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a b s t r a c t 

Hydrothermal (H) processes accelerate the hydrolysis reaction of α-tricalcium phosphate ( α-TCP) com- 

pared to the long-established biomimetic (B) treatments. They are of special interest for patient-specific 

3D-printed bone graft substitutes, where the manufacturing time represents a critical constraint. Alter- 

ing the reaction conditions has implications for the physicochemical properties of the reaction product. 

However, the impact of the changes produced by the hydrothermal reaction on the in vivo performance 

was hitherto unknown. The present study compares the bone regeneration potential of 3D-printed α-TCP 

scaffolds hardened using these two treatments in rabbit condyle monocortical defects. Although both con- 

solidation processes resulted in biocompatible scaffolds with osseointegrative and osteoconductive prop- 

erties, the amount of newly formed bone increased by one third in the hydrothermal vs the biomimetic 

samples. B and H scaffolds consisted mostly of high specific surface area calcium-deficient hydroxyap- 

atite (38 and 27 m 

2 g -1 , respectively), with H samples containing also 10 wt.% β-tricalcium phosphate 

( β-TCP). The shrinkage produced during the consolidation process was shown to be very small in both 

cases, below 3%, and smaller for H than for B samples. The differences in the in vivo performance were 

mainly attributed to the distinct crystallisation nanostructures, which proved to have a major impact on 

permeability and protein adsorption capacity, using BSA as a model protein, with B samples being highly 

impermeable. Given the crucial role that soluble proteins play in osteogenesis, this is proposed to be a 

relevant factor behind the distinct in vivo performances observed for the two materials. 

Statement of significance 

The possibility to accelerate the consolidation of self-setting calcium phosphate inks through hydrother- 

mal treatments has aroused great interest due to the associated advantages for the development of 3D- 

printed personalised bone scaffolds. Understanding the implications of this approach on the in vivo per- 

formance of the scaffolds is of paramount importance. This study compares, for the first time, this treat- 
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. Introduction 

In recent years, the democratisation of additive manufacturing 

echnologies has opened a wide variety of applications in the med- 

cal field [1] . Among them, patient-specific bone grafts and im- 

lants are one of the most straightforward and promising uses. 

hese are already a reality in the medical industry. Personalised 

one grafts are ideal for complex indications, e.g., defects that are 

on-confined, geometrically complex, large, or that require verti- 

al regeneration. The traditional solutions to these cases are au- 

ologous bone harvesting (usually fibula [2] and iliac crest [3] ) or 

tandard xenogeneic or synthetic blocks [4] . The main advantages 

f personalised bone scaffolds are: (1) Possibility of implementing 

 virtual surgical planning and more precisely tackle complex geo- 

etrical reconstructions [5–8] . (2) Shortening of the surgical time 

ompared with the current available solutions [9 , 10] . (3) Reduc- 

ion of the patient’s morbidity by avoiding any additional surgery 

11 , 12] . 

Among the wide variety of existing printing techniques, 

lamentary-based direct ink writing (DIW) stands as one of the 

ost convenient for the fabrication of ceramic parts. This technol- 

gy, consisting of the layer by layer microextrusion of a pasty ink 

13] , enables introducing high ceramic loads in the printed parts, 

resents low to non-existent waste of raw material, which is crit- 

cal when using priced biomaterials, and is simple and affordable. 

t has been widely used with calcium phosphates [8,14–16] , the 

ost used materials for bone regeneration, due to their similarity 

o the natural bone and high biocompatibility [17] . Typically, cal- 

ium phosphate-based inks require a sintering process after print- 

ng the green body to achieve hardening of the printed structure. 

Recently, self-setting calcium phosphate inks were developed, 

ased on the hydrolysis of alpha tricalcium phosphate ( α-TCP) 

18 , 19] . In this case, the printed structures do not require a high-

emperature sintering process, since the hardening is due to a ce- 

entitious reaction that takes place in the printed paste at room 

emperature. This avoids the densification process and the high 

olumetric changes in the printed structures occurring in the sin- 

ering process. A further advantage is that the reaction product 

f the hydrolysis of α-TCP is a calcium–deficient hydroxyapatite 

CDHA) [20] , with a composition closer to the bone mineral than 

hat of the sintered calcium phosphates [21 , 22] . These biomimetic 

DHA DIW scaffolds have been proved to exhibit adequate os- 

eogenic properties [23–28] . However, the slowness of the hydrol- 

sis reaction requires long times for the hardening of the 3D- 

rinted structures, from 3 to 10 days depending on the powder 

eactivity and the nature of the ink binder used [18 , 19 , 27 , 29 , 30] .

his limits the implementation of this technique in clinical appli- 

ations, where bone grafts have to be designed and manufactured 

n-demand, usually in a reduced time span. 

In this respect, it has been shown that it is possible to ac- 

elerate the hydrolysis reaction of α-TCP by hydrothermal routes 

31 , 32] . This is a promising approach to reduce the lead time of

IW personalised bone grafts [33] . Nonetheless, besides acceler- 

ting the hydrolysis process, the hydrothermal process introduces 

odifications both in the chemistry and the microstructure of the 

nal product, which can have implications in the final performance 
672 
iomimetic setting strategy in terms of osteogenic potential in vivo in a

esults obtained to the physicochemical properties of the 3D-printed scaf-

, nanostructure, nanoporosity) and their interaction with soluble proteins.
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f the printed scaffolds. For instance, it has been reported that hy- 

rothermal processes result in needle-shaped crystal nucleation in- 

tead of the plate-like structures obtained by biomimetic process- 

ng. This, in turn, leads to a wider nano-pore size distribution [33] . 

oreover, the appearance of an additional crystalline phase ( β- 

ricalcium phosphate, β-TCP) is recorded when using hydrothermal 

ardening strategies. Although recent studies have shown the key 

ole of surface texture and crystal morphology in the osteogenic 

roperties of calcium phosphates [34–37] , the impact that this spe- 

ific hydrothermal treatment may have on the bone regeneration 

otential is unknown. 

With this in mind, the aim of this work is to shed light on 

he effect of the biomimetic and hydrothermal processing on the 

orphological and physicochemical features of 3D-printed calcium 

hosphate scaffolds and to analyse the effect of the resulting com- 

osition and textural parameters on the in vivo performance of the 

D-printed scaffolds in an orthotopic rabbit model. 

. Materials and methods 

.1. Scaffold pr eparation 

An ink consisting of a ceramic suspension was obtained by mix- 

ng a 30 wt.% poloxamer 407 aqueous solution with α-TCP powder 

Innotere, Germany) at a liquid to powder ratio of 0.45 wt./wt. The 

oloxamer solution formed a gel that guaranteed the stable dis- 

ersion of the ceramic particles and conferred the adequate pseu- 

oplastic rheological properties to the ink, as characterised in a 

revious study [38] . The resulting paste was extruded immediately 

fter mixing with a custom-made DIW 3D printer. The scaffolds 

ere printed with a nozzle with an orifice diameter of 413 μm (22 

a. tapered tip, Fisnar, WI, USA) following an orthogonal pattern, 

ith a strand-to-strand separation of 250 μm and a layer height 

f 307 μm. Two scaffold geometries were printed: cubic samples 

ith 8 mm side and cylindrical samples with 8 mm in diameter 

nd height. The samples were hardened using two different pro- 

esses, either i) a biomimetic treatment consisting of a 7-day im- 

ersion in water at 37 °C; or ii) a hydrothermal treatment, us- 

ng temperature to accelerate the process, specifically autoclaving 

t 121 °C, as described in a previous work [33] . After the harden-

ng process, the cylindrical samples were water-sanded in their lat- 

ral face with P1200-grain sandpaper down to a final diameter of 

 mm for the in vivo experiments. The particles originated during 

he sanding process were removed by three rinsing and sonication 

teps in distilled water. The hydrothermally set scaffolds were ster- 

lised by wet heat in an autoclave, while the biomimetic samples 

ere sterilised by gamma irradiation (25 KGy dose) to avoid heat- 

ng them above the physiological temperature. 

