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Abstract

Regenerative medicine approaches for massive craniomaxillofacial bone defects face challenges 

associated with the scale of missing bone, the need for rapid graft-defect integration, and 

challenges related to inflammation and infection. Mineralized collagen scaffolds have been 

shown to promote mesenchymal stem cell osteogenesis due to their porous nature and material 

properties, but are mechanically weak, limiting surgical practicality. Previously, these scaffolds 

were combined with 3D-printed polycaprolactone mesh to form a scaffold-mesh composite 

to increase strength and promote bone formation in sub-critical sized porcine ramus defects. 

Here, we compare the performance of mineralized collagen-polycaprolactone composites to the 

polycaprolactone mesh in a critical-sized porcine ramus defect model. While there were no 

differences in overall healing response between groups, our data demonstrated broadly variable 

metrics of healing regarding new bone infiltration and fibrous tissue formation. Abscesses were 

present surrounding some implants and polycaprolactone polymer was still present after 9–10 

months of implantation. Overall, while there was limited successful healing, with 2 of 22 implants 

showed substantial levels of bone regeneration, and others demonstrating some form of new 
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bone formation, the results suggest targeted improvements to improve repair of large animal 

models to more accurately represent craniomaxillofacial bone healing. Notably, strategies to 

increase osteogenesis throughout the implant, modulate the immune system to support repair, and 

employ shape-fitting tactics to avoid implant micromotion and resultant fibrosis. Improvements 

to the mineralized collagen scaffolds involve changes in pore size and shape to increase cell 

migration and osteogenesis and inclusion or delivery of factors to aid vascular ingrowth and bone 

regeneration.
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1. Introduction

Craniomaxillofacial (CMF) defects represent portions of bone missing from the skull or 

jaw that cannot be repaired without surgical intervention. CMF injuries and defects can 

occur throughout the lifespan of an individual, such as during birth (cleft palate defects), 

during wartime (high-energy impact trauma), and from cancer and dentures (loss of bone 

from surgery or atrophy) [1, 2]. Current methods of repair involve the use of autografts 

or allografts, bone from the patient or a donor, respectively. Autografts are limited by the 

amount of bone able to be removed and possible morbidity at the site of removal [3, 4]. 

Allografts are limited by the processing method, with cellular materials removed before 

implantation to avoid disease transmission, which can also remove beneficial components 

that aid in repair [5]. Biomaterial strategies have been extensively investigated to avoid the 

drawbacks of allografts and autografts by providing reproducible materials with modifiable 

factors such as pore size, growth factors, and material types to enhance bone regeneration 

[6]. Biomaterials for CMF bone repair need to be carefully engineered, as effectively healing 

these defects is challenging due to multiple factors: size and mechanics of bone defects, 

multiple cell types involved, and a higher change of chronic infection and inflammation [5, 

7–9].

CMF defects are often irregular in size and shape and implants must be designed to cover 

this unique space while also ensuring a proper fit. To ease biomaterial implantation, an 

implant should be patient-specific or easy to handle by surgeons to cover this defect space 

appropriately. The implant must also be mechanically stable as to limit motion within the 

defect, also known as micromotion, which can directly inhibit osseointegration and result 

in fibrous tissue ingrowth [10, 11]. Due to the large size of the defect, the biomaterial 

must promote bone formation throughout the defect area in order to completely repair the 

bone, being aware of the multiple cell types involved, such as osteoblasts, endothelial cells, 

and immune cells [12]. Finally, the immune system response can halt the formation of 

new bone early-on if it persists [13]. Degradation byproducts of the implant can potentially 

elicit a persistent inflammatory response isolated to the implant site, which may delay 

or inhibit wound healing and ultimately lead to implantation failure [14]. Additionally, 

bone defects are likely to become infected with bacteria during surgery, and common 
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infectious bacteria such as Staphylococcus aureus can prevent bone formation and can resist 

antibiotic treatments [15–17]. These challenges all lead to a complicated environment for 

bone regeneration and the need for precise design of biomaterial implants to address these.

