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a b s t r a c t 

Bone has the capacity to regenerate itself for relatively small defects; however, this regenerative capacity 

is diminished in critical-size bone defects. The development of synthetic materials has risen as a distinct 

strategy to address this challenge. Effective synthetic materials to have emerged in recent years are bio- 

ceramic implants, which are biocompatible and highly bioactive. Yet nothing suitable for the repair of 

large bone defects has made the transition from laboratory to clinic. The clinical success of bioceramics 

has been shown to depend not only on the scaffold’s intrinsic material properties but also on its inter- 

nal porous geometry. This study aimed to systematically explore the implications of varying channel size, 

shape, and curvature in tissue scaffolds on in vivo bone regeneration outcomes. 3D printed bioceramic 

scaffolds with varying channel sizes (0.3 mm to 1.5 mm), shapes (circular vs rectangular), and curvatures 

(concave vs convex) were implanted in rabbit femoral defects for 8 weeks, followed by histological eval- 

uation. We demonstrated that circular channel sizes of around 0.9 mm diameter significantly enhanced 

bone formation, compared to channel with diameters of 0.3 mm and 1.5 mm. Interestingly, varying chan- 

nel shapes (rectangular vs circular) had no significant effect on the volume of newly formed bone. Fur- 

thermore, the present study systematically demonstrated the beneficial effect of concave surfaces on bone 

tissue growth in vivo , reinforcing previous in silico and in vitro findings. This study demonstrates that op- 

timizing architectural configurations within ceramic scaffolds is crucial in enhancing bone regeneration 

outcomes. 

Statement of significance 

Despite the explosion of work on developing synthetic scaffolds to repair bone defects, the amount of 

new bone formed by scaffolds in vivo remains suboptimal. Recent studies have illuminated the pivotal 

role of scaffolds’ internal architecture in osteogenesis. However, these investigations have mostly re- 

mained confined to in silico and in vitro experiments. Among the in vivo studies conducted, there has 

been a lack of systematic analysis of individual architectural features. Herein, we utilized bioceramic 3D 

printing to conduct a systematic exploration of the effects of channel size, shape, and curvature on bone 

formation in vivo . Our results demonstrate the significant influence of channel size and curvature on in 

vivo outcomes. These findings provide invaluable insights into the design of more effective bone scaffolds. 

© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

The effective management of bone loss due to trauma, can- 

er, and other diseases is a major clinical challenge in orthope- 

ics surgery [1] . Current clinical gold standards for treating bone 

efects primarily include autografts and allografts. However, these 

reatment strategies often face challenges in providing satisfactory 

one regeneration outcomes, such as donor site morbidity, infec- 

ion, and disease transmission [2] . A viable alternative that has 

een attracting growing interest in recent years is bone tissue en- 

ineering, in which synthetic bone substitutes composed of porous 

etals, polymers, or bioceramics are provided as tissue scaffolds 

o reconstruct bone defects and restore the functionality of normal 

one tissue [3] . 

Over the past few decades, significant effort s have been devoted 

o developing synthetic bone tissue scaffolds [4] . Yet, despite sig- 

ificant advances in the field, current tissue scaffolds are ineffec- 

ive in treating large bone defects and have rarely been translated 

o the clinic [ 5 , 6 ]. One of the main challenges in the clinical trans-

ation of these bone substitutes has been their suboptimal bone re- 

eneration outcome compared with the current clinical gold stan- 

ards – i.e. , autografts and allografts. In tissue engineering, fac- 

ors such as material properties, pore architecture, surface proper- 

ies, and biophysical stimuli influence bone tissue formation within 

caffolds [7–13] . Among these, the internal architecture of the scaf- 

olds has been identified as a critical determinant of osteogenesis 

14–16] . 

Recent in vitro and in vivo studies have shed light on the criti- 

al role of scaffolds’ internal architecture – such as their porosity, 

nterconnectivity, pore size, and shape – in osteogenesis [ 14 , 17–

9 ]. Amongst various architectural features, the effects of poros- 

ty and interconnectivity have been most explored. Scaffolds with 

00 % pore interconnectivity are shown to significantly improve 

one tissue formation compared with those with disconnected 

ores [ 20 , 21 ]. Furthermore, scaffolds with higher porosity ( i.e. , 

ower solid volume) are known to enhance bone tissue regener- 

tion, however, increased porosity is usually associated with me- 

hanically less strong scaffolds [22] . 

