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Abstract

Background: Three-dimensional printed bioceramic scaffolds composed of 100% β-tricalcium 

phosphate augmented with dipyridamole (3DPBC-DIPY) can regenerate bone across critically 

sized defects in skeletally mature and immature animal models. Before human application, safe 

and effective bone formation should be demonstrated in a large translational animal model. This 

study evaluated the ability of 3DPBC-DIPY scaffolds to restore critically sized calvarial defects in 

a skeletally immature, growing minipig.

Methods: Unilateral calvarial defects (~1.4 cm) were created in 6-week-old Göttingen minipigs 

(n = 12). Four defects were filled with a 1000 μm 3DPBC-DIPY scaffold with a cap (a solid 

barrier on the ectocortical side of the scaffold to prevent soft-tissue infiltration), four defects 

were filled with a 1000 μm 3DPBC-DIPY scaffold without a cap, and four defects served as 
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negative controls (no scaffold). Animals were euthanized 12 weeks postoperatively. Calvariae 

were subjected to micro–computed tomography, 3D reconstruction with volumetric analysis, 

qualitative histologic analysis, and nanoindentation.

Results: Scaffold-induced bone growth was statistically greater than in negative controls (P ≤ 

0.001), and the scaffolds with caps produced significantly more bone generation compared with 

the scaffolds without caps (P ≤ 0.001). Histologic analysis revealed woven and lamellar bone with 

haversian canals throughout the regenerated bone. Cranial sutures were observed to be patent, 

and there was no evidence of ectopic bone formation or excess inflammatory response. Reduced 

elastic modulus and hardness of scaffold-regenerated bone were found to be statistically equivalent 

to native bone (P = 0.148 for reduced elastic modulus of scaffolds with and without caps and P = 

0.228 and P = 0.902 for hardness of scaffolds with and without caps, respectively).

Conclusion: 3DPBC-DIPY scaffolds have the capacity to regenerate bone across critically sized 

calvarial defects in a skeletally immature translational pig model.

Clinical Relevance Statement: This study assessed the bone generative capacity of 3D-

printed bioceramic scaffolds composed of 100% β-tricalcium phosphate and augmented with 

dipyridamole placed within critical-sized calvarial defects in a growing porcine model.

Bone is the second most commonly transplanted tissue, producing an annual health care 

expense of approximately $2.5 billion.1,2 Autologous bone grafts are the standard for repair 

of the majority of pediatric craniofacial defects. However, autologous bone transfer is 

limited by the need for a secondary surgical site, donor-site morbidity, extended length 

of stay, high associated costs, and potential graft resorption.3,4 In addition, bone grafts 

are restricted by the shape and volume of available bone stock, making large or complex 

defects challenging to repair.5 Alternatives to autologous bone transfer include allografts, 

xenografts, and synthetic materials, but these treatment options can be associated with 

infection, foreign body reaction, or graft fracture or extrusion.6–8

Bone replacement in the pediatric population is further complicated by the need for 

the implanted material to grow and remodel with the patient. The ideal pediatric bone 

replacement would restore structure and function while pre-serving normal growth. 

Considering the limitations of current bone replacement options, bone tissue engineering 

may present the ideal bone replacement in the growing craniofacial skeleton.

Some of the most common bone replacement materials are calcium phosphate–based 

bioactive ceramics, such as hydroxyapatite and β–tricalcium phosphate (β-TCP).9,10 

