of Ceramic
Bone Scaffolds

3D powder printed samples are characterized by a high microporosity >30 vol.%,
which is a result from the voids between the loosely packed powder particles during
the fabrication process. This microporosity is beneficial since it enables nutrients
diffusion to support cell ingrowth and vascularization into larger sized macropores
with sizes of a few 100 μm [20, 44]. Many recent studies have dealt with the adap-
tion of the 3D printing process to the fabrication of bone substitutes from calcium
phosphate based powders such as hydroxyapatite (HA) [45, 46], ß-tricalcium phos-
phate (β-TCP) [47, 48], biphasicHA/β-TCPmixtures (BCP) [49, 50], β-TCP/calcium
pyrophosphate ceramics [51], calcium polyphosphates [52] or brushite [9]. Most of
the investigated material systems require a final sintering step for binder burn out
and densification of the ceramic. This usually results in the formation of a micro-
crystalline texture and—in case of hydroxyapatite—practically insoluble implants.
Direct printing of more soluble nanocrystalline hydroxyapatite (HA) similar to the
mineral phase of bone (e.g. by a cement setting reaction to avoid sintering) is difficult
and would require the use of polymeric additives to control liquid binder localisation
over a long time period. The reason for this is the low crystal growth rate of HA
leading to a low reactivity between solid and liquid during printing. Preferably, 3D
printing of nanoscale HA samples is performed in a two-step regime, in which first
the sample is fabricated using a fast setting reaction (e.g. brushite formation or use
of calcium sulphate powders), followed by a hydrothermal treatment of the finished
part to transform it into HA without change of size and shape [8, 27, 30].

A general requirement for powders used for 3D printing is a sufficient flowability
to form thin powder layers with a smooth surface to obtain high printing quality.
This property is associated with the particle size distribution of the powder. It has
been demonstrated that ideal particle sizes for 3D powder printing are in the range
of 15–35 μm [7, 53, 54]. Larger particles in the size range of the individual powder
layer thickness (80–150 μm) may interfere with printing quality similar to small
particle fractions <5 μm, which build up large sized agglomerates in the millimeter
range. An approach to improve the powder flowability and hence the quality of the
powder surface is based on a plasma coating of the particles with SiOx nanoparticles
as demonstrated by Butscher et al. [7]. These nanoparticles act as spacer between
the larger size powder particles and hence reduce attractive van der Waals forces.
The printing quality can also be increased by a controlled humidification of the
powder surface prior to printing. This is thought to stabilize the loosely packed
particles to avoid movement of the particle layer (and hence the printed sample)
during recoating with the next powder layer. Indeed, it was demonstrated that for
a low layer thickness of 44 μm, applied moisture had a strong positive effect on
geometrical sample accuracy, especially when only a small number of samples was
simultaneously printed [5].

Since the binder liquid is sprayed onto a porous powder bed, also a rapid hard-
ening reaction is necessary to reduce uncontrolled binder spreading due to capillary
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forces and to ensure high printing quality. Such hardening reactions can be based
on different mechanisms as described above, whereas cement setting reaction offer
the advantage of a low temperature processing regime to produce hydrated ceramics
(e.g. brushite) and to simultaneously deposit organic drugs within the printed matrix.
Suitable biocements are based on reactive calcium phosphate powders (e.g. TTCP or
α-TCP), which react during printing with acidic phosphate solutions to form amatrix
of secondary calcium phosphates in a fast dissolution—precipitation reaction:

Ca3(PO4)2 + H3PO4 + 6H2O → 3CaHPO4·2H2O

The high reactivity leads to a rapid setting and solidification within seconds and
mostly prevents undesired binder spreading such that macropores down to a size of
approx. 300–400 μm can be printed within a structure (Fig. 2). Since the degree
of conversion during printing is small, commonly a post-hardening regime by short
immersion cycles in binder liquid are applied to increase both the amount of brushite
formed in the sample as well as the mechanical performance. Following this, com-
pressive strength of up to 22MPa can be obtained [9]. An alternative setting reaction
was recently described byMandal et al. [55], who used diluted phytic acid solution as
binder liquid, which formed calcium chelates with tetracalcium phosphate powder
during 3D printing. This approach was beneficial since the printed structured did
not convert into low soluble hydroxyapatite during prolonged immersion in physio-
logical solution. The strength of 3D printed samples can be generally increased by
polymer impregnation, which can be either performed during the printing process or
post printing [56].