On length scales exceeding that of an individual cell, typically in 

he range of hundreds of microns to millimetres, geometric param- 

ters such as pore size, shape, and curvature play a pivotal role in 

ictating cell organization and tissue patterning [ 10 , 23 , 24 ]. Pores

an have various shapes – e.g. , circular or rectangular – affect- 

ng the bone formation process within the scaffolds. For example, 

idan et al. [23] showed that the initial tissue deposition in cross- 

haped pores was significantly faster than that observed in square 

ores in vitro . The curvature of a pore could also affect bone tissue 

ormation. In vitro and in silico studies have shown that the rate 

f local tissue growth is directly proportional to the mean surface 

urvature, with an accelerated growth rate observed on concave 

urfaces with a high mean curvature [25] . Another macroscopic ge- 

metric consideration is pore size, where empirical studies consis- 

ently indicate its pronounced influence on outcomes of bone tis- 

ue formation [26] , with a predominant recommendation favouring 

izes beyond 300 μm [11] . Nevertheless, the exclusive role of pore 

ize in bone tissue formation remains largely unknown due to the 

ack of systematic in vivo analyses. 

Studies exploring the effects of pore size, shape, and curvature 

re mostly carried out within in vitro settings, which fail to repli- 

ate the mechano-biological environment of the living body. Of 

hose that have explored pore size and shape in vivo [27] , there is

 lack of a systematic approach to exclusively determine the sole 

ffects of pore size, shape, and curvature on in vivo osteogenesis. 

Indeed, architectural features of scaffolds are often interrelated, 

nd altering one structural parameter can have a cascading effect 

n the other geometric features within the scaffold. For example, 
2

hen pore size is increased, it usually leads to an elevation in the 

orosity of the scaffold, thereby hindering the ability to isolate the 

mpact of pore size alone. This interaction can make it challenging 

o isolate the impact of a single parameter, such as pore size on 

one formation outcomes in the scaffold. 

In the present study, we used a systematic approach to iso- 

ate and understand the specific effects of pore size, shape, and 

urvature in 3D printed bioceramic scaffolds, on in vivo bone tis- 

ue regeneration. To be able to differentiate the effect of pore size 

nd shape from other architectural properties of the scaffolds, we 

reated scaffolds with isolated channels of various sizes, shapes, 

nd curvatures. The use of channels instead of traditional pores al- 

owed for a more controlled investigation of each geometric fea- 

ure’s individual impact on bone formation, minimizing confound- 

ng influences from interconnected pore networks. Scaffolds were 

abricated from Baghdadite (Ca3 ZrSi2 O9 ), a bioactive bioceramic 

aterial with properties that support osteoconduction [28] , using 

ur recently developed ceramic stereolithography (SLA) 3D print- 

ng procedure [ 28 , 29 ]. This method is essential for precisely con- 

rolling the scaffold’s architectural features, including channel size 

nd shape. The baghdadite scaffolds were implanted in a cylindri- 

al defect in the rabbit femoral shaft near the femoral head for 8 

eeks to determine the volume of bone ingrowth in each channel 

ithin the implants. 

. Materials and methods 

.1. Scaffold design 

To systematically investigate the effects of channel size, shape, 

nd curvature on bone tissue formation, we designed bioceramic 

caffolds in the shape of cylindrical bone plugs in SolidWorks. 

hese scaffolds had an overall diameter and depth of 7 mm and 

.2 mm, respectively. Table 1 depicts the geometric details of var- 

ous channel sizes, shapes, and curvatures explored in the current 

tudy. The circular channels had five different diameters: 0.3 mm, 

.6 mm, 0.9 mm, 1.2 mm, and 1.5 mm. The rectangular channels 

ere designed either to have a similar surface area to circular 

hannels with diameters of 0.6 mm and 0.9 mm or to allow cir- 

les with diameters of 0.6 mm and 0.9 mm to fit into them. The 

urved surfaces were either concave or convex with diameters of 

.3 mm, 0.6 mm, and 0.9 mm. 

.2. Scaffolds fabrication 

The scaffolds were first designed in SolidWorks and then con- 

erted to STL files. The 3D printing of the scaffolds was done by 

ollowing our recently developed ceramic 3D printing procedure 

 28 , 29 ]. In short, baghdadite was synthesized using solid-state syn- 

hesis. The precursors were calcium oxide CaO, zirconium oxide 

rO2 , and silicon oxide SiO2 , all sourced from Sigma Aldrich (Aus- 

ralia). Ball milling (Retsch PM 400, Germany) at 200 rpm for three 

ours was used to ensure a homogenized particle size across all 

recursors, measured using laser scattering particle size analysis 

Horiba, Japan). The refined slurry was formed into pellets using 

niaxial dry pressing. The pellets were then fired at 1300 °C for 

hree hours for the reaction between the precursors to complete. 