.2. Characterisation of the scaffolds 

.2.1. Chemical characterisation 

The phase composition of the scaffolds was assessed by X-ray 

iffraction (XRD) using a diffractometer (D8 Advance Eco, Bruker 

XS GmbH, Germany) equipped with a Cu K- α beam, a Ni filter 

nd a LynxEye detector. Measurements were acquired in the 3-65 °
 θ range with a step size of 0.02 ° and a sampling step time of 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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 sec. The quantification of the crystalline phases and the deter- 

ination of amorphous content were performed by Rietveld re- 

nement (TOPAS 5, Bruker, MA, USA). The amount of amorphous 

hase was indirectly determined by the addition of corundum as 

nternal standard (a known amount between 30 and 40 wt.%). The 

morphous content (A) was deduced from the overestimation of 

he quantity of internal standard following Eq. (1 ) [39] : 

 = 

100% 

100% − R 

· 100% ·
(

1 − R 

R R 

)
(1) 

here R corresponds to the added amount of internal standard 

nd R R corresponds to the percentage of corundum calculated in 

he Rietveld refinement. In the refinement process, the follow- 

ng crystal structures were employed: calcium-deficient hydroxya- 

atite (COD-9002214), β-tricalcium phosphate (ICSD-006191) and 

orundum (ICSD-033639), obtained either from the inorganic crys- 

al structure database (ICSD) or the crystallography open database 

COD). The following parameters were adjusted in the refinement: 

attice parameters, phase scale factors, zero-shift error, peak shape 

arameters and preferred orientation (Appendix A). 

In addition, the crystallite size (D i ) and the deviation associated 

ith the uncertainty ( σ 2 (D i )) of the value were determined follow- 

ng Eq. (2 ) and Eq. (3 ), respectively [40] . 

 i = 

180 

π
· λ

( W − W st ) 
0 . 5 

(2) 

2 ( D i ) = 

(
180 λ
π

)2 

4 ( W − W st ) 
3 

[
σ 2 ( W ) + σ 2 ( W st ) 

]
(3) 

here λ corresponds to the wavelength of the X- rays, W to the 

aglioti coefficient associated to the diffractogram of the sample 

nd W st to that of a standard sample measured in the same con- 

itions (LaB 6 ). The Caglioti term in Eq. (2) [41] was refined for the

hole diffractogram. 

Raman spectra of the powdered scaffolds were recorded using 

n inVia TM Qontor® spectrometer (Renishaw, UK). A 532 nm laser 

ith a 10 mW output power was used as the excitation source. 

ll the spectra were collected with a 50x objective, in the 400–

0 0 0 cm 

−1 range, using an integration time of 10 sec and 5 accu-

ulations. The spectral resolution was ca. 1 cm 

−1 . 

The amount of poloxamer 407 remaining in the final scaffolds 

as determined for both experimental conditions. The total or- 

anic carbon content (TOC) was assessed with an organic elemen- 

al analyser (FLASH 20 0 0 CHNS/O, Thermo Scientific, MA, USA) 

erforming a combustion at 1200 °C in an oxygen atmosphere. 

.2.2. Microstructure, porosity and pore architecture 

Different techniques were used to assess the morphology of 

he scaffolds at different magnifications. The microstructure of 

he samples was observed through scanning electron microscopy 

FIB/SEM, Neon 40, Zeiss, Germany) run at 5 kV and acquired with 

 through-the-lens electron detector. Prior to the acquisition, sam- 

les were sputter-coated with a thin electron-conductive carbon 

ayer to prevent electrostatic charges (Emitech 950x carbon evap- 

rator, France). The specific surface area (SSA) was determined by 

itrogen sorption using the Brunauer-Emmett-Teller (BET) method 

ASAP 2020, Micromeritics, GA, USA). Before the analysis, the sam- 

les were degassed by holding them at 100 °C for 2 h under a 

0 mmHg vaccum atmosphere. The skeletal density ( ρskel ) of the 

pecimens was determined by helium pycnometry (AccuPyc 1330, 

icromeritics, GA, USA). The apparent density ( ρapp ) of the scaf- 

olds was calculated as the quotient of the dry scaffold’s mass over 

ts equivalent volume measured on the cubic samples (n = 15), and 

he total porosity was determined as [1-( ρapp / ρskel )] •100. The pore 

ntrance size distribution in the range of 0.006 to 360 μm was de- 

ermined by mercury intrusion porosimetry (MIP). The MIP results 
673 
ere combined with the skeletal density to determine the internal 

orosity of the strands (intrastrand porosity), according to Eq. (4 ): 

 int rast rand = 

(
V (p< 10 μm ) 

V (p< 10 μm ) + V mat 

)
· 100 = 

( 

V (p< 10 μm ) 

V (p< 10 μm ) + 

1 / ρskel 

) 

· 100 

(4) 

here V ( p < 10μm) is the volume of pores smaller than 10 μm nor- 

alised per unit of mass, obtained from the sum of the incremen- 

al mercury intrusion in the pores below this size in the pore en- 

rance size distribution curves, and V mat is the specific volume of 

he material, which is the reciprocal of the skeletal density. 

The morphology of the scaffold’s architecture was assessed by 

icro-computed tomography (μ-CT) (Skyscan 1272, Bruker, MA, 

SA) operated with an X-ray current of 111 μA and an acceler- 

tion voltage of 90 kV. The X-ray beam was configured with an 

luminium and a copper filter with respective thicknesses of 0.5 

nd 0.038 mm. The exposure time and step resolution around 

he 180 ° were set to 1650 ms and 0.2 ° per step, respectively. No 

rame averaging was applied. The acquisition was performed with 

n isotropic voxel resolution of 18 μm. The data were processed 

ith beam hardening correction and object shifting correction, and 

econstructed into tomographic image stacks (NRecon software, 

ruker, MA, USA). Subsequently, the resulting reconstructions were 

ligned to the printing axis (DataViewer software, Bruker, MA, 

SA). Different strategies were followed to evaluate the morpho- 

ogical differences between the printed structures and the theoret- 

cal geometry. First, the different orthogonal views of the structure 

ere assessed with an image analysis software (ImageJ2, NIH, MD, 

SA [42] ) to calculate the percentage of linear shrinkage in the 

hree printer axis directions ( i.e., X, Y and Z). For each direction, 

he distance corresponding to five repetition units was measured 

nd compared with the theoretical dimensions calculating the per- 

entual deviation. Five samples per condition were analysed. Sub- 

equently, the macroporosity generated during the printing process 

as measured (CTAn v1.16 software, Bruker, MA, USA) and com- 

ared to that of the theoretical structure, generated through CAD 

oftware (SolidWorks, Dassault Systèmes, France) based on the di- 

ensions introduced in the printing configuration, transformed to 

mage stack (Mimics, Materialise, Belgium), and analysed with the 

ame procedure used for the μ-CT experimental acquisitions. Fi- 

ally, the two different structures were compared with the theo- 

etical mesh design: A 3D mesh of a representative sample was 

btained for each condition by segmenting the μ-CT acquisition 

Slicer v4.10.2, 3D Slicer, NIH, USA [43] ) and a design of the the- 

retical structure was created with CAD software (MeshMixer v3.5, 

utodesk, CA, USA). Then, a 3D point cloud comparison software 

CloudCompare v2.11.2, EDF R&D, France) was used to assess the 

eviation of the printed structures with respect to the reference 

heoretical design. Briefly, a point cloud was sampled from the 

esh of the printed and the normal distance from each point of 

he 3D cloud to the reference mesh was calculated. A colour map 

f the deviation distances on the 3D structure was obtained. More- 

ver, the sample deviation distance of each point of the 3D cloud 

as recorded for both conditions and compared in a histogram. 

.2.3. Mechanical characterisation 

A uniaxial compression test was performed to determine the 

ltimate compressive strength and compression modulus of the 

caffolds. For this purpose, 8 mm cubic scaffolds were compressed 

Bionix servo-hydraulic test system, MTS Systems, MN, USA) in 

he Z printing direction in displacement-control mode at a dis- 

lacement rate of 1 mm min 

−1 . For each condition, 15 samples 

ere tested. Furthermore, a 3-point bending test was performed 

o determine the ultimate flexural strength, the flexural modulus 
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d

nd the work of fracture of the samples. The flexural test was 

xecuted following the ISO 14704:2016 standard [44] . 3D-printed 

locks 50 mm in length, 4 mm in width and 3 mm in height

coinciding with the printer X, Y and Z axis, respectively) were 

ested using a hybrid rheometer (Discovery HR-3, TA instruments, 

ermany) equipped with a 3-point bending clamp with a span of 

0 mm. The test was run until fracture under displacement-control 

ode at a crosshead speed of 0.5 mm min 

−1 . A total of 21 samples

ere tested per condition. In both cases the samples were tested 

n wet conditions to better simulate the in vivo situation. Prior to 

he tests the scaffolds were immersed in distilled water and stored 

vernight at 37 °C. The Weibull modulus was calculated following 

he procedure described elsewhere [33] . 