Here, we investigate a mineralized collagen composite biomaterial in a critical-sized porcine 

ramus defect model to evaluate its potential to repair CMF defects in humans. Mineralized 

collagen scaffolds are porous materials composed of type I collagen, calcium phosphate 

mineral, and glycosaminoglycans [18]. These scaffolds have shown promise in vitro, 
demonstrating mesenchymal and adipose stem cell osteogenic differentiation and mineral 

formation [18–28]. Balancing resorption by osteoclasts and bone formation by osteoblasts is 

essential for normal bone homeostasis, but during implantation of a biomaterial, biomaterial 

and bone resorption is better avoided to accelerate repair. These scaffolds seeded with 

mesenchymal stem cells have been shown to produce osteoprotegerin (OPG), which can 

inhibit osteoclasts and bone resorption [29, 30]. In vivo studies in rabbit models with 

mineralized collagen scaffolds have demonstrated bone repair without stem cell or bone 

morphogenic protein addition [31]. A concern of use of these scaffolds in potential clinical 

trials is the weak mechanical properties. To address this, the mechanical properties of these 

scaffolds have been improved by the addition of polycaprolactone (PCL) 3D-printed support 

structures, which increased the stiffness 6000-fold [32]. These mineralized collagen-PCL 

composites (CGCaP-PCL) also demonstrated improved bone infill in sub-critical sized 

(10mm dia.; 10 mm thick) porcine ramus defect models compared to the mineralized 

collagen and PCL support alone [33].

The goal of this study was to evaluate the healing in a critical-sized (25 mm diameter; 

10 mm thick) porcine mandible defect using CGCaP-PCL composites and PCL support 

structures. We investigated healing by micro-CT analysis of bone infill and histological 

evaluation of the implants after 9–10 months of implantation. We hypothesized that the 

CGCaP-PCL composite would repair bone within these defects and would create more new 

bone than PCL structures alone, similar to observations for sub-critical sized porcine defects. 

We report new bone infill, the immune response, and how our results motivate future 

biomaterial design to improve healing. We also relate our results back to the challenges 

to repair, notably promoting osteogenesis within the implant, limiting micromotion, and 

preventing a persistent immune response or infection.

2. Materials and Methods

2.1 Fabrication of 3D-printed PCL supports

PCL supports were fabricated as previously described [32, 33]. Briefly, PCL 3D prints 

were fabricated via laser sintering of a PCL powder with 4 wt% hydroxyapatite at Georgia 

Tech. The final print shape was determined by a custom MATLAB program (MathWorks™), 

which was a cylinder measuring 25 mm diameter and 10 mm high. This cylinder was 

composed of repeating unit cells with dimensions of 5 mm cubes containing 3.5 mm 

cylindrical pores [34, 35].
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2.2 Fabrication of CGCaP-PCL composites

CGCaP-PCL composites were fabricated as previously described [32, 36]. Briefly, this 

involved lyophilizing a mineralized collagen precursor suspension with a PCL support. The 

mineralized collagen suspension was generated via homogenizing 1.9% w/v type I collagen 

(Collagen Matrix, Oakland, NJ), 0.84% w/v chondroitin-6-sulfate (Sigma-Aldrich, St. Louis, 

MO), and calcium hydroxide (Sigma-Aldrich) and calcium nitrate tetra-hydrate (Sigma­

Aldrich) and phosphoric acid. PCL 3D-prints were placed into polysulfone molds of 25 

mm diameter and 10 mm height before the homogenized mineralized collagen suspension 

was pipetted into the mold and filled around and inside the PCL support. CGCaP-PCL 

composites were created by lyophilizing this suspension and PCL support using a Genesis 

freeze-dryer (VisTis, Gardener, NY). The suspension was frozen at a constant cooling rate of 

1°C/min until reaching −10°C for 175 min, then it was sublimated at 0°C and 200 mTorr to 

evaporate ice crystals and create porous mineralized collagen surrounding the PCL 3D-print 

[36].

2.3 Sterilization of composites and PCL supports

PCL supports and CGCaP-PCL composites were sterilized via a 12 hour ethylene oxide 

treatment with an AN74i Anprolene gas sterilizer (Andersen Sterilizers Inc., Haw River, 

NC). Supports and composites were placed in sterilization pouches and all following 

handling steps prior to the in vivo study were done utilizing sterile techniques.