he sintered pellets were ground using ball milling to make the 

aghdadite particles. 62 % of these particles were mixed with 19 % 

hotosensitive polymer (clear resin V4, Formlabs, USA) and 19 % 

ispersant (Twin 20, Sigma Aldrich) using ball milling at 100 rpm 

or 30 min to make the ceramics resin. Formlabs Form 2 printer 

NY, US) was then used to print the scaffolds that were designed 

y Solidworks (MA, US). The baghdadite synthesis, resin develop- 

ent, and sintering details are reported in [ 28 , 29 ]. 
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Table 1 

Geometric details of various channel sizes, shapes, and curvatures explored in the current study. 

Circular channels 

Diameter (mm) 0.3 0.6 0.9 1.2 1.5 

Rectangular channels 

For comparison with circular channels with 

diameter of 0.6 mm 

For comparison with circular channels with 

diameter of 0.9 mm 

Length (mm) 0.51 0.6 0.3 0.79 0.9 0.6 

width (mm) 0.51 0.6 0.85 0.79 0.9 1.05 

Curved surfaces 

Concave Convex 

Diameter (mm) 0.3 0.6 0.9 0.3 0.6 0.9 

l

f

c

c

t

I

d

w

F

c

2

a

i

o

u

r

P

f

a

c

c

s

a

t

F

c

l

p

n

c

2

s

t

p

p

a

m

i

b

d

s

t

p

w

h

i

t

f

t

t

r

s

t

c

c

p

w

i

2

c

i

(

f

s

s

p

w

i

[

2

v

a

T

o

3

3

t

l

∼
l

To ensure consistency in the cleaning of the samples, we fol- 

owed a standardized protocol as follows: After removing the parts 

rom the 3D printer, the samples were immersed in isopropyl al- 

ohol (IPA) for 30 min to remove the uncured material from the 

hannels. To further ensure the complete removal of uncured ma- 

erial, we subjected the samples to ultrasonication for 5 min in an 

PA bath. After sintering, we used high-pressure air to remove any 

ust and debris from the samples. The samples were then rinsed 

ith distilled water to wash off any remaining dust and debris. 

ollowing these cleaning steps, the samples were transferred to a 

lean container for storage and sterilization before surgery. 

.3. Micro-CT scanning 

To evaluate the quality and accuracy of the scaffolds’ internal 

rchitecture, representative samples were scanned post-3D print- 

ng. μCT-based models were then created from the μ-CT images 

f these specimens. For this purpose, each scaffold was scanned 

sing a SkyScan 1172 (Kontich, Belgium) at an 8 μm voxel size 

esolution with 100 kV, 100 μA, and a 1.0 mm aluminum filter. 

rojection images were integrated for 885 ms every 0.5 ° over a 

ull 180 ° rotation. Each raw data set was then reconstructed into 

n axial stack saved as greyscale BMP images using SkyScan’s re- 

onstruction software NRecon (Kontich, Belgium) for further pro- 

essing. Reconstruction parameters were kept constant for each 

can of a specimen to provide consistent greyscale factors for the 

nalysis. Each set of reconstructed images was then imported into 

he image-processing software ScanIP (Simpleware Ltd, Exeter, UK). 

urthermore, we conducted μ-CT scanning on the scaffold-bone 

onstructs after harvesting the explants. For these scans, we uti- 

ized a SkyScan 1176 μ-CT (Kontich, Belgium) and scanned the ex- 

lants at an 18 μm voxel size resolution. It is noted that μ-CT scan- 

ing was performed on only 3 of the scaffolds containing circular 

hannels. 

.4. Animal surgical procedures 

Mature male rabbits (12 weeks old) were employed for present 

tudy. The animal study was reviewed and approved by the Institu- 

ional Animal Care and Use Committee of the Ninth People’s Hos- 

ital, Shanghai Jiao Tong University (SH9H2020-A116-1). The ex- 

erimental operations were performed in sterile conditions. Briefly, 

fter general anesthesia, an incision along each femoral shaft was 

ade to expose the femur. Then, cylindrical bone defects ( ∼7 mm 

n diameter and ∼3.2 mm in depth) were created by a customized 

ur in the middle of the epiphysis. Subsequently, each scaffold un- 

er strict sterilization was used to restore the defects, and the inci- 

ion was sutured in layers. Antibiotics were injected post-surgically 

o prevent inflammation and infection [30] . After the 8-week study 
3

eriod, the animals were humanely euthanized, and the scaffolds 

ere explanted for further analysis using micro-CT scanning and 

istological analyses. 