3D printed calcium phosphate structures were demonstrated to have an excellent
biocompatibility both under in vitro [53, 57] and in vivo conditions [20, 58–61].
Klammert et al. could prove the biocompatibility of printed brushite/monetite scaf-
folds in an osteoblastic cell culture model [57] with an application in bone replace-
ment by printing highly accurate craniofacial implants [21]. The biocompatibility
and osteoconductivity of such printed implants was confirmed in vivo by Habibovic
et al. after implantation in bone in a sheep model [58]. Surprisingly, the same authors
were also able to demonstrate that the materials were at the same time osteoinduc-
tive leading to the formation of bone after intramuscular implantation. Cell-biological
aspects of 3D printed implant resorption were investigated by Detsch et al. [53] by
seeding the macrophage cell line RAW 264.7 on 3D printed HA, β-TCP and BCP
surfaces. All such materials promoted the differentiation of macrophage precursor
cells into bone-resorbing osteoclast-like cells, whereas a 60:40 mixture of HA and
β-TCP showed the most promising results regarding cell growth, differentiation and
hence material degradation. The latter can also be adjusted by post-processing of
3D printed samples, e.g. by autoclaving brushite to form monetite (CaHPO4). Mon-
etite ceramics show an enhanced in vivo degradation profile [9, 62], likely because
of the absence of a phase transformation into a lower soluble HA phase in vivo. A
veterinary application of 3D printed brushite samples was investigated by Castilho
et al. [63], who fabricated a customized calcium phosphate implant (composed of
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Fig. 2 a, b Examples of 3D printed macroporous brushite samples, c X-ray micrograph of a
branched pore system in a sample and dmicrostructure of the samples after 3× 30 s post hardening
in 20% phosphoric acid

brushite, monetite and tricalcium phosphate) for canine cruciate ligament treatment
by tibial tuberosity advancement in dogs (Fig. 3).

The implant was designed using a suitable topology optimization methodology in
order to maximize permeability due to an overall porosity of 59.2%. The latter was
achieved by the combination of process-immanent microporosity of approximately
40% and a designed interconnectedmacroporous networkwith pore sizes of 845μm.
The mechanical properties of such printed implants were in the range of trabecular
bone enabling complete restoration of the dog’s limb function without any adverse
complications.

4 Drug Modification of 3D Printed Implants

Drug delivery systems (DDS) are designed for the controlled release of bioactives
directly into a defined target tissue and to maintain a sufficient therapeutic level
of the drug over a defined period of time. This should avoid risks of a systemic
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Fig. 3 a–d Fabrication regime of a calcium phosphate cage resulting from the periodic repetition
of an optimized unit cell with 1000 μmmacropore size; e X-ray micrographs of the implanted cage
in the dog left stifle joint after different time intervals post operatively. Unpublished images from
Ref. [63]
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drug application, especially side effects due to a high plasma concentration, a low
bioavailability resulting from low blood supply or biological barriers of target tissue,
or an elimination or inactivation of the drug during in vivo transport [64]. Common
modifications in the area of bone tissue regeneration include bioactives to induce
angiogenesis or osteogenesis [65], chemotherapeutical agents to treat cancer [66] or
antibiotics for infection treatment or prophylaxis [67]. Recent developments concern
the use of microporous 3D printed CaP-scaffolds as drug carriers. Drug modification
is possible by immersion of the porous ceramic scaffolds in an aqueous drug solu-
tion leading to a homogeneous distribution of the drug within the scaffold structure
[68–70]. The adsorption behaviour and the release kinetic of antibiotics on different
printed calcium phosphate matrices (brushite, monetite, hydroxyapatite) are pre-
dominantly determined by physical properties like porosity and specific surface area
of the matrices or drug-matrix interactions [68]. Commonly, a quantitative release
within 2 days was observed due to the microporosity with pore sizes in the range
of 10–15 μm. A sustained release was achieved by infiltration of the DDS with a
degradable polymer [68]. Later, an in vivo study showed, that simultaneous man-
ual application of BMP-2 within a 3D printed biphasic calcium phosphate scaffold
enhance bone growth compared to unloaded or to scaffolds with a delayed BMP
application [70, 71].

Amore sophisticated approach to create DDS by additivemanufacturing is the use
of multiphase-printers [72], which enable the simultaneous processing of different
materials in one scaffold. An example are multicolour-3D printers, in which the
colour information can be used to deposit bioactive compounds at desired locations
in the 3D scaffolds for a spatial control of drug release kinetics and tissue response.
For this process, drugs will be dissolved or dispersed in a solution and printed within
defined areas of the scaffold, whereas the solutions have to be adjusted to gain optimal
printability [73]. This was firstly demonstrated by Wu et al. [74], who controlled the
release rate of dyes (methyleneblue and alizarin yellow) asmodel drug frompolymers
(polycaprolactone, polyethylene oxide) by adjusting the local drug concentration
and matrix composition. The authors demonstrated that 3D printing is not limited
to adjust only zero order release kinetics but can also produce multiple diffusion
gradients within a single device to create more complicated drug release profiles not
easily achievedwith conventional processing techniques [68]. Following studies dealt
with the fabrication of polymeric DDS with controlled release patterns of single or
multiple drugs [75, 76], e.g. byprintingmultilayer concentric cylinders, inwhich each
layer can be loaded with a specific drug to obtain an orderly release profile from the
outside to the center of theDDSwith peak concentrations at 8–12days intervals. Bone
tuberculosis treatment by loading the printed DDSwith either isoniazid or rifampicin
was discussed to be an application [76]. Another study by Yu et al. investigated
the release behaviour of acetaminophen from depot loaded ethylcellulose tablets.
Release-retarding material gradients and drug-free diffusion barriers were utilized
to gain a constant release rate over a period of 5–13 h governed by matrix erosion
and diffusion process [75].