Although these ceramics are biocompatible, are osteoconductive, and have favorable safety 

profiles,9,11 their slow degradation kinetics limit the amount of bone replacement occurring 

over time.12 These limitations have been overcome by advances in biomaterials and 

computer-aided design and manufacturing, allowing for the three-dimensional (3D) printing 

manufacture of a bioceramic scaffold matrix that balances the needs of osteoconduction, 

vascularization, mechanical stability, and degradation kinetics.13,14 Furthermore, these 3D 

printed scaffolds can be customized to fill any defect site precisely.14,15 The osteogenic 

potential of these bone tissue engineering scaffolds can be further augmented by 
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osteogenic agents such as recombinant human bone morphogenic protein-2 (rhBMP-2) and 

dipyridamole.14,16–18

Previous studies, using several different animal models, have demonstrated the ability of 3D-

printed bioceramic (3DPBC) scaffolds composed of 100% β-TCP to regenerate bone within 

critical-sized defects with bone morphology and mechanical properties that are equivalent 

to native bone.17,19,20 The addition of dipyridamole, an indirect adenosine A2A receptor 

agonist, can further augment the osteogenic ability of these scaffolds without causing 

ectopic bone formation or premature growth plate fusion in growing craniofacial animal 

models.16,21 The scaffold design and osteogenic agent dose has been refined to balance the 

needs of osteogenesis, scaffold stability, and degradation kinetics.22 Long-term studies have 

demonstrated that reconstruction of critical-sized calvarial and alveolar defects with 3DPBC 

dipyridamole (3DPBC-DIPY) scaffolds resulted in bone regeneration that was statistically 

equivalent to autologous bone grafting and with no evidence of skeletal growth inhibition in 

a growing rabbit model.23

Although this previous work has provided a foundation of evidence demonstrating the 

effectiveness of 3DPBC scaffolds to regenerate pediatric craniofacial defects, human 

application requires successful implementation of this bone tissue engineering construct 

in a preclinical, translational animal model. Pigs are considered to be an excellent preclinical 

animal model because of similarities to human bone morphology, regeneration, and wound 

healing.24,25 With these goals in mind, the purpose of this study was to demonstrate the 

ability of 3DPBC-DIPY scaffolds to regenerate bone within critical-sized calvarial defects in 

a skeletally immature porcine model and further optimize scaffold design for future studies.

PATIENTS AND METHODS

Scaffold Design and Production

The 3DPBC scaffolds were designed using computer-aided design (RoboCAD 4.5; 3D Inks 

LLC, Tulsa, OK) incorporating a strut and porosity size as previously described.22 Scaffolds 

were designed to have diameters of 13.5, 14.0, and 14.5 mm incorporating two designs: 

one with a cap (Fig. 1, above) and one without cap (Fig. 1, below). The cap is a solid 

structure that faces the periosteal side of the scaffold, creating a barrier to prevent soft-tissue 

infiltration into the defect site.26 The cap was 500 μm thick and its diameter extended 0.5 

mm beyond the diameter of the porous core.

All scaffolds described in this study were composed of 100% β-TCP augmented with 

1000 μm dipyridamole.16 A concentrated β-TCP colloidal gel ink was prepared using 

ceramic powder, ammonium polyacrylate, deionized water, hydroxypropyl methylcellulose, 

and polyethyleneimine based on previously published protocols.17,19 For the scaffolds with 

caps, the cap was printed first by extruding β-TCP in two concentric circles of progressively 

decreasing diameter. The density of the β-TCP within the cap is the same in the struts within 

the remainder of the scaffold. Single layers of β-TCP struts were then extruded on top of 

the cap to create the remainder of the scaffold. Scaffolds had 200-μm strut thickness and 

500-μm pore sizes, which previously had been determined to be the favorable dimensions 
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for effective bone regeneration and adequate scaffold degradation kinetics.19,22 Detailed 

methods of colloidal gel and 3D printing protocols used have been published.16,19,22

After printing, scaffolds were dried and sintered at 1100°C to eliminate impurities and 

achieve sufficient mechanical properties for surgical handling. [See Figure, Supplemental 

Digital Content 1, which shows 3DPB scaffold with a cap (above) and without a cap 

(below) after sintering, http://links.lww.com/PRS/F967.] The implants were then sterilized 

using an autoclave. Before implantation, scaffolds were immersed in 2% type I bovine 

collagen solution (Corning, Inc., Corning, NY) as a carrier and then augmented with 1000 