2.4 Hydration and crosslinking of composites

CGCaP-PCL composites and PCL supports were hydrated prior to use in vivo. 

Briefly, samples were soaked in 100% ethanol, then soaked in multiple Phosphate 

Buffered Saline (PBS) washes to fully hydrate the collagen [37]. The CGCaP 

composites were then crosslinked via carbodiimide chemistry in a PBS solution of 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-Aldrich) 

and N-hydroxysulfosuccinimide (NHS, Sigma-Aldrich) at a molar ration of 5:2:1 

EDAC:NHS:COOH [38–41]. PCL supports were not crosslinked due to lacking functional 

groups present on collagen. PCL supports and CGCaP-PCL composites were then washed 

multiple times in sterile PBS, and finally stored in fresh PBS at 37°C and 5% CO2 before 

use.

2.5 Porcine critical-sized ramus defect model

Surgical implantation of constructs in the porcine jaw—All described surgical 

procedures and facilities were approved by the University of Illinois at Urbana-Champaign 

Institutional Animal Care and Use Committee (protocol #15065). Prior to surgery, 

pigs received sedative cocktail TARK (Telazol, (tiletamine and zolazepam; Pfizer, New 

York, NY), Atropine (Neogen Corporation, Lexington, KY), Rompun (xylaazine; Lloyd 

Laboratories, Shenandoah, IA), and Ketamine (Ketaset®; Fort Dodge Animal Health, Fort 

Dodge, IA)) intramuscularly, and once again intravenously via the ear vein canula, with 

additional doses administered as necessary. Anesthesia during surgery followed endotracheal 

administration of isoflurane (3–5%, in oxygen).
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Firstly, a single submandibular and retromandibular incision was made, tracing the contour 

of the mandible. Underlying superficial fat and masseter muscle were incised and elevated, 

then the periosteum was incised, exposing the hemi-mandible. A right-angle surgical 

drill with a 25 mm (outer diameter) trephine (Stryker, Portage, MI) was drilled into 

the hemi-mandible to produce full thickness 25 mm diameter cylindrical defects. To 

prevent heat damage to the surrounding bone tissue, the defect area was irrigated with 

0.9% physiological saline during the drilling process. Self-tapping bone screws (Stryker 

Osteosynthesis Freiburg, Freiburg, Germany) were placed adjacent to each defect as markers 

to facilitate localization of the defect after harvest and excising the defect-implant area from 

the bulk of the jaw. PCL supports and CGCaP-PCL composites were then press fit into the 

defects and stabilized by application of Vetbond tissue adhesive (3-M, Minneapolis, MN).

After drilling and implantation of the biomaterial, the wound site was closed by suturing the 

incisions (periosteum, masseter muscle, superficial fat, and skin) using 3–0 Vicryl (Ethicon, 

Inc., San Angelo, TX) in a three-layer continuous suture. Finally, Vetbond was applied to 

the skin incision as an additional measure for closure. An antibiotic and analgesia were 

administered after surgery (Excede (1 mL/20 kg; Pfizer), Banamine S (2.2 mg/kg; Schering 

Plough Animal Health, Summit, NJ)). Upon completion of surgery, each pig was monitored 

and temperature taken every 15 min until the pig became sternally recumbent. Pigs were 

monitored and evaluated for post-surgical complications twice daily for the first 2 weeks 

post-surgery.

Harvesting of bone-implant samples—Implants remained in the pigs for 9–10 months 

before euthanasia and harvesting of the implants and surrounding bone. After euthanasia, 

soft tissue was dissected away from the mandible segment, and a reciprocating saw was used 

to separate the mandible segment from the animal. Subsequently, using a scalpel and razor 

blade, additional soft tissue was cleaned away from the jaw segment to aid in identifying the 

area housing the implant. There were no indications of implants other than callous formation 

and estimates of implant location were made before trimming. Once tissue was removed to 

expose the relevant area, a band saw was used to isolate the implant and surrounding bony 

tissue for further analysis. The final trimmed bone-implant samples were approximately 

square in shape and were roughly 3.5 cm by 3.5 cm in dimension and approximately 5 cm 

in thickness. After isolation and trimming, implants were fixed in 10% buffered formalin 

solution (Leica diagnostics) and kept at 4°C for 48 hours, then rinsed and stored in 1X PBS 

prior to micro-CT analysis.