In this study, six rabbits were used, with each animal receiv- 

ng two implants—one in each leg. Due to the death of one rabbit, 

wo samples were lost, resulting in a total of four samples for scaf- 

olds containing circular channels, four samples for scaffolds con- 

aining rectangular channels, and two samples for scaffolds con- 

aining curved surfaces. Since each scaffold contained at least two 

epetitions of each specific channel, the sample number for each 

pecific channel was at least twice the number of scaffolds con- 

aining that channel. For example, we had four scaffolds containing 

ircular channels, and each scaffold contained two repetitions of 

ircular channels with a diameter of 1.5 mm. Therefore, the sam- 

le number for the circular channels with a diameter of 1.5 mm 

as eight. The specific sample number for each channel is detailed 

n the captions of the relevant figures. 

.5. Histological observation 

At 8 weeks, explants of scaffolds were excised and left undecal- 

ified for histological evaluation. The specimens were embedded 

n PMMA and trimmed into 10- μm-thick slices using a microtome 

Leica, Germany). Then, at least two transversal cross-sections (one 

or Toluidine Blue staining and one for Van Gieson ̓s picrofuchsin 

taining) parallel to the top and bottom surfaces of the cylindrical 

caffolds were cut approximately in the middle of the scaffolds, ap- 

roximately 1.6 mm away from the cancellous bone. The sections, 

ith a thickness of ∼10 μm, were subsequently stained with Tolu- 

dine Blue or Van Gieson ̓s picrofuchsin as previously described in 

 17 , 31 ]. 

.6. Statistical analysis 

The statistical analysis was performed using GraphPad Prism 

1.0 (GraphPad, San Diego, California, USA). Data are represented 

s mean (SD). For the statistical analyses, ANOVA followed by 

ukey’s multiple comparisons test was used. A calculated p -value 

f less than 0.05 was considered statistically significant. 

. Results 

.1. Circular channels with varying dimensions 

To systematically investigate the effects of channel size on bone 

issue formation, we designed and 3D printed scaffolds with iso- 

ated circular channels with diameters ranging from ∼0.3 mm to 

1.5 mm ( Fig. 1 . a and b). These channels, running along the 

ength of the scaffold, were about 3.2 mm long and open on both 
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Fig. 1. Scaffolds cont aining isolated circular channels with varying diameters. (a) The 3D model of the scaffold reconstructed from μ-CT images; (b) the top surface of the 

scaffold depicting the random distribution of the channels with varying diameters; (c) the scaffold implanted in the defect; (d) post-operative x-ray image of the defect site. 

Scale bar = 1 mm. 
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he bottom and top sides of the scaffolds. The bottom side was 

xposed to the cancellous bone, and the top side was exposed to 

he periosteum, in order to ensure that the scaffolds are in direct 

ontact with the surrounding bone tissue. 

Each scaffold cont ained at least two replicates of each specific 

hannel size positioned randomly in the construct. If a channel 

ould not be cleaned thoroughly and consequently blocked during 

he fabrication and cleaning process, it was excluded from the data 

nalyses. The scaffolds had an overall diameter and depth of 7 mm 

nd 3.2 mm, respectively. They were press-fitted into bone defects 

f the same dimensions located in the rabbit femoral shaft near 

he femoral head ( Fig. 1 . c and d). 

Fig. 2 depicts representative images of the histological sections 

or each specific channel size. The bone formed in each channel 

ppeared of normal structure with numerous osteocytes and mixed 

oven and mature lamellar bone. Histological results also revealed 

ccasional deposits of adipose tissue. There were sections of the 

one surface that show crenated surfaces (indicated by arrows) on 

he ingrowing new bone indicating remodeling activity is occur- 

ing. 

Fig. 3a compares the percentages of newly formed bone area 

 i.e. , area of new bone tissue relative to the total area of the

hannel) for each of the five different channel sizes. These newly 
ormed bone areas were calculated in the same transversal cross- s

4

ection located approximately in the middle of the scaffold and 

unning parallel to its top and bottom surfaces. The results showed 

hat bone formed in the channels with a diameter of 0.9 mm had 

n average percentage growth rate that was 89 % and 94 % higher, 

ompared to channels with diameters of 0.3 mm and 1.5 mm, re- 

pectively. While the average bone growth in channels with diame- 

ers of 0.6 mm and 1.2 mm was 11 % and 28 % lower, respectively,

ompared to the bone formation in the channels with a diame- 

er of 0.9 mm, there were no significant differences between the 

rowth rates of bone in the 0.6 mm, 0.9 mm, and 1.2 mm chan- 

els. 