An application of this concept to ceramic bone implants used a commercially
available multi-colour printer for sample preparation [24], in which the black chan-
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nel was used for applying the binder, while the other three channels were filled
with solutions containing either BMP-2, vancomycin, heparin as drugs or a chitosan
solution to produce either homogeneous, depot or gradient drug loadings (Fig. 4a).
A spatial resolution of approximately 300 μm of the drugs within the matrix was
achieved by using a cellulose modified tricalcium phosphate powder. Drug release
kinetics were shown to depend on the drug localisation within the scaffolds; while
homogeneously loaded scaffolds provided first order release kinetics, drug depots or
gradients resulted in zero order release over a period of 3–4 days with release rates
in the range 0.68–0.96%/h (Fig. 4b).

A crucial prerequisite for such 3DprintedDDS is that the pharmacological activity
of imprinted drugs is maintained until final release. This is somewhere challenging
since the fabrication regime includes harsh conditions, e.g. (1) parts of the binder
solution are thermally evaporated during printing, (2) high shear forces occur during
bubble ejection or (3) the acid pH during setting of the above mentioned brushite
cement matrix. While (1) and (2) seemed to have only a minor effect on drug activ-
ity (demonstrated by purging the solutions through the print-heads without cement
matrix), (3) seemed to be a parameter diminishing the activity of delicate protein
based factors. Indeed, only for pH insensitive drugs like vancomycin it was possible
to demonstrate more or less unchanged activity after the whole process chain and
release from the brushite matrix (Fig. 5a). A solution to this problem might be the
use of neutral setting cements for 3D printing based on the formation of struvite
(MgNH4PO4·6H2O) from magnesium phosphate powder and ammonium phosphate
solution. Indeed, by using this approach it was possible to measure a certain BMP-2
activity after printing and release, however the determined activities were quite low
compared to the activity of the used binder solution (Fig. 5b) [77]. This is thought
to be a result of the quite low porosity of struvite cements (5–7% according to [78]),
which may have led to a physical entrapment of the drug within the matrix.

5 Conclusion

3D powder printing of ceramic implants and scaffolds enables the fabrication of
patient specific implants or macroporous scaffolds from a broad range of materials.
The possibility to perform the process at room temperature by using self-setting
ceramic bone cements offers the possibility for a simultaneous control over geom-
etry, porosity and composition. Such cements are hydrated phases of calcium or
magnesium phosphates (brushite, monetite, struvite) with an enhanced degradation
ability compared to traditionally used sintered materials such as hydroxyapatite or
tricalcium phosphate. The progress in developing low temperature rapid prototyping
systems using a cement setting reactionmayopen the possibility to fabricate scaffolds
of different compositions (ceramic, hydrogel) which are simultaneously loaded with
bioactives to control release profile and cellular response. Clearly, such a fabrication
chain of drug loaded samples would require a processing under sterile conditions
since common sterilisation procedures (heat, γ-irradiation) may negatively affect the
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Fig. 4 a Spherical bioceramic samples prepared by 3D powder printing with either homogeneous,
depot or graded drug loading. Hardening of samples is achieved by printing binder solution (H3PO4)
with the black print-head, while localized deposition of drugs is achieved by additional print-heads
based on the colour information of each sample. b Vancomycin release kinetics from brushite
samples in PBS buffer over a course of 4 days [24]. The ceramic spheres were printed with TCP
powder, partially mixed with hydroxymethyl propyl cellulose (HPMC), and phosphoric acid as
binder. The vancomycin or chitosan was locally incorporated within the samples by spraying of the
antibiotic or chitosan solution through a print head (Color figure online)
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Fig. 5 a Pharmaceutical activity of drugs after applying through the print-head and after the whole
process chain; matrix: brushite from TCP powder and phosphoric acid as binder [24]; b BMP-2
activity after release from a neutral pH setting struvite matrix [77] (Color figure online)

pharmacological activity of many imprinted drugs. Engineering suitable and reliable
printers for sterile processing is likely the next step in the fabrication and clinical
application of drug or cell loaded ceramic implants.
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