μm dipyridamole.16

Surgical Intervention

All surgical interventions received approval from the institutional animal care and use 

committee (IA16–01955) and were performed using sterile technique. Twelve skeletally 

immature 6-week-old Göttingen miniature pigs (weight 2.5 ± 0.8 kg) underwent surgical 

creation of right-sided unilateral calvarial defects. The animals were anesthetized using 

xylazine 1 mg/kg intramuscularly, propofol 1 to 4 mg/kg intravenously, ketamine 20 mg/kg 

intramuscularly, isoflurane 0.5% to 3%, and meloxicam 0.4 mg/kg intramuscularly. The 

right side of the animal’s head was prepped using aseptic technique. Dissection over the 

right side of the calvaria was performed down to the periosteum. The area of the bony 

defect was marked using previously created custom 3D-printed circular cutting guides with 

a 14-mm diameter and full-thickness defects were created free-handed using a tapered 

fissure bur [1.6-mm diameter, part 03.000.086S (DePuy Synthes, Westchester, PA)] attached 

to a Synthes Electric Pen Drive (DePuy Synthes). Defects were filled with 3DPBC-DIPY 

scaffolds possessing the diameter that best fit the free-handed defect site (~14 ± 0.5 mm) or 

left empty to serve as negative controls. The scaffolds containing a cap were inset into the 

calvarial defect with the cap facing the ectocortical aspect of the defect. Four pigs had their 

defects repaired with the scaffolds with caps, four without caps, and four defects remained 

empty to serve as negative controls. The soft tissue was closed in a layered fashion. Animals 

were allowed food and water ad libitum postoperatively and were given streptomycin 0.5 

g/day intramuscularly for infection prevention and meloxicam 0.4 mg/kg intramuscularly 

and buprenorphine 0.05 to 0.1 mg/kg subcutaneously during the first 48 hours after surgery 

for analgesia. After 12 weeks, animals were euthanized by anesthesia overdose and their 

heads were harvested by sharp dissection.

Imaging and Micro–Computed Tomographic Analysis

After calvarial harvest, the defect sites, as well as the unoperated, contralateral side, 

were isolated from the calvaria using a reciprocating saw and band saw. Samples were 

placed in 70% ethanol and subjected to high-resolution micro–computed tomography 

(micro-CT) (μCT 40; SCANCO Medical, Bassersdorf, Switzerland) (Fig. 2). Imaging data 

were converted to digital imaging and communications in medicine (DICOM) files and 

imported into Amira Software (version 6.3; Visage Imaging GmbH, Berlin, Germany) 

for 3D reconstruction and volume analysis. Each defect site was three-dimensionally 

reconstructed and had uniform thresholds set for bone, scaffold, and soft tissue or empty 

space. The volume of bone and scaffold in the defect site was calculated as a proportion of 
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total volume of the defect. The volume of bone present in the unoperated contralateral side 

was calculated to determine the density of native bone.

Histologic Preparation and Analysis

After volumetric analysis, samples were dehydrated in increasing concentrations of ethanol 

(70% to 100%) and embedded in methyl methacrylate resin. The embedded samples were 

cut into 250-μm-thick sections using a diamond saw (Isomet 2000; Buehler Ltd., Lake 

Bluff, IL). Histologic sections were chosen from the approximate center of the scaffold for 

consistency across samples. Sections were then glued onto acrylic slides and ground on a 

grinding machine (Metaserv 3000; Buehler) using continuous water irrigation and a series 

of silicon carbide abrasive paper until slices had a thickness of approximately 100 μm. 

Slides were polished using alumina to remove residual scratches. Samples were stained with 

Stevenel blue and van Gieson red picrofuchsin stains to differentiate soft tissue, bone, and 

scaffold (soft tissue is stained blue, mineralized tissue is stained red, and scaffold appears 

black).