.2.4. Protein adsorption study 

To analyse the relevance of microstructural features in the in- 

eraction with proteins in solution, a study was carried out with 

ovine serum albumin (BSA) as a model protein. BSA (Sigma 

ldrich, MO, USA) was dissolved in phosphate-buffered saline (PBS, 

ibco, TX, USA) at two different concentrations, 600 μg ml −1 

nd 60 0 0 μg ml −1 . BSA was fluorescently marked with 3- 

4-carboxybenxoyl)quinoline-2-carboxaldehyde (CBQCA, Invitrogen, 

A, USA) following the manufacturer’s indications. In order to vi- 

ualise the protein penetration in the strands’ cross-section, 5 mm- 

ength spare strands of each material were immersed in 150 μl of 

ach BSA solution, for different incubation times ( i.e., 30 min, 1 h, 

 h, 4 h, 8 h and 24 h). The adsorbed protein was imaged by means

f a fluorescence confocal microscope (LSM 800, Zeiss, Germany) 

sing a wavelength of 488 nm. A flat surface of the strand cross- 

ection was obtained by embedding the samples in two-part epoxy 

esin (Sei Whale, R 

∗Concept, Spain) and water sanding them down 

o P40 0 0 grain size (EcoMet 4 grinder polisher, Buehler, IL, USA). 

dditionally, an indirect quantification of the kinetics of protein 

dsorption was performed. For each of the studied time points, 

 mg of B and H strands were incubated in 100 μl of both BSA

olutions. The supernatants were collected and their fluorescence 

ntensity measured in a microplate reader (Synergy HTX, BioTek 

nstruments, VT, USA). Data were correlated to a calibration curve 

o establish the BSA concentration remaining in the supernatants. 

hese concentrations were subtracted from the initial known solu- 

ions’ concentration to determine the amount of protein adsorbed 

y the strands. The results were normalised by the sample weight 

nd SSA of each material. 

.3. In vitro study 

.3.1. Cell culture 

Osteoblast-like MG-63 cells (ATCC, VA, USA) were cultured 

n DMEM (Gibco, CA, USA) supplemented with 10% foetal 

ovine serum (FBS), 2 mM L-glutamine, penicillin/streptomycin 

50 U ml −1 and 50 μg ml −1 , respectively) and 20 mM 4-(2- 

ydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), all from 

ibco. HEPES was used as a pH buffer to prevent the acidification 

f the medium by CDHA [45 , 46] . Cells were expanded and main-

ained at 37 °C, 95% humidity and 5% CO 2 . 

Before cell seeding, scaffolds of both experimental conditions 

ere preconditioned for 48 h in 2 ml of complete DMEM. After- 

ards, the medium was removed and the cells were seeded on top 

f the scaffolds (4 × 10 5 cells in 50 μl DMEM / scaffold) and incu-

ated for 1 h to allow cell attachment. Subsequently, 2 ml of fresh 

edium were gently added. The samples were incubated for 6 h, 

 days, 7 days and 14 days, renewing the medium every other day. 

.3.2. Cell adhesion and proliferation 

Cells were rinsed with PBS at each time point and fixed with 

% paraformaldehyde solution (PFA, Sigma-Aldrich, MO, USA). Af- 
674 
erwards, cells were immersed for 15 min in 0.05% Triton X-100 

olution in PBS. Actin filaments were stained with Alexa Fluor 

46-conjugated phalloidin (Invitrogen, CA , USA , 1:400 in PBS) 

nd nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, 

ifeTechnologies, CA , USA , 1 μg ml −1 in PBS). Images were cap- 

ured by means of a confocal laser scanning microscope (LSM 800, 

eiss, Germany). Cell adhesion was further evaluated by observ- 

ng the samples after 6 h of culture with SEM (JSM-7001F, JEOL, 

apan). The samples were prepared by fixing the cells with 4% PFA 

olution, dehydrating them in an increasing series of ethanol solu- 

ions and sputtering with carbon (EMITECH K950X Turbo Evapora- 

or, Quorum Technologies Ltd., UK). Moreover, cell proliferation was 

etermined using a resazurin-based viability reagent (PrestoBlue, 

nvitrogen, MA, USA) following the manufacturer’s instructions. 

.3.3. Cell differentiation 

Alkaline phosphatase (ALP) activity was measured using an ALP 

ssay kit (SensoLyte pNPP, Anaspec, CA, USA). At each time point, 

he scaffolds were placed in a new well plate and rinsed with PBS. 

ubsequently, the cells were lysed with 500 μl of mammalian pro- 

ein extraction reagent (M-PER, ThermoFisher, MA, USA) and in- 

ubated with p-nitrophenyl phosphate (pNPP) solution at 37 °C 

or 60 min. Absorbance measurements were performed using a 

icroplate reader (Synergy HTX, BioTek Instruments, VT, USA) at 

05 nm wavelength. Data were normalised to cell number at each 

ondition. To do so, lactate dehydrogenase (LDH) detection kit 

Roche, Germany) was used to quantify the release of LDH from the 

-PER lysates following the manufacturer’s indications. Finally, ab- 

orbance was measured in the microplate reader at 492 nm wave- 

ength. 

.3.4. Ion exchange 

The ionic interaction of the scaffolds with the cell culture 

edium was assessed by quantifying the Ca 2 + and P i fluctuations 

n the supernatants collected at each change of medium. The mea- 

urements were performed by inductively coupled plasma - optical 

mission spectroscopy (ICP-OES, 5100 SVDV, Agilent Technologies, 

apan). Prior to the analysis, the supernatants were diluted 1:10 

n a solution of 2% HNO 3 (69% HNO 3 TMA Hyperpur, PanReac Ap- 

liChem, Germany). 44Ca and 31P signals were calibrated against 

 multi-element standard solution (Inorganic Ventures, VA, USA). 

.4. In vivo study 

.4.1. Study design 

All animal procedures were performed in compliance with the 

uide for Care and Use of Laboratory Animals [47] and the Euro- 

ean Community Guidelines (Directive 2010/63/EU) for the protec- 

ion of animals used for scientific purposes and under the permis- 

ion of the National Animal Ethics Committee on Human and An- 

mal Experimentation (Approval # CEAAH 4683). This study was 

art of a larger study to analyse the bone regeneration capac- 

ty of scaffolds with different configurations. In total ten adult fe- 

ale New Zealand White (NZW) rabbits with a bodyweight rang- 

ng from 4.8–5.5 kg and an age range of 8–12 months were used. 

he animals were purchased from a professional stock breeder 

Charles River Laboratories, France) and housed in individual boxes 

f two square meters each one and an acclimatisation period of 

wo weeks was established prior to surgery. Health status was de- 

ermined by physical and orthopaedic examination, radiographic 

xamination of the rear limbs and results of hematologic and 

erum biochemical profiles. 

Cylindrical 3D-printed scaffolds with 5 mm in diameter and 

 mm in height, fabricated by either the biomimetic or the hy- 

rothermal protocols (n = 7 for each condition) were randomly 
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nserted in bilateral defects drilled in the medial aspect of the 

emoral condyle. One single time point at 8 weeks was evaluated. 

.4.2. Surgical procedure 

The surgical procedure was performed under standard ster- 

le conditions. The animals were pre-anaesthetised using butor- 

hanol, midazolam and medetomidine. Anaesthesia was induced 

ith propofol and maintained with inhaled isoflurane in an oxy- 

en carrier by mask. Both limbs stifle areas were clipped and sub- 

equently scrubbed with chlorhexidine gluconate solution for an 

septic preparation of the surgical field. With the animals in dorsal 

ecumbency and after a small skin subcutaneous and joint capsule 

ncision, the medial aspect of both femoral condyles was exposed 

y a medial parapatellar incision ( Fig. 1 ii). Using a 2.5 mm drill bit

nd under copious physiological saline irrigation to avoid thermal 

ecrosis, a monocortical bone defect was performed in the centre 

oint of the medial aspect of the condyle ( Fig. 1 iii). Afterwards, 

he defect was enlarged with a 5 mm drill always under continu- 

us physiological saline irrigation ( Fig. 1 iv). The depth of the defect 

as fixed to 10 mm. The cylindrical scaffolds with a diameter of 

 mm and a height of 10 mm were then press-fitted in each bone

efect ( Fig. 1 v, vi). After assuring the stability of the implants, the 

oint capsule, the subcutaneous tissue and the skin were sutured 

n layers in a routine way ( Fig. 1 vii, viii). 

Once recovered from the anaesthesia, the animals were housed 

n the same individual boxes and allowed to full weight-bearing. 

uring the postoperative period, analgesic and antibiotic treat- 

ents were given to the animals for 7 days. 

The animals were euthanised 8 weeks after the surgical pro- 

edure with an overdose of sodium pentobarbital according to the 

egislation of the American Veterinary Medical Association (AVMA). 

 pre-euthanasia sedation of midazolam and medetomidine was 

sed for animal welfare reasons. 

