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ABSTRACT 
Additive manufacturing of calcium phosphate scaffolds has attracted growing attention for bone repair and localized drug 
delivery. Here we report the feasibility of printing monolithic structures by direct ink writing (DIW) using carbonate 
apatite powders obtained from bovine bone waste. Bone-derived powders were produced by thermal treatment at 850 °C, 
milled below 149 µm, and characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR-
ATR), scanning electron microscopy (SEM), and particle size distribution (PSD). To obtain printable inks without 
polymeric binders, water:glycol ratios were explored and a low fraction of silica nanoparticles was incorporated as a 
shape-fidelity modifier. XRD and FTIR confirmed the formation of B-type carbonate apatite, while SEM revealed 
aggregates of acicular nanoscale particles (~100 nm). Stable DIW deposition was achieved mainly for the 70:30 
(water:glycol) formulation containing 1 wt% silica nanoparticles, using 0.41–0.51 mm nozzles. These preliminary 
monoliths provide a sustainable platform that can be further optimized and functionalized for post-printing drug loading 
aimed at local therapy. 
Keywords: bovine bone waste; carbonate apatite; direct ink writing; 3D-printed monolith; silica nanoparticles; local 
drug delivery 
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1. INTRODUCTION 
Calcium phosphate bioceramics remain a cornerstone in 
bone substitute research due to their chemical affinity with 
mineralized tissues and their ability to support 
osteoconduction. In particular, carbonate-substituted 
apatites more closely resemble biological apatite and can 
exhibit enhanced biological response and resorbability 
compared with stoichiometric hydroxyapatite.1,2,4,5 In 
parallel, porous calcium phosphate structures are 
increasingly explored as local drug delivery devices, 
where surface chemistry and architecture can be leveraged 
to adsorb and release antibiotics or other therapeutics.16,17 
Direct ink writing (DIW) offers a practical route to 
fabricate lattice-type monoliths with controlled 
macroporosity while preserving the ceramic nature of the 
material.9,10,11 

From a circular-economy perspective, bovine bone waste 
is an abundant and inexpensive precursor for apatite-based 
powders, which can be obtained through cleaning, 
calcination, and milling.2,14 However, printing binder-free 
ceramic inks from biogenic powders remains challenging 
because agglomeration, limited yield stress, and nozzle 
clogging can compromise filament continuity and shape 
retention.12,13 This short communication outlines a 
preliminary workflow to obtain DIW monoliths from 
bovine-bone derived B-type carbonate apatite using 
minimal additives, and discusses their relevance as future 
drug delivery platforms. 
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2. MATERIALS AND METHODS 

2.1. Bovine bone-derived carbonate apatite powder. 
Raw bovine bone waste was cleaned and boiled in distilled 
water (~2 h) to remove residual organic matter, dried, and 
thermally treated at 850 °C for 4 h in an oxidizing 
atmosphere (heating rate 10 °C/min). After furnace 
cooling, the material was milled and sieved below mesh 
100 (149 µm). 

2.2. Physicochemical characterization. XRD was 
performed using a Malvern-PANalytical Empyrean 
diffractometer (Cu Kα, λ = 1.541874 Å, 45 kV, 40 mA; 
step 0.02°, 50 s/step). FTIR spectra were collected by ATR 
in the 4000–500 cm−1 range. PSD was measured by 

dynamic light scattering after dispersing 10 mg powder in 
2 mL ethanol and ultrasonication (~3 min) (Nanotrac Flex, 
Microtrac MRB; refractive index 1.63; three runs of 90 s). 
SEM images were obtained using a Tescan Mira 3 
microscope (12 kV, working distance ~12 mm). 

2.3. Ink formulation and DIW printing. Printable pastes 
were formulated by mixing carbonate apatite powder with 
water:glycol mixtures at 100:0, 80:20, and 70:30 ratios. To 
enhance shape fidelity, 1 wt% silica nanoparticles was 
added to selected formulations. Monoliths were deposited 
through nozzles with inner diameters of 0.41 and 0.51 mm 
using a DIW/robocasting setup, following a layer-by-layer 
toolpath to generate lattice geometries. 