Stained samples were examined using an Aperio digital histology slide scanning system 

(Aperio Technologies, Vista, CA). Scanned sections underwent qualitative histologic 

analysis including overall bone morphology, presence of haversian canals, excess 

inflammatory cells, suture patency, and scaffold fragmentation.

Nanoindentation Testing and Analysis

Slides used for histology were also subjected to nanoindentation analysis on a nanoindenter 

(Hysitron TI 950, Minneapolis, MN) equipped with a Berkovich three-sided, diamond 

pyramid probe. Nine indents per specimen were performed using a previously developed 

loading profile with a loading rate of 60 μN/s for 5 seconds followed by a constant peak 

load of 300 μN, termed as holding time, for 10 seconds, and sub-sequent unloading in 2 

seconds to produce load–displacement curves corresponding to each area indented.20,27 This 

nanoindentation testing was performed as a comparative analysis of mechanical strength 

(Young modulus) and hardness of bone between areas within the lattice-like nature of the 

scaffold and native bone present around the induced defect site. (See Figure, Supplemental 

Digital Content 2, which shows a schematic representation of nanoindentation testing areas 

on native bone and newly developed bone within the scaffold, http://links.lww.com/PRS/

F968.).

Samples were first imaged followed by a scratch test to confirm the samples were indeed 

flat with an error in the indenter’s axial displacement recorded to be less than 1 μm over 

a scan area of 50 μm2. Regions were assessed further for the presence of bone in the 

testing site, following which nine indentations were performed in a sequential manner, 

with each indent separated by 10 μm from each other. Tests were performed at room 

temperature with appropriate passive and active noise isolation and damping. The set of nine 

load–displacement curves were fitted using a standard model using the Hysitron TriboScan 

quasistatic data analysis package to compute reduced elastic modulus, Er(GPa), and hardness, 

H(GPa), of bone tissue with the following formulas20:
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Er = π
2 A ℎc

S

H = Pmax
A ℎc

,

where S is the stiffness, ℎc is the contact depth, Pmax is the maximum force, and A ℎc  is the 

contact area computed from the Hysitron TriboScan software.20,28 Elastic modulus of the 

bone, Eb, was then evaluated from the obtained reduced modulus, Er, using the following 

Hertzian contact mechanics relationship:

Eb = 1 − vb
2 EiEr

Ei − 1 − vi
2 Er,

where vb is the Poisson ratio of the bone and Ei and vi are the elastic modulus and Poisson 

ratio of the indenter, respectively.20,28–30

Statistical Analysis

Statistical analysis was performed using IBM SPSS (version 25.0; IBM Corp., Armonk, 

NY). A generalized linear mixed model was applied to evaluate statistical significance of 

bone volume fraction and scaffold volume fraction between groups and also was used to 

determine statistical significance of reduced elastic modulus and hardness values of each 

group. Data are presented as means and corresponding standard deviations.

RESULTS

CT and Micro-CT Analysis

Three-dimensional reconstruction revealed that in all negative control group samples there 

was no bridging bone across the defect sites (Fig. 3). The bone volume fraction of native 

bone was set to 100% as a reference point to evaluate the amount of bone present in the 

defect sites in the negative controls and scaffold groups. Calvarial defects repaired with 

3DPBC-DIPY scaffolds with and without caps regenerated an average bone volume fraction 

(bone volume/total volume) that was 65.6% of the bone volume fraction of native bone and 

was significantly greater than the mean bone volume fraction of the negative controls (P ≤ 

0.001), which were found to have 5.2% of the bone volume fraction of native bone (Table 1). 