After euthanasia, the condylar regions of the femur were ex- 

lanted and fixed in 10% neutral-buffered formalin solution for two 

eeks and dehydrated in an increasing series of ethanol solutions. 

.4.3. Histomorphometric analysis 

This process was based on X-ray micro-computed tomography 

μ-CT) of the explants and allowed to quantify in threedimensions 

he amount and distribution of the newly formed bone into the 

caffold. The analysis was composed of the following steps: 

- Acquisition: The dehydrated samples were analysed by μ-CT, ad- 

justing the settings described in Section 2.2.2 to a higher reso- 

lution, to properly distinguish the different tissue regions. The 

exposure time per projection was 260 0 ms, 180 0 projections 

were done along the 360 ° and an averaging of 3 frames per 

projection was chosen. An isotropic voxel size of 10 μm was 

used. The acquisitions were reconstructed using the same pro- 

cedure previously described. 

- Segmentation: The reconstructed stacks were first oriented in 

the Z printing direction and the X and Y printing axis were 

aligned to the image axis (Data Viewer, Bruker, MA, USA). Then, 

a cylindrical volume of interest (VOI) corresponding to the scaf- 

fold region ( Fig. 2 i) was defined (CTAn, Bruker, MA, USA). The 

images of each z-stack were processed individually by fitting 

a univariate Gaussian mixture model with four components 

to their pixel grayscale level distributions [48] . This approach 

modelled the grayscale image histograms as a weighted sum of 

four Gaussian distributions corresponding to biomaterial, bone, 

non-mineralised tissue and outer VOI ( Fig. 2 ii). The model al- 

lowed clustering each pixel into one of the four tissue-type 

groups according to its greyscale value ( Fig. 2 iii). This process 

was run iteratively for each image of the stack along the Z- 

direction. Subsequently, the segmented images were processed 
675 
with a median filter with a disc-shaped structuring element of 

radius 50 μm to remove the segmentation artefacts attributed 

to the noise in the image ( Fig. 2 iv). 

- Quantification of the Bone Volume Percentage : For each sample, 

the total number of segmented pixels classified under the dif- 

ferent tissue-type labels were quantified. Then, the bone vol- 

ume percentage was calculated as the total number of bone 

pixels over the total number of available volume pixels. 

- Quantification of the Radial Bone Intrusion Curves: The bone frac- 

tion in the scaffolds was measured and plotted as a function 

of the radial distance from the surface. To do so, the samples 

were analysed in radial bands using a thinning algorithm based 

on a morphological erosion transformation [49] . For each im- 

age of the Z stack, the perimeter of the VOI was taken as a 

departure point to determine a 100 μm-thick band by using a 

disc erosion operation. Then the percentage of bone in available 

volume was calculated for this band. This process was repeated 

successively departing from the new perimeter obtained after 

subtracting the previous band moving through the centre of the 

scaffold with each iteration. 

- Representation of the Bone Distribution Axial Colormaps: For each 

condition, all the segmented stacks were added into a single 3- 

dimensional matrix stacking them along the Z printing axis ( i.e. , 

the axial direction of the cylindrical VOI) . Then, the bone frac- 

tion of the resulting matrix was calculated for the Z projection. 

As a result, a 2D image representing in each pixel the average 

bone fraction of all the samples for the corresponding X-Y co- 

ordinate was obtained and plotted as a colour map. 

The program developed to perform the image analysis was 

ritten in Python (Python 3.9.0, www.python.org ), its main stages 

re detailed in Appendix B and the code is available in a Git repos- 

tory ( https://github.com/YAGORAYMOND/uCT-image-analysis ). 

.4.4. Histological assessment 

After μ-CT analysis, the dehydrated samples were immersed in 

olutions with increasing concentrations ( i.e., 25, 50, 75 and 100%) 

f methyl methacrylate resin (Technovit 7200 VLC, Germany). The 

mbedded samples were stored overnight under vaccum and pho- 

opolymerised in a UV lamp (EXAKT 520, Exakt Technologies, Ger- 

any). The resulting blocks were cut through the central axis of 

he scaffolds cylinder with a precision diamond band saw (EXAKT 

00 CP, Exakt Technologies, Germany). 

The cut surface of the first half sample was water sanded down 

o P40 0 0 grain size (Surface grinder, EXAKT 40 0 CS, AW110, Ex- 

kt Technologies, Germany), coated with a thin carbon layer and 

bserved with a scanning electron microscope (SEM, Phenom XL, 

henom World, MA, USA) operated at 10 kV and using a backscat- 

ered electron detector. Mappings of the full samples were ac- 

uired with the SEM automatic image mapping scan utility (Auto- 

ated image mapping software, Phenom ProSuite, Phenom World, 

A, USA). 

A 300 μm slice of the second half-sample was cut with a pre- 

ision band saw with a diamond blade, glued to a PMMA 3 mm 

ample holder (precision adhesive press, EXAKT 402, Exakt Tech- 

ologies, Germany), polished down to 30–50 μm and stained us- 

ng Masson-Goldner trichrome staining. The stained samples were 

bserved with a bright-field optical microscope (BX51-P, Olympus, 

apan). 

.5. Statistical analysis 

The compressive strength and the dimensional evaluation of 

he structures are reported as mean values ± standard devia- 

ions. The histomorphometric analysis is reported with a boxplot 

ndicating the median and quartiles. A statistical analysis software 

http://www.python.org
https://github.com/YAGORAYMOND/uCT-image-analysis
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Fig. 1. (i) Defect region pre-operatory preparation. (ii) Medial parapatellar incision in the femoral condyle. (iii) 2.5 mm drilling in the centre point of the medial aspect of 

the femoral condyle guided by a drill guide. (iv) Expansion of the initial guide hole to 5 mm. (v, vi) Press-fit grafting of the cylindrical scaffold. (vii) Suture of the joint 

capsule. (viii) Suture of the skin. 
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Minitab®19, MiniTab Inc., PA, USA) was used in all the cases to 

etermine statistically significant differences between specimens 

y one-way analysis of variance (ANOVA) followed by Tukey’s post 

oc test. A confidence interval of 95% ( α = 0.05) was considered. 

. Results 

.1. Scaffolds characterisation 

.1.1. Chemical composition 

Differences in chemical composition were observed by XRD 

f both biomaterials ( Fig. 3 i). Whilst all diffraction peaks in the 
676 
iomimetic scaffold, apart from the corundum peaks correspond- 

ng to the internal standard, were attributed to CDHA, the hy- 

rothermal scaffolds presented a biphasic composition consist- 

ng of CDHA and β-TCP. Additionally, differences in the sharp- 

ess of the peaks were readily visible for the hydrothermal con- 

ition when compared to the biomimetic one. Better resolved 

eaks indicating a higher degree of crystallinity were observed 

or the hydrothermally treated scaffolds ( Fig. 3 ii). This was trans- 

ated into larger average crystallite size values for the hydrother- 

al as compared to the biomimetic scaffolds (54.4 ± 3.1 nm ver- 

us 27.5 ± 1.2 nm, respectively). In addition, in both XRD spectra, 

he peak appearing at 25.9 ° corresponding to the (002) reflection 
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Fig. 2. Segmentation process: (i) slice image of the stack after orientation through Z printing axis and definition of a VOI, (ii) grey values histogram (background) with the 

Gaussian Mixture Model (GMM) distributions fitted for each tissue type, (iii) image after segmentation with the three model sub-populations and (iv) segmented image after 

applying median filter (disk-shaped structuring element with radius 50 μm) to correct for erroneously assigned pixels due to image noise. For visualisation purposes, pixels 

corresponding to outer VOI background have been excluded from the histogram representation. 
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f CDHA, was substantially sharper than the rest of the peaks of 

he same phase, indicating a preferential crystal growth along the 

 axis direction. Changes in the relative intensity of the peaks were 

lso detected in the 31.0–33.5 ° 2 θ range, which were attributed 

o both the peak overlapping of the additional phase encountered 

nd the texturisation of the anisotropic crystals during the sample 

reparation. Moreover, although XRD provides direct information 

n crystalline phases, the addition of a known amount of an in- 

ernal standard mixed with the powdered scaffolds allows also an 

ndirect determination of the amount of amorphous phases present 

n the samples [39] . The resulting XRD spectra along with the re- 

ults of phase quantification by Rietveld refinement, revealed that 

he biomimetic treatment resulted in 92.9% of CDHA and 7.1% of 

morphous phase, compared to 78.7% of CDHA, 10.1% β-TCP and 

1.2% of amorphous phase obtained with the hydrothermal treat- 

ent. 