2.6 Evaluation of bone formation via CT and micro-CT

Computed tomography (CT) scans were taken of two live pigs at 8 and 16 weeks in 
vivo after biomaterial implantation. Prior to imaging, animals were first sedated with a 

sedative cocktail (TARK) as described in section 2.5. The skull of each pig was scanned 

using a Lightspeed 16 slice Helical CT scanner (General Electric, Fairfield, CT) using 

conditions of 140 kEV and 240mA, and later, a 2D-image of only the jaw area (inside and 

outside) was used to visualize bone infill into the defect site, which was still visibly present. 

Post sacrifice, new bone formation within scaffolds and composites within each mandible 

was measured using microcomputed tomography (micro-CT) via a MicroXCT-400 (Zeiss, 
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Oberkochen, Germany). Scans utilized a 0.5x camera with variable source and detector 

distance, power and contrast and brightness, due to variable sample size. To quantify fill of 

bone and mineral intensity, a custom Matlab program was used [36], which took z-stacks of 

2D micro-CT images and analyzed pixels identified as bone as a function of depth, angle, 

and radius (Fig. 1). Intensity thresholds were selected by the user. Due to variable image 

capture conditions and intensity threshold, results of each sample were normalized to the 

intensity of the sample’s surrounding bone.

2.7 Histological analysis

Post micro-CT analysis, samples were rinsed again in 1X PBS, then decalcified for 4–8 days 

in CalciClear decalcifying solution (National Diagnostics). Samples were rinsed in several 

changes of water after decalcification, then overnight in 1X PBS. In order to facilitate 

embedding and mounting of samples for sectioning, the samples were first pre-sectioned 

into thick slices (~5 −10 mm) using a scroll saw, as though the decalcified bone tissue was 

soft enough to cut with a razor blade, the PCL support required significantly more force 

to cut. Thick slices were then embedded in Neg 50 cryosectioning medium (Richard Allan 

Scientific), and 20–30 μm sections were cut using a Leica CM1900 cryostat. Sections were 

then stained using hematoxylin and eosin, and images were captured using a Nanozoomer 

histological slide scanner (Hamamatsu) or Zeiss inverted microscope with an Axiocam color 

camera (Carl Zeiss).

2.8 Statistics

Statistical analysis used an OriginPro software (Northampton, Massachusetts) with a 95% 

confidence interval and testing in accordance with literature [42]. Firstly, the assumption 

of normality was checked using the Shapiro-Wilk test and non-normal data underwent a 

Grubbs outlier test to remove any outliers and normality was re-assessed. Non-normal data 

underwent a Kruskal-Wallis test to evaluate significant differences. If data was normal, the 

assumption of equal variance was then tested with a Browne-Forsythe test. If assumption 

was not met, a t-test with a Welch correction was used to compare two samples. A t-test 

was used for all analysis between only two samples. If all assumptions were met and the 

power was above 0.8, then an ANOVA with a tukey post-hoc test was used to determine 

significance. If the power was below 0.8 for any sample set, then the data was deemed 

inconclusive.

3. Results

3.1 Surgical results

A variety of healing outcomes were observed in the porcine models, highlighting challenges 

of large-scale defect models (Table 1). Most notably, multiple implants were unable to be 

located at time of extraction, either due loss of the implant out of the wound site during 

healing or improper alignment during extraction. Out of 22 implants, 5 had either visibly 

migrated out of the jaw or were unable to be found after sacrifice. Further, PCL supports 

and CGCaP-PCL composites were not implanted with any location markers so extraction of 

the implant and surrounding bone was based on inspection of the mandible after harvest; 

two out of 22 implants were damaged during sample trimming due to an improper location 
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estimate. Lastly, two out of 11 pigs were sacrificed early due to IACUC guidelines and 

three implants were not analyzed due to abscess formation over the implant, obscuring bone 

regeneration.