When examining the amount of regenerated bone in defects repaired using the two scaffold 

designs, defects filled with the scaffolds that had caps yielded a significantly higher bone 

volume fraction compared with defects repaired without caps (P ≤ 0.001) and had an average 

bone volume fraction that was 84.6% that of native bone, compared with 46.5% seen in the 

scaffolds without caps (Figure 4, above).
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Analysis of remaining scaffold in the defect site after 12 weeks revealed no statistical 

differences (P = 0.287) between scaffold groups (with or without cap) (5.0% ± 1.4% vs 

3.7% ± 2.4%, respectively) (Fig. 4, below).

Histologic Analysis

Qualitative histologic analysis of nondecalcified sections of bone defects in the negative 

control group showed a lack of bridging bone formation across all defect sites (Fig. 5). In 

contrast, defects that were treated with 3DPBC-DIPY scaffolds revealed the regeneration 

of bone that bridged the cranial defect sites (Figs. 6 and 7). The regenerated bone in 

both scaffold groups demonstrated intramembranous-like healing with regions of immature 

woven bone and mature lamellar reorganization (Figs. 6 and 7). The regenerated bone 

tissue had similar morphology to native bone (Fig. 8) and appeared vascularized and highly 

cellular, with the presence of Haversian-like canals throughout the regenerated bone. All 

sutures remained patent with no evidence of premature fusion or disruption. Furthermore, 

there was no evidence of ectopic bone formation or excess inflammation in any histologic 

samples.

Nanoindentation Testing

Mechanical testing of the scaffold-regenerated bone revealed a reduced elastic modulus (Er) 

of 6.7 ± 1.99 GPa and a hardness (H) of 0.4 ± 0.15 GPa in the scaffolds that had caps 

and a reduced elastic modulus of 7.1 ± 1.71 GPa and hardness of 0.4 ± 0.17 GPa in the 

scaffolds that did not have caps (Fig. 9). These values were not statistically different (P 
= 0.694). Likewise, the reduced elastic modulus and hardness of the scaffold-regenerated 

bone from the scaffolds with caps and the scaffolds without caps were found to be 

statistically homogenous with the native bone (Er: 8.8 ± 3.29 GPa; P = 0.148 and P = 

0.148, respectively; H: 0.5 ± 0.23 GPa; P = 0.228 and P = 0.902, respectively) (Fig. 9).

DISCUSSION

Pediatric craniofacial skeletal defects pose unique challenges to current bone replacement 

techniques as implants must be able to repair the bony defect as well as grow or remodel 

with the developing skeleton. Bone tissue engineering constructs such as 3D-printed 

bioceramic scaffolds are viable alternatives to current reconstructive options and have the 

ability to overcome limitations of standard-of-care interventions, such as the need for a 

second surgical site, donor-site morbidity, limited graft take, and restrictions of available 

bone stock. In addition, 3D printing allows for the creation of customized scaffolds that 

can precisely fit large or complex defects that might otherwise exceed the capabilities of 

autologous bone grafts and other bone replacement materials.

Previous studies have demonstrated that 3DPBC scaffolds composed of β-TCP can 

regenerate vascularized bone across critical-sized defects in various animal models and that 

the osteogenic potential is augmented with the use of dipyridamole.16,17,19,20,23 β-TCP is a 

favorable ceramic for a bone tissue engineering scaffold because of its biocompatibility 

and osteoconductive properties. Furthermore, alteration of the macroarchitecture and 

microarchitecture through 3D printing can accelerate degradation kinetics while maintaining 
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mechanical stability. In addition to decreasing the potential for implant extrusion that exists 

with permanent materials, the resorption of β-TCP and replacement with generated bone 

renders it an appealing option for pediatric bone reconstruction, as this may reduce the 

chances of device migration, replacement, or extrusion associated with a permanent implant.