To verify that the histology results in 2D accurately reflect the 

ctual bone formation volume in 3D channels, new bone tissue 

olume was quantified in each circular channel using μ-CT anal- 

ses, as depicted in Fig. 3b . While the ratio of new bone volume to

vailable volume in each channel (measured using micro-CT anal- 

sis) was relatively lower than the ratio of new bone surface area 

o available surface area in each 2D channel (measured using his- 

ology analysis), the trends observed in both analyses were consis- 

ent. 

To evaluate the ingrowth depth of new bone tissue within each 

hannel, micro-CT data was used to quantify the bone tissue sur- 

ace area at three distinct depths in each circular channel. The re- 

ults of this analysis are illustrated in Fig. 4 . The micro-CT data 
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Fig. 2. Representative histology images of circular channels with varying diameters at 8 weeks. The Toluidine Blue staining (black: implant; blue: bone) and Van Gieson’s 

staining (black: implant; red: bone) were used to quantify the newly formed bone in channels at a cross-sections located approximately in the middle of the implant. Scale 

bar = 0.25 mm. 
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evealed that bone formation occurred at varying depths in most 

hannels, albeit with differing quantities of new bone tissue at 

ach depth. Notably, we observed a trend of decreasing bone tis- 

ue quantity with increasing depth in channels with diameters of 

.3 mm, 0.9 mm, 1.2 mm, and 1.5 mm. Despite this trend, there 

as no significant difference in bone formation outcomes across 

hese three depths. 

.2. Rectangular channels with varying dimensions and aspect ratios 

To investigate how channel shape can affect bone tissue for- 

ation in vivo , we designed and 3D printed scaffolds contain- 

ng rectangular channels with varying dimensions and aspect ra- 

ios ( Fig. 5 ). Similar to scaffolds with circular channel described 

n Section 3.1 , these scaffolds had overall diameter and depth of 

 mm and 3.2 mm, respectively and were implanted into bone de- 

ects of the same dimensions located in the rabbit femoral shaft 

ear the femoral head ( Fig. 5 . a and b). 

In order to establish a meaningful comparison between circular 

nd rectangular channels, we meticulously ensured that both pos- 

essed identical channel size during the design process. For this 

urpose, we considered two different definitions for the channel 

ize when the shape was rectangle: (1) channel size defined as 

he diameter of the largest circle that can fit inside the rectangle 
5

Group A2 and B2 in Fig. 5 . f); and (2) channel size defined as the

iameter of a circle that has the same surface area as that of a 

ectangle (Group A3, A4, B3, and B4 in Fig. 5 . f). We also consid-

red that the rectangle can have any aspect ratio as in Groups A4 

nd B4 ( i.e., a and b can have different dimensions). These longitu- 

inal rectangular channels corresponded to circular channels with 

iameters of 0.6 mm (Group B1) and 0.9 mm (Group A1) and were 

andomly positioned within the scaffolds ( Fig. 5 . e). 

Representative histological images for each specific rectangu- 

ar channel are depicted in Fig. 6 . Fig. 7 compares the bone area

ormed in these six rectangular channels with their correspond- 

ng circular channels. These new bone areas were calculated in the 

ame cross-sections running parallel to the top and bottom sur- 

aces of the scaffolds. Quantit ative results demonstrated no sig- 

ificant difference between bone growth in the rectangular chan- 

els and their corresponding circular channels with diameters of 

.6 mm and 0.9 mm. Moreover, results indicated that changing the 

spect ratio ( i.e., a / b ratio) of rectangular channels does not change 

heir bone formation rate if their surface areas are consistent. 

.3. Comparison of concave and convex surfaces 

To determine how surface convexity/concavity affects osteogen- 

sis, we designed and fabricated a scaffold with concave (negative 
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Fig. 3. Quantitative bone formation results of the circular channels. (a) The ratios of the new bone area to the total channel area were measured at histological cross-sections 

(Van Gieson’s staining) located in the middle of the samples. Bone surface area was measured in the channels with diameters of 0.3 mm ( n = 10), 0.6 mm ( n = 8), 0.9 mm 

( n = 8), 1.2 mm ( n = 8), and 1.5 mm ( n = 8). (b) The ratios of the new bone volume to the total channel volume were measured using μ-CT data. Bone volume was 

measured for the channels with diameters of 0.3 mm ( n = 7), 0.6 mm ( n = 6), 0.9 mm ( n = 6), 1.2 mm ( n = 6), and 1.5 mm ( n = 6). 