The analysis by Raman spectroscopy showed similar results 

or both treatments presenting the characteristic PO 4 vibration v 1 
and at ≈ 960 cm 

−1 . Furthermore, two v 2 (PO 4 ) vibrations corre- 

ponding to the doubly degenerate bending mode O-P-O appear- 

ng at 447 and 433 cm 

−1 , the v 3 (PO 4 ) vibrations corresponding 

o the triply degenerate asymmetric stretching mode (P-O) appear- 

ng in the region from 1030 to 1100 cm 

−1 and the v 4 (PO 4 ) triply

egenerate bending mode vibrations appearing in the region 550–

30 cm 

−1 [50] . The weak band at ≈ 1005 cm 

−1 is assigned to the

ymmetric stretching of the HPO 4 
2 − ions, the band at ≈ 880 cm 

−1 

o the stretching of P-(OH) in HPO 4 
2 − and the band at 3572 cm 

−1 

s associated with the stretching mode of the OH 

− group 

51] . 

The final amount of poloxamer 407 in the scaffolds was de- 

ermined by TOC. Organic carbon contents of 0.52 wt.% and 

.40 wt.% were found in the biomimetic and hydrothermally 

reated samples, respectively. Considering the molecular struc- 

ure of poloxamer 407, this corresponds to 0.85 wt.% of polox- 

mer 407 remaining in the samples obtained by the biomimetic 

rocess and 0.65 wt.% in those obtained by the hydrothermal 

rocess. 
677 
.1.2. Microstructure, porosity, mechanical properties and protein 

dsorption 

The scaffolds presented remarkable differences in the mi- 

rostructure. Whilst the samples set under biomimetic conditions 

resented a microstructure consisting of entangled plate-like hy- 

roxyapatite nanocrystals, the samples hardened by hydrother- 

al routes showed interlocked acicular needle-shaped nanocrys- 

als, with a much larger aspect ratio, as displayed in Fig. 4 . The

late-like crystals of the biomimetic samples resulted in a larger 

SA of 38.54 m 

2 g -1 compared to 27.11 m 

2 g -1 for the hydrother- 

al samples. 

The total porosity of the scaffolds, determined by gravimetric 

ethods, was similar in the two scaffold types, irrespective of the 

onsolidation method ( Table 1 ). The macroporosity (P macro ) calcu- 

ated by μ-CT ( Table 1 ) was slightly smaller for the hydrothermal 

han for the biomimetic samples. In both conditions, the values 

ere slightly above the theoretical values. Regarding size distri- 

ution as determined by MIP, both samples presented a bimodal 

ore entrance size distribution ( Fig. 5 i), with two peaks corre- 

ponding to the intrastrand porosity, which was in the nanomet- 

ic range and the interstrand porosity or macroporosity. Due to 

heir large dimensions, the macropores fell partially outside the 

ange detectable by this technique. Remarkable differences were 

ound both in the intrastrand nanoporosity ( Table 1 ) and nanopore 

ize. Whereas the biomimetic samples presented a nanoporosity of 

8.4% and nanopore sizes centred at 0.017 μm, the hydrothermally 

reated samples had a higher nanoporosity of 57.1%, with larger 

ore entrance sizes of 0.062 μm. 

The assessment of the scaffolds’ architecture by μ-CT revealed 

hat both hardening treatments resulted in a small linear shrink- 

ge. This shrinkage was mainly observed in the directions of the 

rinting plane ( i.e., X and Y) with a more accentuated contraction 

f ≈ 3% for the biomimetic condition compared to ≈ 1.5% for the 

ydrothermal samples ( Fig. 5 ii), although the differences were not 

tatistically significant. Accordingly, the mesh comparison of the 

D-printed structures (obtained by μ-CT) with the theoretical de- 

ign (obtained through CAD) showed a global deviation through 
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Fig. 3. Comparison of the samples set through the biomimetic (B) and hydrothermal (H) treatments: (i) X-ray diffraction pattern of the whole acquired 2 θ range (3–65 °) 
with symbols identifying the crystalline phases found in each sample, i.e., calcium-deficient hydroxyapatite (CDHA), β-tricalcium phosphate ( β-TCP) and corundum (Al 2 O 3 ), 

the internal pattern added to the pristine samples to quantify the amorphous phase; (ii) zoomed region of the XRD diffractogram; (iii) Rietveld refinement quantification: 

crystalline and amorphous phase percentages and crystallite sizes; (iv) Raman spectra of the B and H samples. 

Fig. 4. Comparison of the macro- and microstructure of the scaffolds set under biomimetic and hydrothermal treatments assessed by scanning electron microscopy. 

678 
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Table 1 

Textural parameters of the scaffolds hardened using biomimetic or hydrothermal treatments: macroporos- 

ity (P macro ) obtained by μ-CT; intrastrand nanoporosity (P intrastrand ) measured combining MIP and He pyc- 

nometry according to Eq. (2 ); total porosity (P total ) determined by gravimetric methods; skeletal density 

( ρskel ) determined by He pycnometry and specific surface area (SSA) by nitrogen adsorption through the 

BET method. 

P macro 
∗ [%] P intrastrand [%] P total [%] ρskel [g.cm 

−3 ] SSA [mm 

2 .g −1 ] 

Biomimetic 44.47 ± 0.74 48.41 74.71 ± 2.02 3.01 38.54 

Hydrothermal 41.08 ± 1.50 57.07 75.79 ± 1.07 3.06 27.11 

p-value 0.002 - 0.091 - - 

Theoretical 39.58 - - - - 

Asterisks indicate statistically significant differences ( p < 0.05). Values represented as: mean value 

± standard deviation. 

Fig. 5. Porosity analysis of the biomimetic and hydrothermally treated scaffolds (i) Pore entrance size distribution determined by mercury intrusion porosimetry (MIP). (ii) 

Linear shrinkage percentage calculated from μ-CT acquisitions (different letters indicating statistically significant differences, p < 0.05). (iii) 3D-mesh-based analysis of the 

scaffold morphology deviation compared to the theoretical structure. Meshes of each condition obtained by μ-CT segmentation. Colour map representing the local deviations 

in each region of the structure (top) and histogram representing the point-cloud deviation distribution (bottom). 

Table 2 

Mechanical properties of the 3D-printed scaffolds hardened with either biomimetic or hydrothermal treatments determined by uniaxial compression and 3-point bending 

tests. 

Compression Flexion 

Ultimate Compressive 

Strength ∗ [MPa] 

Compression Modulus ∗

[MPa] 

Ultimate Flexural 

Strength ∗ [MPa] Flexural Modulus [MPa] 

Work of Fracture ∗

[J.m 

−2 ] 

Biomimetic 3.33 ± 1.29 (2.73) 237 ± 84 (3.30) 0.65 ± 0.38 (1.90) 718 ± 348 (2.15) 2.05 ± 0.84 (2.42) 

Hydrothermal 4.61 ± 1.38 (4.03) 366 ± 157 (2.94) 1.38 ± 0.24 (6.76) 730 ± 244 (3.44) 3.95 ± 0.81 (5.74) 

p-value 0.014 0.009 0.000 0.887 0.000 

Asterisks indicate statistically significant differences ( p < 0.05). Values represented as: mean value ± standard deviation and Weibull modulus in parenthesis. 
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he negative values. This was noticeable in the colour map, with 

redominant lime-green colours, and in the histogram, with a shift 

hrough the left of both distributions ( Fig. 5 iii). 

Regarding the mechanical properties ( Table 2 ), the hydrother- 

al treatment provided approximately twice the strength achieved 

ith the biomimetic treatment in either compression or flexion 

odes. On the other hand, the compression and flexural modulus 

ere very similar in both treatments. Furthermore, higher Weibull 

odulus values were generally found for the hydrothermal condi- 
679 
ion, indicating that a higher reproducibility is achieved with this 

reatment. 

.1.3. Protein adsorption 

Remarkable differences were found in the BSA adsorption pat- 

erns of the two materials. The penetration of the protein into the 

aterial was significantly higher in the H samples than in the B 

amples, as visualised in Fig. 6 i. While in B samples the protein 

as detected only in a superficial layer of the strand, penetrating 
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Fig. 6. Comparison of the protein adsorption properties of the biomimetic and hydrothermally treated samples incubated in two different BSA concentrations. (i) Fluorescent 

confocal microscopy images of the strand’s cross-sections illustrating the penetration of BSA (in green) at different incubation times. Main images acquired with normalised 

settings for a better comparison between conditions. Scalebar = 200 μm. Inserts showing a close-up view of the surface penetration with optimised settings individually 

adjusted for each image. Scalebar = 50 μm. (ii) BSA adsorbed by the strands after incubation in the protein solutions. Results normalised by sample weight and SSA of each 

condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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nly a few microns even after 24 h immersion, in H samples the 

rotein diffused through the material progressively with incubation 

ime. This was amplified in the solution with higher BSA concen- 

ration. These results were in agreement with the values of BSA 

dsorbed in each material calculated from the remaining protein 

n solution, as shown in Fig. 6 ii for both H and B samples. 