 
Figure 1. Schematic workflow for powder preparation, ink formulation, and DIW printing of bovine-bone derived 

carbonate apatite monoliths. 

3. RESULTS AND DISCUSSION 

3.1. Phase and functional group identification. XRD 
patterns of the calcined powder exhibited reflections 
characteristic of carbonate apatite, with prominent peaks 
around 2θ ≈ 31–33° that are typically assigned to apatite 

planes (e.g., 211, 112, and 300).5,6 FTIR-ATR corroborated 
the apatite framework through phosphate bands near 1021 
cm−1 (ν3) and 958 cm−1 (ν1), and carbonate bands at 
~874 cm−1 (ν2) and 1450–1418 cm−1 (ν3), consistent 
with B-type substitution (CO3−2 replacing PO4−3).4,5,6 

 
Figure 2. Representative (a) XRD pattern of bovine-bone derived carbonate apatite after calcination at 850 °C and (b) 

FTIR-ATR spectrum highlighting phosphate and carbonate bands consistent with B-type substitution. 
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3.2. Powder Morphology and Particle Size. SEM 
revealed aggregated particles with predominantly acicular 
morphologies. Although the powder was sieved below 149 
µm, the primary features were nanoscale, with an 
estimated average dimension near 100 nm and a 

distribution extending to ~200 nm, which is compatible 
with bone-derived apatite powders.7,14 Such fine features 
can increase surface area (beneficial for drug adsorption), 
but also promote agglomeration that may hinder extrusion 
and cause discontinuous filaments in DIW.12,13 

   
Figure 3. SEM micrograph and particle size distribution of the calcined bovine-bone derived powder showing aggregated 

acicular nanoparticles. 

3.3. Printability window for binder-free monoliths. 
Trials using water-rich pastes showed limited printability 
and poor shape fidelity, likely due to insufficient yield 
stress and post-deposition relaxation. Increasing glycol 
content improved filament cohesion up to an optimum 
window; however, excessive glycol led to inks that were 
too viscous to extrude. The addition of 1 wt% silica 

nanoparticles to the 70:30 (water:glycol) composition 
improved printing consistency, producing the most stable 
monoliths without polymeric binders. Nozzle selection 
was also critical: 0.41–0.51 mm diameters minimized 
clogging and allowed continuous extrusion of the particle-
rich paste.12,13 
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Figure 4. Photographs of DIW-printed monoliths obtained with different solvent ratios and nozzle diameters, 

highlighting the improvement achieved with the 70:30 (water:glycol) + 1 wt% SiO2 formulation. 

From a drug delivery perspective, carbonate apatite 
monoliths are attractive because carbonate substitution can 
increase solubility and facilitate ion exchange under 
physiological conditions, potentially enabling sustained 
release and enhanced osteointegration.4,6,16 Moreover, the 
interconnected macroporosity enabled by DIW can support 
capillary uptake of drug solutions and provide diffusion 
pathways for release.10,11,16 Future work should quantify 
rheological parameters (yield stress, shear-thinning 
behavior, and recovery), dimensional changes after 
drying/sintering, and drug loading/release profiles using 
representative therapeutics (e.g., gentamicin) for infection 
control.12,16,17 

4. CONCLUSION 
This short communication demonstrates a preliminary 
route to fabricate DIW monolithic scaffolds from bovine-
bone derived B-type carbonate apatite using minimal 
additives and no polymeric binders. The 70:30 
(water:glycol) ink containing 1 wt% silica nanoparticles 
provided the most consistent printing performance when 
extruded through 0.41–0.51 mm nozzles. Given the bio-
relevance of carbonate apatite and the architectural control 
offered by DIW, the resulting monoliths represent a 
promising low-cost platform for subsequent optimization 
and post-printing drug functionalization aimed at localized 
therapy. 
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