Although 3DPBC scaffolds composed of β-TCP alone can restore critical-sized defects, 

the addition of dipyridamole significantly increases their osteogenic potential. The 

agonistic action of dipyridamole on adenosine A2A receptors promotes osteogenesis by 

increasing osteoblast differentiation, decreasing osteoclast activity, and reducing regional 

inflammation.18,31,32 In addition to its documented osteogenic abilities, dipyridamole is 

a favorable option as an osteogenic agent because of its long history of safe clinical 

use as an antithrombotic and vasodilator agent in both pediatric and adult patients under 

the commercial name Persantine (Boehringer Ingelheim International GmbH, Ingelheim, 

Germany).33–35 Dipyridamole’s osteogenic properties are a relatively recent discovery, but 

available data suggest it may be a superior pediatric osteogenic molecule compared with 

other available osteogenic agents. For example, although rhBMP-2 has a high level of 

osteogenic capacity and remains the most extensively used osteogenic agent to date, its 

use in children is controversial because of its known potential for ectopic bone formation, 

premature suture fusion, and osteolysis.36–38 In contrast, dipyridamole has been shown to 

promote statistically equivalent bone regeneration to rhBMP-2 with no evidence of similar 

adverse effects.39 The favorable characteristics of β-TCP and dipyridamole, including their 

osteogenic potential, biocompatibility, degradation kinetics, and safety profiles, suggest their 

potential for pediatric craniofacial bone replacement. In this short-term study, radiographic 

and histologic analysis suggests preservation of the cranial sutures using the described 

bone tissue engineering construct. Long-term craniofacial growth studies using a pig model 

will be required to make a more definitive statement on the effects of dipyridamole on 

craniofacial growth.

This study utilized two differently constructed scaffolds: one with a solid cap, which 

prevents soft-tissue infiltration into the defect, and one without, open to the periosteum 

and soft tissue. The findings from this study suggest that scaffolds with solid caps may 

facilitate a greater degree of bone regeneration than scaffolds without caps. This is consistent 

with previously published work in rabbit models that demonstrated inferior osteogenesis 

in scaffold designs that allowed for the interaction between the galea aponeurotica and 

ossification site.26 While the periosteum is known to possess osteogenic potential and plays 

an important role in bone formation, we hypothesize that the thin periosteum of this infant 

animal model may have been inadequately preserved during surgical intervention. Therefore, 

the solid cap prevented the migration of fibrous tissue into the cranial defect.

This study demonstrates that a ~1.4-cm defect in the calvaria exceeds the regenerative ability 

of native bone in the growing pig and thus can be defined as critical-sized. Given the 

small size of 6-week-old Gottingen miniature pigs, these defects incorporated a substantial 

portion of the calvaria relative to the size of the animal’s skull. Despite the short healing 

time, scaffolds were able to generate bone that had areas of lamellar organization and 

was statistically equivalent to native bone, which is consistent with findings of mechanical 

testing performed in previous publications.20,23 The bone regeneration seen in this study 
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appears to be more robust compared with previous studies from this group using other 

animal models (eg, 27.9% ± 4.1% seen in skeletally immature New Zealand White rabbits 

after 8 weeks), which could be due to differences in bone healing across different animal 

species.22

This study reports the first evidence of successful bone formation of this bone tissue 

engineering construct in a highly translational preclinical animal model. These data provide 

preliminary evidence that eventually can be used to transition this bone tissue engineering 

construct to a clinical trial. Although a previous study demonstrated that 3DPBC-DIPY 

scaffolds can restore calvarial and alveolar bone defects as effectively as autologous bone 

graft in a growing rabbit model, this is the first study to apply this construct in a growing 

pig model, an animal considered to be significantly more similar to humans in terms of bone 

morphology, repair, and wound healing.

This study has several limitations, such as the small sample size and short study duration, 

precluding a more robust evaluation of this tissue-engineering construct and its potential 

long-term effects on bone formation or resorption within the defect and its effects on facial 

growth. In addition, this model utilized a negative control as a comparison group instead of 

a standard-of-care intervention, such as autologous bone grafting. Our aim was to create a 

framework for future long-term studies, which are needed to better elucidate the longitudinal 

effects of these 3DPBC scaffolds on bone regeneration and facial growth throughout skeletal 

maturity and compare it with standard-of-care interventions.