Fig. 4. Comparison of bone formation results at different depths within the circular channels. The μ-CT data were used to measure bone formation (bone area/channel area) 

at three different depths: 0.6 mm, 1.6 mm, and 2.6 mm away from the cancellous bone. These measurements were taken for circular channels with diameters of 0.3 mm 

( n = 7), 0.6 mm ( n = 6), 0.9 mm ( n = 6), 1.2 mm ( n = 6), and 1.5 mm ( n = 6). 

6
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Fig. 5. Geometric and surgical details of scaffolds containing isolated rectangular channels. (a) an image showing the implantation site in a rabbit femur; (b) a post-operative 

x-ray image of the surgical site; (c) a 3D reconstructed μ-CT model of a scaffold containing rectangular channels before implantation; (d) a cross-sectional μ-CT scan of the 

scaffold depicting the random distribution of rectangular channels with various dimensions and aspect ratios. This cross-section is perpendicular to the longitudinal direction 

of the channels; (e) and (f) show the dimensions and distribution of rectangular channels in the scaffold. Scale bar = 2 mm. 

7
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Fig. 6. Representative histological results of isolated rectangular channels. The Toluidine Blue staining (black: implant; blue: bone) and Van Gieson’s staining (black: implant; 

red: bone) were used to quantify the newly formed bone in channels at cross-sections located approximately in the middle of the scaffolds and ran parallel to their top and 

bottom surfaces. Scale bar = 0.25 mm. 
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ean curvature) and convex (positive mean curvature) surfaces as 

epicted in Fig. 8 . The scaffold was a cylinder with a diameter and

 height of 7 mm and 3.2 mm, respectively. Inside, there was a 

ollow cubic cavity with sides of 4 mm. One side of the cubic 

avity was flat (zero mean curvature) while the other sides of the 

ube featured four curved surfaces, consisting of concave and con- 

ex curvatures with different diameters of 0.3 mm, 0.6 mm, and 

.9 mm. Of the four samples implanted in rabbits, one broke post- 

mplantation, and two were lost due to the death of the animal. 

Fig. 9 illustrates the bone formation results at two different 

ross-sections cut approximately at the middle of the unbroken 

ample. The histological image of the broken implant is provided in 

he Supplementary materials. As depicted in Fig. 9 , the formation 

f new bone tissue was prominently observed on the concave sur- 

aces (regions with negative mean curvature II, IV, VIII, X, XIV, and 

VI). In contrast, flat surfaces (regions with zero mean curvature 

II) and those with a convex shape (regions with positive mean 

urvature IX, XI, XIII, XV, and VI), especially those with larger radii, 

xhibited minimal to no osteogenesis. Notably, significant bone for- 

ation was also observed on the corners (large local negative cur- 

ature) of the cubic cavity ( i.e. , regions XVII, XIX, and XVIII). 

These findings align with the results obtained from the histo- 

ogical analysis of the broken sample (Fig. S1 in Supplementary 

aterials). Specifically, concave surfaces with diameters of 0.6 mm 

nd 0.9 mm (regions VIII, X, XIV, and XVI) exhibited noticeably 

ore significant osteogenesis compared to convex surfaces with 

imilar diameters (regions IX, XI, XIII, and XV). 
8

. Discussion 

Porous synthetic scaffolds are central to bone tissue engineer- 

ng strategies because they provide the necessary 3-D framework 

or bone tissue ingrowth. The clinical success of these scaffolds de- 

ends not only on the intrinsic properties of their constitutive ma- 

erial but also on their internal macroscopic geometry [32] . The in- 

ernal geometric features of tissue scaffolds, particularly pore size, 

hape, and curvature, have been shown to significantly influence 

he kinetics of tissue deposition. Hence, understanding the precise 

ole of these geometric factors is critical for design and fabrication 

f effective scaffolds for bone tissue engineering. Although previ- 

us studies have imparted significant insights into how various ge- 

metric features of scaffolds may modulate bone tissue formation 

28] , they have not often isolated the specific effects of pore size, 

hape, and curvature, especially in vivo settings, from other con- 

ributory osteogenic parameters. 