.2. In vitro study 

.2.1. Cell performance 

The in vitro study allowed to compare cell adhesion, prolifera- 

ion and differentiation on the scaffolds hardened by the two dif- 

erent treatments. Fluorescence confocal microscopy ( Fig. 7 i) re- 

ealed that the cells were able to attach and proliferate in both 

caffolds. The att ached cells presented rounded morphologies ini- 

ially, and progressively spread and proliferated until completely 

overing the surface of both scaffold types ( Fig. 7 i). A closer view

 Fig. 7 ii) shows that the cells at 6 h were able to start spread-

ng and interacted with both microstructures, covering the CDHA 

anocrystals regardless of their shape. Furthermore, cell viability 

uantification ( Fig. 7 iii) evidenced that the number of initially at- 

ached cells was approximately twice as high on the biomimetic 

caffolds as on the hydrothermal counterparts, and similar expo- 

ential growth rates were observed in the two conditions. Finally, 

LP activity ( Fig. 7 iv) was used to study the level of differentiation.
680 
 progressive increase in the ALP level was found, with no statis- 

ically significant differences between the two groups at each time 

oint. 

.2.2. Ion exchange 

The ionic interaction of both types of scaffolds with the cell 

ulture medium was assessed during the course of the in vitro 

tudy. The trends followed by the two experimental conditions (B 

nd H) were very similar. Despite the two days of preconditioning 

he samples absorbed Ca 2 + and also, although to a lesser extent, 

 i ions from the medium. The uptake was higher at the shorter 

ime points and was progressively reduced, although the ionic con- 

entration was below that of the culture medium throughout the 

hole study period. 

.3. In vivo performance 

Surgeries were uneventful. However, one of the animals did not 

ully recover from the surgery, did not gain weight and finally 

ied a few days after the procedure, which resulted in the loss 

f two samples, both belonging to group B. The rest of the ani- 

als completed a normal postoperative period without any clinical 

omplication. No signs of infection, wound dehiscence, weight loss, 

ehaviour changes, implant migration or lameness were observed 

long the postoperative period. 
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Fig. 7. In vitro study comparing the adhesion, proliferation and mineralisation of MG-63 cells on scaffolds consolidated with either the biomimetic or the hydrothermal 

treatment. (i) Fluorescent confocal microscopy images showing the cell adhesion and proliferation, with the nuclei appearing in light blue and the cytoskeleton in orange. 

(ii) SEM images evidencing the cell adhesion to the different scaffold microstructures after 6 h of culture. Cells are coloured in orange in the magnified slices for better 

identification. (iii) Cell proliferation quantified by a resazurin-based method. (iv) Alkaline phosphatase (ALP) activity. (v) Calcium and phosphate concentrations in the cell 

culture media. Yellow lines indicate the original ionic concentration in the culture medium. In iii and iv different letters and numbers indicate statistically significant 

differences between timepoints and conditions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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tions. 
.3.1. Histomorphometric assessment 

The percentage of newly formed bone was quantified in three 

imensions. Scaffolds hardened under hydrothermal conditions 

resented a significantly higher amount of newly formed bone 

ith a 37.3 ±4.7% compared to the 28.8 ±5.3% obtained with the 

iomimetic treatment ( Fig. 8 i). A more detailed analysis of the 

one distribution inside the scaffolds revealed that the percent- 

ge of bone was higher along the entire cross-section in the hy- 

rothermal scaffolds as compared to the biomimetic ones, and that 

he difference was more pronounced at the external region of the 

caffold, in cont act with the surrounding bone ( Fig. 8 ii). This is in

greement with Fig. 8 iii, where the colour maps representing the 

umulative value of the average of the percentage of bone on the 

xial projection ( i.e., printing plane) for all the specimens are dis- 

layed. 
681 
.3.2. Histological evaluation 

Both scaffold types presented newly formed bone growing 

n direct contact with the biomaterial ( Figs. 9 and 10 ) and a

idespread blood vessels network dispersed inside the intercon- 

ected macroporosity ( Fig. 10 i–iii, vii–ix). The new bone was 

ainly found surrounding the biomaterial and accumulated in the 

trand intersections, and consisted of a mixture of woven bone and 

ome lamellar structures. The regions of lamellar bone were more 

bundant in the hydrothermal specimens, with numerous Haver- 

ian channels surrounded by successive osteonal lamellae, as well 

s Howship’s lacunae in the osseous surfaces of the larger vascular 

hannels, suggestive of an active remodelling process. No signs of 

egradation of the biomaterial were observed in any of the condi- 
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Fig. 8. μ-CT histomorphometric analysis: (i) Box plot and overlaid scatter plot of individual events representing the percentage of bone volume in available volume. Sta- 

tistically significant differences indicated with a different number of asterisks (p-value = 0.024). (ii) Radial intrusion of bone into the scaffold. The X-axis represents the 

distance from the external perimeter of the scaffold. The average bone fraction is represented with a darker-coloured line and the 95% confidence interval for that estimate 

is represented with a softer-coloured region. (iii) Cumulative mapping showing the percentage of newly formed bone in available volume along the printing-plane projection 

(average of all the specimens). 
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. Discussion 

Using a hydrothermal hardening process for setting α-TCP- 

ased synthetic bone grafts instead of the traditional biomimetic 

reatment is a strategy of major industrial interest as the process- 

ng time can be significantly reduced [33] . Moreover, contrary to 

hat happens with high-temperature ceramic treatments, it al- 

ows obtaining solid structures with high specific surface areas and 

anostructured surfaces, similarly to biomimetic treatments. The 

im of this study was to shed light on the effects that the two 

reatments have at a chemical and structural level and especially 

n terms of the in vivo response. 

.1. Physicochemical properties 

The hydrothermal treatment of the α-TCP - poloxamer green 

caffolds resulted in two types of changes compared to the 

iomimetic route: slight alterations in the composition ( Fig. 3 ) 

nd a change in the shape of the precipitated crystals ( Fig. 4 ).

he differences in composition were attributed to an allotropic 

-TCP to β-TCP transformation, associated with the temperature 

nd pressure of the process, which coexist with the main reac- 

ion, the hydrolysis of α-TCP to CDHA [31] . Moreover, the higher 

eaction energy of this process favoured the nucleation of apatite 

ith a higher crystallinity [52] . In addition, a small percentage 

f amorphous phase was detected ( ≈ 10% for the hydrothermal 

nd ≈ 7% for the biomimetic). The presence of intermediate amor- 

hous phases has been previously detected in the precipitation of 

any apatitic products, including the hydrolysis of α-TCP, as they 
682 
acilitate the nucleation of apatite crystals [53] . Moreover, accurate 

MR and spectroscopic analyses on precipitated nanoapatite crys- 

als have persistently observed an amorphous-like layer (hydrated- 

ayer) covering the surface of existing nanocrystals. [28] . These two 

ources of amorphous content could explain the presence of amor- 

hous phase detected in the samples. 

Concerning the results from Raman spectroscopy, both scaffolds 

ad very similar features in their phosphates, hydrogen phosphate 

nd hydroxyl bands, despite the different hydrolysis settings: hy- 

rothermal versus biomimetic. In both cases CDHA was charac- 

erised by a small hydroxyl band which, similar to biological bone 

patites, indicates a very small amount of hydroxyl groups com- 

ared to highly pure stoichiometric hydroxyapatites [54] . This lack 

f OH 

- ions is a common feature of non-stoichiometric calcium- 

eficient and hydroxyl- deficient apatites [55] . In addition, the 

PO 4 
2 −, which is common in biological bone apatite (but not in 

toichiometric hydroxyapatite) is also typically observed in the hy- 

rolysis of α-TCP [56] . 