CONCLUSIONS

A 3D-printed bone tissue engineering device composed of 100% β-tricalcium phosphate 

and augmented by dipyridamole can effectively repair critical-sized calvarial defects in a 

growing pig model. Cranial sutures appear radiographically and histologically preserved by 

this treatment intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic depiction of computer-aided design of a scaffold with a cap (above) and a 

scaffold without a cap (below).
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Fig. 2. 
Micro–computed tomographic images of cross-section of the defect after 12 weeks of 

healing. (Above, left) The negative control with no bridging bone formed across the defect 

site (white dashed lines). (Above, right) Native bone. (Below, left) Regenerated bone (red 
arrow) formed across the defect site that was filled with a scaffold design that did not 

include a cap (blue arrow). Unoperated bone (green arrows) can be seen on either side of the 

defect site. (Below, right) Regenerated bone (red arrow) formed across the defect site that 

was filled with a scaffold design that included a cap (blue arrow). Unoperated bone (green 
arrows) can be seen on either side of the defect site.

DeMitchell-Rodriguez et al. Page 13

Plast Reconstr Surg. Author manuscript; available in PMC 2024 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Three-dimensional reconstruction of the bone (yellow) and remaining scaffold (purple) in 

the defect site after 12 weeks of healing in a negative control (above, left), a sample of native 

bone (above, right), a defect that had been filled with a scaffold without a cap (below, left), 
and a defect that had been filled with a scaffold with a cap (below, right).

DeMitchell-Rodriguez et al. Page 14

Plast Reconstr Surg. Author manuscript; available in PMC 2024 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
(Above) Bar graph presenting the mean (±SD) of bone that filled the defect sites in each 

group after 12 weeks of healing compared with the average bone density of native bone (red 
line). The horizontal dashed red line denotes the mean with corresponding SD shown by 

the black horizontal lines. (Below) Bar graph presenting the averages (±SD) of remaining 

scaffold in both scaffold design groups after 12 weeks of healing.
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Fig. 5. 
Nondecalcified histologic sections of a negative control after 12 weeks of healing. No 

bridging bone was seen across any of the unfilled defect sites.
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Fig. 6. 
(Left) Nondecalcified histologic section of a defect that had been filled with a scaffold that 

did not contain a cap after 12 weeks of healing. Vascularized woven and lamellar bone 

formed throughout the defect site and cranial sutures remained patent (purple arrow). (Right) 
Areas of mature, organized bone (yellow arrows) can be seen in the higher magnified portion 

of the slide.
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Fig. 7. 
(Left) Nondecalcified histologic section of a defect that had been filled with a scaffold that 

included a cap after 12 weeks of healing. Vascularized woven and lamellar bone formed 

throughout the defect site and cranial sutures remained patent (purple arrow). (Right) Areas 

of mature, organized bone (yellow arrows) can be seen in the higher magnified portion of the 

slide.
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Fig. 8. 
Nondecalcified histologic section of native bone.
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Fig. 9. 
Bar graphs presenting the mean (±SD) reduced elastic modulus (above) and hardness 

(below) of scaffold-regenerated bone in both scaffold design groups compared with native 

bone (red line). The horizontal dashed red line denotes the mean with corresponding SD 

shown by the black horizontal lines.
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Table 1.

Bone and Scaffold Volume Fraction of the Defect Site after 12 Weeks

Bone, % (Mean ± SD) P Scaffold, % (Mean ± SD) P

Native bone 68.8 ± 6.1

Negative control 3.6 ± 0.7
≤0.001

Scaffolds (combined) 45.1 ± 18.9

 Without cap 32.0 ± 11.4
≤0.001

3.7 ± 2.4
0.287

 With cap 58.2 ± 15.5 5.0 ± 1.4
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