Control over the internal pore geometry of scaffolds is highly 

ependent on the capability of the fabrication technique [33] . 

hile various conventional manufacturing approaches, such as the 

ponge template method, solvent casting, and gas foaming are uti- 

ized for scaffold preparation, they possess limitations [34] . A pri- 

ary limitation is their inability to precisely control the geometry 

nd distribution of the pores within the scaffolds. Recent advances 

n 3D printing technique allow for the creation of scaffolds with 

recise dimensions and a well-structured internal architecture es- 

ential for enhanced bone regeneration. 
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Fig. 7. Quantitative bone formation results of isolated rectangular channels. The ratios of the new bone area to the total channel area were measured at histological cross- 

sections (Van Gieson’s staining) located in the middle of samples and running parallel to their top and bottom surfaces. (a) A comparison was made between three rectangular 

channels with dimensions of 0.79 mm × 0.79 mm ( n = 8), 0.90 mm × 0.90 mm ( n = 8), 0.60 mm × 1.05 mm ( n = 8), and their corresponding circular channel with a 

diameter of 0.9 mm ( n = 8); (b) A comparison was made between three rectangular channels with dimensions of 0.51 mm × 0.51 mm ( n = 7), 0.60 mm × 0.60 mm ( n = 7), 

0.3 mm × 0.85 mm ( n = 10), and their corresponding circular channel with a diameter of 0.6 mm ( n = 8). 
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In the present study, utilizing our recently developed 3D print- 

ng technology [28] , we were able to efficiently fabricate com- 

lex 3D printed bioceramic scaffolds having different channel sizes, 

hapes, and curvatures and systematically investigated their exclu- 

ive impact on in vivo bone tissue regeneration. 

Pore size has been known to significantly affect bone tissue for- 

ation. We previously demonstrated that increasing the pore size 

rom ∼ 0.4 mm to ∼ 0.6 mm could substantially increase bone in- 

rowth in 3D scaffolds implanted in rabbit calvarial defects [17] . 

heng et al. [35] , demonstrated that magnesium scaffolds with two 

ore sizes of 0.25 mm and 0.4 mm, exhibited enhanced bone for- 

ation in the larger pore, due to the newly formed blood vessels 
9

hich supply sufficient oxygen and nutrients for osteoblastic ac- 

ivity. In the present study, we utilized 3D printing to fabricate 

caffolds with isolated channel sizes of 0.3 mm, 0.6 mm, 0.9 mm, 

.2 mm, and 1.5 mm to systematically explore the exclusive impact 

f channel size in osteogenesis in vivo . 

Histological analysis at 8 weeks indicated that the circular 

hannels with diameters of approximately 0.9 mm facilitated sig- 

ificantly greater bone tissue formation than those with diameters 

f 0.3 mm and 1.5 mm ( Fig. 3 ). Notably, there was no marked

ifference in bone formation, defined as the ratio of bone tis- 

ue area formed within a channel to the total channel area, be- 

ween channels with diameters of 0.6 mm, 0.9 mm, and 1.2 mm. 
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Fig. 8. Geometric and surgical details of scaffolds featuring flat, convex, and concave surfaces. (a) an image showing the implantation site in a rabbit femur; (b) a post- 

operative x-ray image of the surgical site; (c) a cross-sectional μ-CT image of the implant. This cross-section is perpendicular to the longitudinal direction of the channels; 

(d) a 3D reconstructed μ-CT scan of the implant (e) a cross-section of the 3D reconstructed implant depicting concave and convex surfaces with 0.3 mm, 0.6 mm, and 

0.9 mm curvature diameter. Scale bar = 2 mm. 
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nificant bone formation was observed on the corners of the cubic 
his observation is in alignment with the findings of the in vivo 

tudy conducted by Ghayor et al. [36] which revealed that the 

deal pore/bottleneck dimension for bone substitutes falls within 

he range of 0.7–1.2 mm. 

Channels can exhibit various shapes, from rounded configura- 

ions ( e.g. , circular) to those with distinct sharp corners ( i.e. , rect-

ngular). In this study, we further investigated the effects of these 

istinct channel shapes, comparing sharp-cornered channels with 

ounded, circular ones. Our results demonstrated no significant dif- 

erence in bone tissue formation between circular and rectangular 

hannels in channels size range between 0.6 mm and 0.9 mm. Ad- 

itionally, rectangular channels with aspect ratios exceeding one, 

ad comparable bone tissue growth volume, to channels with a 

quare aspect ratio. This suggests that modifying the width or 

eight of a rectangular channel, while maintaining its total surface 

rea, does not influence the bone tissue formation outcome within 

he channel. 

Previous studies have suggested that pore curvature might be 

 significant determinant of osteogenesis in tissue scaffolds. Cells 

ithin the tissue are known to detect and respond to radii of cur- 

ature significantly larger than their own size [37] . An in vivo study 

y U. Ripamonti et al. [38] was one of the first to reveal the criti-

al role of concavity in initiating the induction of bone formation. 

urthermore, Paris et al. [39] showed that a 3D scaffold with both 

oncave and convex surfaces promoted enhanced bone formation 

n its concave surfaces in vivo . However, their study did not main- 

ain consistent mean curvature diameters between these surfaces, 
10
eaving the systematic effects of convexity and concavity on bone 

issue formation unexplored. 