3.2 No differences in new bone formation between CGCaP-PCL composites and PCL 
supports

Micro-CT analysis of live pigs with PCL supports and CGCaP-PCL composites was 

performed at 8 weeks and 16 weeks post-operation and pre-sacrifice. New bone formation 

is visible in both constructs, but with little to no change from 8 weeks to 16 weeks 

(Fig. 2). Micro-CT analysis of CGCaP-PCL composites and PCL supports post-sacrifice 

demonstrated no significant (p < 0.05) difference in fill fraction or intensity of the two 

implants as a function of radius, depth, or angle of bone volume to tissue volume (Fig. 

3). A value of 1 for the fill fraction represents the same amount of bone present as the 

normal surrounding bone, while a value of 1 for the intensity represents the mineral density 

of bone in the normal surrounding bone. Fill fraction values greater than 1 represent more 

bone within the implant space and intensity values greater than 1 represent a more dense 

and mineralized bone present. The radial fill fraction demonstrates that there was a greater 

amount of bone in the outer portion of the defect than the interior. Additionally, the percent 

fill of the implants, calculated by dividing the fill fraction of the implant by the fill fraction 

of the surrounding bone, revealed high variability between groups, with both achieving 

maximum fills above 100% and minimum fills as low as 1.8% (Table 2). Overall, the 

average intensity of bone within the implants was near one, representing the bone created 

was similar in mineral density to the surrounding bone. There were large differences in 

healing, with some implants demonstrating little bone infill and others with exceptional bone 

infill and mineral formation. Representative micro-CT images of all constructs demonstrates 

that only one pig had exceptional healing in both types of implants (6365), with new bone 

visible between the open pores of the PCL, however, much of the PCL is still present 

indicated by empty spaces in the micro-CT image (Fig. 4). Other implants have new bone 

formation occurring mainly at the periphery of the implants.

3.3 Histology confirms limited bone formation and demonstrates fibrous tissue present

Histological examination of the implant samples confirmed results seen by micro-CT. Areas 

of bone tissue formation could be demonstrated in regions implicated by micro-CT (Fig. 

5). In areas of the construct where bone tissue was not present, the PCL support were 

surrounded by either fibrous tissue, or fibrous tissue with significant immune infiltrate, 

as diagnosed by nuclear morphology (Fig. 5). There was no discernable difference in the 

morphological appearance of bone tissue or of the fibrous tissue surrounding the elements 

of the PCL support in samples from either the CGCaP-PCL composite or the PCL supports 

alone. Bone tissue formed around and within the supports from both types of insert displays 

morphology indistinguishable from the native cancellous bone found within the jaw. Higher 

magnification images of the PCL support components indicated the presence of presumptive 

blood vessel invasion into the PCL matrix (Fig. 6). At the periphery of the support segments, 

layers of fibroblast-like cells could be seen surrounding variable-sized chunks of PCL 

material, separating them from the body of the PCL segments (Fig. 6). Observation of 

vascular infiltration and encapsulation of small portions of the PCL support material at the 
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interface with the tissue could be demonstrated in both samples implanted with CGCaP-PCL 

composites and PCL supports alone, and there was no discernable difference in these 

observations between the two samples types.

4. Discussion

In this study, we describe the fabrication and bone regenerative capability of a mineralized 

collagen-PCL composite in an in vivo critical-sized porcine ramus defect model for 

CMF defect applications. CMF defect applications require a biomaterial which promotes 

osteogenesis and new bone formation, and in light of this study, ones which additionally 

promote osseointegration, fit well to the defect site, and resists chronic inflammation 

and bacterial infection. We have developed mineralized collagen scaffolds which promote 

osteogenesis and osteogenic differentiation in the absence of osteogenic supplements and 

promote mineral formation both in vitro and in vivo [36, 43–46]. To bolster the mechanical 

properties of these porous mineralized collagen scaffolds, PCL 3D-printed polymer was 

added to create a composite that could be made to any size or shape defect [32, 33]. 

These CGCaP-PCL composites were previously characterized to determine an increase in 

elastic modulus with the addition of PCL to CGCaP, no changes in porosity, and a greater 

permeability in the PCL support compared to the CGCaP-PCL composite [32]. Additionally, 

porcine adipose-derived stem cells have been added to these constructs and demonstrated 

cell attachment and no negative impact on osteogenesis [32, 33]. The same CGCaP-PCL 

composites had been explored in sub-critical porcine ramus defects and had greater bone 

infill than mineralized collagen scaffolds or PCL supports alone, with no adverse healing 

[36]. However, to more accurately determine the bone regenerative effects of these CGCaP­

PCL composites in CMF defect repair, the use of a critical-sized defect model was used.