On the other hand, remarkable differences in crystal shape and 

ize were observed. Whilst the biomimetic treatment led to plate- 

ike structures, the hydrothermal setting resulted in needle-like 

rystals elongated along the c -axis and larger in size. Crystallite 

nisotropy for both, plates and needles, was confirmed by XRD, 

rom the anomalously sharp peak corresponding to the (002) re- 

ection (2 θ = 25.9 o ), which indicates preferential crystal growth 

long the [001] direction, i.e. , along the c -axis. Similar results were 

reviously reported [ 32 , 57–59 ]. Moreover, the crystallite size of the 

eedle-shaped microstructure was approximately twice that of the 

late-shaped one. The reason why the shape of the crystals is al- 
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Fig. 9. Scanning electron micrographs of the scaffolds set through biomimetic and 

hydrothermal treatments after 8 weeks of implantation. The scaffold (S) appears in 

light grey in direct contact with the newly formed bone (NB), in darker grey. Haver- 

sian canals (asterisks) surrounded by concentrically arranged lamellae are visible in 

the regions where the bone is at a more advanced stage of remodelling. 
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ered is still unclear as too many variables such as temperature, 

ressure, pH, time, supersaturation, etc. can play a role. Moreover, 

he existence of negatively charged phosphate-rich a -surfaces and 

ositively charged calcium-rich c -surfaces in hydroxyapatite leads 

o surface energy anisotropy, which also affects crystal growth. Ul- 

imately, the morphology of the crystal depends on the competing 

rowth of the a -surface versus the c -surface [32] . Analogously to 

he present observations, a similar difference in crystal morphol- 

gy was observed when comparing calcium phosphates obtained 

y biomimetic setting treatments of α-TCP powders with fine and 

oarse particle sizes ( i.e., d 50 = 2.22 and 10.88 μm, respectively). In 

hat case, a smaller particle size led to a higher reactivity conduc- 

ng to the nucleation of needle-shaped crystals, whereas larger par- 

icles were less reactive and resulted in the nucleation of plate-like 

rystals, although larger than those obtained in the present study 

60] . 

The different crystal morphology had also implications in the 

ore size distribution recorded by MIP. Thus, the acicular crystals 

f the hydrothermal scaffolds gave rise to a more open and in- 

erconnected network, with larger pore entrance size (around 60–

0 nm), and larger intrastrand porosity (57%) in contrast to the 

late-shaped crystals of the biomimetic scaffolds, with very small 

ore entrance size (around 10-20 nm) and lower porosity (48%) 

 Fig. 5 i), in agreement with previous results [61] . Although the dif-

erences in the amount of nanoporosity and nanopore size may ap- 

ear small, they had a big impact on the interaction with physio- 

ogical fluids, as revealed when analysing the BSA adsorption by 

he different substrates ( Fig. 6 ). Whereas in the biomimetic scaf- 

olds the protein was unable to enter the porous network in spite 

f its high porosity, the hydrothermal scaffolds were highly per- 

eable to the diffusion of the protein, due to the higher porosity 

ut, above all, the larger pore entrance size [62] . This resulted in 

 much higher amount of adsorbed protein in the H scaffolds de- 
683 
pite their smaller specific surface area, a factor that may play a 

ole in the distinct in vivo behaviour observed for the two materi- 

ls notwithstanding the similarity in chemical composition. 

Although poloxamer 407 is an FDA-approved compound cate- 

orised as an inactive ingredient with a multitude of pharmacolog- 

cal applications [63] , the amount of poloxamer remaining in the 

nal scaffolds was quantified in order to analyse if it could have 

ny contribution to the observed biological results. The percentage 

f remaining binder was very small (less than 1 wt.%) compared 

o the 9.31 wt.% present in the initial ink. This indicates that the 

olymer was washed out during the setting step, while the sam- 

les were immersed in water, as it is water-soluble. Therefore, the 

ifferences observed in terms of biological performance cannot be 

ssociated with the presence of poloxamer in the scaffolds, as the 

mount differs in only 0.12 wt.% between experimental conditions. 

.2. Scaffold morphology and mechanical properties 

Shrinkage is one of the most critical aspects that have to be 

losely monitored for the design of personalised bone grafts by 

D printing. After printing, the green bodies obtained by the ex- 

rusion of ceramic powder inks are normally subjected to drying 

nd sintering treatments. Both, the removal of the binder and the 

ormation of interparticle necks during the sintering process result 

n the shrinkage of the structure, and its magnitude depends on 

 multitude of factors, like the material, the ink solid fraction or 

he temperature and time of the thermal treatments among oth- 

rs [64] , and typically ranges from 10 to 40% for DIW processes 

15 , 65] . However, in the present work, the ink was composed of 

 reactive α-TCP powder, able to harden at a low temperature by 

 chemical consolidation process which allows circumventing the 

intering step. As a result, much smaller shrinkages, below 3%, 

ere recorded ( Fig. 5 ii). 

The self-setting reaction is driven by the progressive dissolution 

f α-TCP and consequent precipitation of CDHA [21] . Fernandez et 

l . determined that the dimensional changes associated with the 

ydrolysis reaction of α-TCP to CDHA in calcium phosphate ce- 

ents were as small as 0.10% [66] . Previous studies regarding its 

pplication to DIW considered shrinkage of these self-setting inks 

o be negligible [18 , 67] . Nonetheless, other works reported the ex- 

stence of dimensional changes in the strands during the setting 

reatment, leading to longitudinal cracking [29 , 30] . To the best of 

ur knowledge, the shrinkage associated with DIW calcium phos- 

hate cement scaffolds had not been quantified so far. 

In the present study, we were able to quantify by μ-CT a small 

ut statistically significant linear shrinkage, more pronounced for 

he biomimetic scaffolds than for the hydrothermal ones, which 

as anisotropic, considerably larger in the X and Y printing direc- 

ions than in the Z (vertical) direction ( Fig. 5 ii and iii). This small

ontraction may be the result of a combination of multiple events 

ccurring at different stages of the scaffold fabrication process 

68] : i) gravitational shrinkage, which may occur during the print- 

ng process when the ink still has not solidified. It is caused by the 

trand’s own weight and it affects only the vertical direction (Z) 

69–71] ; ii) evaporation shrinkage, which may take place just after 

xtrusion due to the evaporation of the binder’s solvent. It gives 

ise to longitudinal shrinkage, which affects mainly the printing 

lane directions ( i.e. , X and Y) [68] ; iii) shrinkage linked to the re-

oval of the binder by release in solution during the setting treat- 

ent. Some authors have reported swelling instead of contraction 

ssociated with the interaction of the binder with water [29 , 30] ; 

v) finally, dimensional changes associated with the consolidation 

rocess, in the present study the crystal entanglement during the 

ement-like reaction. These are much smaller than those observed 

n sintering processes due to the interparticle necking, and in both 

ases are isotropic [66 , 70 , 72] . 
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Fig. 10. Micrographs of undecalcified Masson-Goldner trichrome stained histological sections of biomimetically hardened (Top) and hydrothermally hardened (Bottom) 3D 

scaffolds. Both conditions showed a proper interaction of the scaffold (S) with the newly formed bone (NB), stained in green. Osteocytes inside lacunae are recognisable 

along all the calcified bone matrix and a network of blood vessels (white arrowheads) is identified in both materials (ii, iii, viii, ix). (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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The small shrinkage detected in the present work was observed 

referentially in the XY direction, and was negligible in the Z di- 

ection. This can be attributed on one hand to the robust gel- 

mbedded powder suspension used, with pseudoplastic properties 

73] , and on another hand to the fixed layer height and the large

ayer overlap employed (25.7% of the strand diameter), which al- 

owed each layer to compensate for potential vertical shrinkage in 

he previous layers. Similar trends were reported by other studies 

ith calcium phosphate - poloxamer 407 inks, reporting more ac- 

entuated shrinkages in the printing plane directions than in the 

ertical direction [15 , 68] . The shrinkage observed could be associ- 

ted with the evaporation of water during the printing process, or 

he release of the binder during the setting of the scaffolds. How- 

ver, although the release of the binder when immersed in water 

uring setting is almost total [33] , this does not result in a high

hrinkage, contrary to what happens during debinding for most ce- 

amic inks. This could be explained by the fact that simultaneously 

ith the binder dissolution, the reaction of the ceramic powder 

akes place, which results in the precipitation of an entangled net- 

ork of newly precipitated crystals. 

The difference between the two consolidation treatments was 

ot statistically significant, although a more pronounced shrink- 

ge was observed in the B condition. Although one possible reason 

ould be a different degree of binder’s washout during the two set- 

ing treatments, this was discarded due to the very similar amount 

f retained poloxamer, as revealed by the organic carbon content 
684 
easurement. In the same vein, a previous study in reactive cal- 

ium phosphate robocasted structures observed different shrink- 

ge behaviours attributed to different cement setting treatments 

29] . Moreover, the higher shrinkage of the B condition is consis- 

ent with the smaller intrastrand porosity of the structure observed 

y MIP ( Fig. 5 i, Table 1 ). In summary, the precise determination of

he shrinkage has confirmed the high dimensional stability associ- 

ted with this type of inks and the advantage over the sintering- 

ased approach. The values of shrinkage observed are compatible 

ith the levels of shape accuracy required for patient-specific ap- 

lications, as the resolution of the technique itself involves larger 

ariability. 