The current in vivo study presented a systematic approach to 

nvestigate the effects of surface curvature on bone tissue forma- 

ion. We utilized stereo-lithography (SLA) 3D printing technique 

o fabricate ceramic scaffolds that feature a large cubic cavity. 

n the sides of this cavity, we created both concave and convex 

urfaces with consistent curvature diameters. These surfaces had 

arying diameters of 0.3 mm, 0.6 mm, and 0.9 mm. By focus- 

ng on this specific design, we aimed to exclude the influences of 

ther osteogenic parameters porosity, channel size, interconnectiv- 

ty, permeability, material composition, degradation rate, and sur- 

ace roughness; all known to impact bone tissue regeneration [ 7–

0 , 40 ]. 

As illustrated in Fig. 9 , the volume of new bone tissue varied 

ith the sign of curvature ( i.e. , positive or negative mean curva- 

ure). Evidently, concave surfaces exhibited greater tissue deposi- 

ion, in comparison to both convex and flat surfaces. The bone for- 

ation surface area measured from the histological sections indi- 

ated that the average bone formation on concave surfaces was 

reater than that on convex surfaces. It was approximately 1.7, 

.3, and 3.5 times higher in concave surfaces with diameters of 

.3 mm, 0.6 mm, and 0.9 mm, respectively, compared with con- 

ex surfaces. Such patterns of bone tissue formation validate the 

urvature-driven effects previously suggested by numerical simu- 

ations conducted on bone tissue scaffolds [41] . Additionally, sig- 
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Fig. 9. Histological results of the scaffold featuring concave and convex surfaces. The Toluidine Blue staining (black: implant; blue: bone) and Van Gieson’s staining (black: 

implant; red: bone) were used to quantify the newly formed bone in implants at two different cross-sections located roughly in the middle of the implant. 
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avity, indicating sharp corners (large negative mean curvatures) 

ould favor osteogenesis. 

Our research focused on bone tissue formation within isolated 

hannels, necessitating further studies to determine how these in- 

ights might translate to the design of three-dimensional scaffolds 

ith intricate, interconnected pore networks. For example, P. Yilgor 

t al. [42] studied the impact of three-dimensional scaffold archi- 

ecture on the healing of bone defects, demonstrating that open, 

ccessible pore geometry and large pore surface area enhanced 

one regeneration. Furthermore, gradient and hierarchical scaffolds 

ave shown promise in enhancing bone tissue formation outcomes 

 43 , 44 ]. Such architectures can more accurately replicate the nat- 

ral bone hierarchy from macro to nanoscales, facilitating the in- 

rowth of bone and the formation of vascular networks. 

Although this study investigated the effects of various geomet- 

ic properties of bone tissue scaffolds in vivo , limitations exist. 

o systematically investigate the effects of curvature, we printed 

urved channels on the walls of a relatively large cubic cavity in- 

ide the scaffolds. Although this approach allows for the system- 

tic investigation of surface concavity in a 2D setting, it falls short 

f replicating the three-dimensional complexity of actual scaffolds. 

urthermore, while this study offered systematic insights into the 

nfluence of pore architecture on bone tissue formation, it did not 

xamine other vital parameters such as scaffold material proper- 
11
ies, surface characteristics, and biophysical stimuli, as these were 

utside the study’s defined scope. 

. Conclusion 

The findings of this study provide a systematic investigation 

f scaffold macroscopic geometry, paving the way for the rational 

esign of more effective bone tissue scaffolds. Not ably, we con- 

ucted a focused examination of the role of pore size in osteo- 

enesis. Our results suggest that pore sizes in the range of 0.6–

.2 mm could enhance bone tissue formation. Furthermore, we 

emonstrated that circular and square shaped pores exhibited sim- 

lar bone tissue formation. Additionally, the present study system- 

tically demonstrated the favorable influence of negative curvature 

concave surfaces and sharp corners) on bone tissue formation in 

ivo . Nevertheless, the present study concentrated on surfaces ex- 

ibiting zero Gaussian curvature, implying they were curved in one 

irection while being flat in the orthogonal direction. As a result, 

here is an avenue for future research to investigate the effects of 

urfaces with non-zero Gaussian curvatures on in vivo bone forma- 

ion. Furthermore, a deeper exploration into the time-dependent 

ynamics of bone tissue formation might be a valuable avenue 

or future research, especially by incorporating more time points 

hroughout the study. 
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