Regarding the mechanical properties, higher compressive and 

exural strength were recorded for the hydrothermally treated 

caffolds ( Table 2 ). Since both scaffolds had similar total poros- 

ty, this trend seems to be associated with the levels of inter- 

trand macroporosity, which was lower for the hydrothermal scaf- 

olds than for the biomimetic ones, and affected the mechanical 

ehaviour more markedly than the internal porosity of the strands, 

hat was higher for the hydrothermal than for the biomimetic sam- 

les ( Table 1 ). An additional parameter to be considered, besides 

orosity, is that the mechanical interlocking of the needle-shaped 

rystals can be more efficient than that provided by plate-like mi- 

rostructures. This is in agreement with a previous study analysing 

he effect of the microstructure on the mechanical properties of 

alcium phosphate cements [60] . 
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.3. In vitro performance 

A successful cell attachment and proliferation was achieved in 

oth sample conditions, indicating the suitability of the two scaf- 

old types for biological applications regardless of their different 

icrostructures and composition. However, the higher initial cell 

dhesion in the biomimetically treated samples indicated that the 

late-like crystals nanotopography was more favourable for the cell 

dhesion process. These results differ from previous studies com- 

aring needle- and plate-like CDHA nanocrystals in flat specimens, 

here no cell adhesion differences were observed [35 , 74] . Never- 

heless, in those studies the needle-shaped crystals were remark- 

bly smaller than the plate-shaped counterparts, which is not the 

ase in the present study. Regarding the ALP results, the increasing 

rend in both conditions evidences the ability of this type of mate- 

ials to promote cell differentiation, which has been widely stud- 

ed in the literature [34 , 75] . In spite of the preconditioning treat-

ent applied, aimed at mitigating the detrimental effect that the 

onic fluctuations may have on cells, the ionic interactions with 

he culture medium were not completely stopped. Similar obser- 

ations have been reported in previous studies with CDHA, with 

 remarkable decrease of Ca 2 + levels in the medium and smaller 

hanges in the P i concentration [46 , 76] . These are directly related 

o its non-stoichiometric nature, its low crystallinity and the high 

SA. In contrast, in an in vivo scenario ionic exchange plays a key 

ole in the bone regeneration process. In any case, it is important 

o highlight that, in spite of the different textural properties, the 

onic exchange followed the same trend in the two materials stud- 

ed. Therefore, it should not be considered as a possible cause of 

he differences observed in vitro , let alone in vivo where there is 

lso a buffering effect and body fluids circulation [35] . 

.4. In vivo performance 

The histological evaluation showed bone growth in direct con- 

act with both biomaterials. No evidence of fibrous encapsulation 

or foreign body reaction were observed in any of the samples 

 Figs. 8 and 9 ). This confirms the biocompatibility of the low- 

emperature set ( i.e., hydrolysed) CDHA biomaterials, which has 

een already reported in several studies [25 , 27 , 77 , 78] . The newly

ormed bone was homogeneously distributed along the axial di- 

ection and followed a gradient in the radial direction, evidencing 

he osteoconductive properties of the material. Moreover, the in- 

erconnected porosity of the 3D-printed scaffolds allowed for the 

ormation of widespread blood vessels along the structure. 

Sanding the lateral faces of the scaffolds allowed to remove the 

dges with irregular and folded filaments and to obtain a struc- 

ure composed of straight strands, reproducing the predominant 

rrangement of larger grafts used in a clinical scenario. 

Performing a μ-CT-based volumetric quantification was crucial 

or a complete histomorphometric assessment of such a patterned 

tructure. Unlike in isotropic architectures such as foams, where a 

wo-dimensional analysis may be representative, in this case, the 

orosity of the cross-section is very dependent on the orientation. 

he percentages of bone found in the grafted structures ( Fig. 8 i) 

ere similar to the ones found in the original trabecular defect 

egion, assessed in the surrounding tissue. Additionally, this ap- 

roach allowed to obtain further information to the classical bone 

urface over total surface (BS/TS) or bone volume over total vol- 

me (BV/TV) ratios. In this regard, bone intrusion could be as- 

essed quantitatively ( Fig. 8 ii). No differences in the trend of the 

one intrusion curves were identified between sample conditions, 

ndicating that both materials presented similar osteoconduction 

roperties. However, the vertical offset observed in the hydrother- 

al curve indicated a more advanced regeneration stage which is 

n agreement with the bone volume quantifications. Furthermore, 
685 
he average bone percentage mappings corroborated both obser- 

ations ( Fig. 8 iii). In both plots, a texture could also be identified

hich is associated with the pattern of the strands constituting the 

caffold’s structure. 

In spite of the high similarity between the two materials com- 

ared, significantly higher percentages of newly formed bone were 

btained in the hydrothermal condition ( Fig. 8 i). The distinctive 

eatures were the presence of 10% of β-TCP in the H samples, and 

he difference in microstructure, i.e. the needle-shaped vs plate- 

haped morphology of the precipitated crystals in the H and B 

amples, respectively, as well as a lower SSA for the former. Re- 

arding the presence of β-TCP, one could hypothesise that it could 

ncrease the release of calcium in the surrounding tissues due to 

ts higher solubility. However, previous studies showed that de- 

pite having a higher solubility, the release of Ca from β-TCP was 

maller than that from biomimetic CDHA due to the poor crys- 

allinity and higher SSA of the latter [79] . Moreover, when in- 

reasing amounts of β-TCP were introduced in CDHA cements it 

as shown that calcium release was unaffected since β-TCP re- 

ained hidden within the CDHA matrix, which is also the case 

n the present material [80] . For these reasons, it seems that 

he cause of the different behaviours should rather be associ- 

ted with the microstructural changes. Previous in vivo studies 

ound a direct correlation between the microstructure of calcium 

hosphates and the bone regeneration process, being the needle- 

haped microstructures the ones presenting the most promis- 

ng results [34 , 36 , 81–83] . Specifically, in agreement with the re- 

ults obtained in the present work, an earlier study comparing 

iomimetic CDHA with needle-like crystals vs plate-like crystals 

oncluded that the needle-shaped microstructure resulted in ac- 

elerated osteoinductive and osteogenic properties [35] . This evi- 

ence of the benefits of the needle-like morphology has led to the 

evelopment of hydrothermal methods for the production of mi- 

rotextured coatings on stable calcium phosphate ceramics such as 

iphasic calcium phosphates [81] . 

One aspect that could also contribute to the distinct in vivo 

ehaviour is the fact that the two scaffold types exhibited large 

ifferences in permeability to physiological fluids and soluble pro- 

eins, as seen in the BSA adsorption study. This is known to be a 

elevant factor regarding osteogenesis, where soluble proteins play 

 crucial role [84 , 85] . Specifically, many non-collagenous bone pro- 

eins ( e.g. , bone morphogenetic proteins, osteocalcin, bone sialo- 

rotein and fibronectin) play a major role in the bone formation 

rocess, triggering different steps of the cascade, and modulat- 

ng the mineralisation process through their particular conforma- 

ion and negative charge, which allows creating coordinating bonds 

ith calcium cations [86] . In this sense, the extremely low perme- 

bility of the biomimetic scaffolds may be considered a detrimen- 

al aspect for their in vivo performance. 

Finally, the morphological features of the osseous tissue found 

n the hydrothermal samples suggested a higher level of maturity. 

 larger number of lamellae was visible surrounding the Haver- 

ian channels of the larger and numerous osteons ( Fig. 8 ). The ce-

ent lines visible in the lamellar bone around the scaffolds ( Fig. 9 )

urther indicated a more advanced stage in the bone remodelling 

rocess. The bone present in the biomimetic samples was mostly 

oven bone, with some osteons surrounded by a limited number 

f lamellae ( Fig. 8 ). 

. Conclusion 

The aim of this work was to compare two different hardening 

rocesses in 3D-printed CDHA scaffolds: one biomimetic and an- 

ther hydrothermal. For the first time, we quantified the shrinkage 

ssociated with the α-TCP setting reaction to CDHA on 3D-printed 

caffolds, concluding that it represents a minimal distortion to 
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he global scaffold ́s structure. Both the biomimetic and hydrother- 

al treatments resulted in biocompatible scaffolds with osteocon- 

uctive properties. However, the differences in the microstructure, 

anoporosity and nanopore size turned out to be key in both the 

nteraction with proteins in solution and the osteogenic capacity of 

he materials. The specific features obtained by the hydrothermal 

rocess were found to be more favourable, resulting in significantly 

ore bone. The implications for the clinical translation are clear, 

ue to the reduced processing times required in the hydrothermal 

outes compared to the widely studied biomimetic methods. 
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