To accurately evaluate healing in craniomaxillofacial defects, larger animal species are the 

preferred models due to their longer lifespan, immune system more closely resembling 

humans’, and the ability to use techniques and equipment designed for human clinical use 

[47]. Large animals such as cats, dogs, sheep, horses, non-human primates, and pigs are 

typically used to model defects and repair that could correlate to humans. Pigs in particular 

have similar lamellar bone structure and mineral density to humans, and results from pig 

studies are more likely to match studies with humans than mouse, rat, or rabbit models [47, 

48]. Additionally, pigs have been shown to repair bone at approximately the same rate as 

humans [47]. Overall, due to the anatomy, morphology, and bone regeneration and immune 

response of pigs, this species is preferred to model human disease and defects [48]. The 

defect type must also be carefully considered for accurate translation of expected healing 

in humans. Sub-critical sized defects have been investigated in CMF repair, however, these 

defects are able to regenerate bone in the defect site over the course of the study without 

biomaterial intervention [49]. Critical-sized defects are large enough in size that bone will 

not be able to regenerate and surgical intervention is necessary to complete healing. Thus, to 

validate whether CGCaP-PCL composites could be a promising biomaterial in CMF defect 

repair, we used these in a porcine critical-sized ramus defect model.

It was not surprising to discover different results in the repair of a critical-sized defect 

model compared to a sub-critical sized defect model using the same biomaterial implants. 
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Being two very different models of bone regeneration, one unable to regenerate without 

biomaterial assistance and the other able to fully regenerate without any implant, we can 

expect different healing outcomes. Here, we examined the differences in bone regeneration 

of a PCL support compared to a CGCaP-PCL composite. It is assumed due to the size of the 

defect that without an implantable material there will be no bone regeneration, as defects 2.5 

cm or greater have poor history of healing, thus any bone formation within the defect site is 

an improvement in healing [50]. In a study using the same surgical procedure, controls using 

only cell culture medium to fill the defect spaces resulted in bone volume fractions of less 

than 10% over 8 weeks, with scar formation filling the gap instead of bone tissue [51]. We 

would therefore expect that the scar tissue formed would not be remodeled to bone tissue 

after 9 months due to a scarcity of tissue factors in critical-sized defects [52, 53].

We had extremely variable healing, with one pig demonstrating bone formation throughout 

the defect site including highly mineralized bone, some demonstrating bone regeneration 

on the edges but not the center of defect space, and others only fibrous tissue formation. 

We had hypothesized that the CGCaP-PCL composite would form a greater amount of new 

bone than the PCL support alone, however, the CGCaP-PCL composites did not display 

significantly increased bone formation compared to the PCL supports alone, a result that did 

not coincide with previous sub-critical defect studies [33]. As a function of depth and angle, 

both CGCaP-PCL composites and PCL supports had an average bone infill less than the 

amount of bone surrounding the defect, with the remaining space of the defect belonging to 

soft, or fibrous tissue. However, as a function of the radius, the average bone infill increased 

to above 1 in the composite at the edges closest to the host bone. The overall intensity 

of both implants was near 1, demonstrating similar mineral intensity in new bone formed 

compared to surrounding bone. Additionally, percent fill of implants demonstrated a high 

variability in fill between groups, suggesting that while the composite approach can support 

significant bone regeneration, additional innovations are required to promote consistent 

responses. It is notable that while the 25 mm diameter critical sized defect used here does 

not show any innate healing capacity [54], both PCL and CGCaP-PCL implants were able 

to induce quantifiable, and some cases significant new bone regeneration with the quantity 

and quality of regenerated bone showing the potential to match the native surrounding bone. 

One pig in particular demonstrated new bone formation throughout the pores of the PCL 

support and CGCaP-PCL composite, extending new bone formation to the center of the 

defect space. Where new bone was present, it surrounded the PCL support structures, with 

an interface of soft/fibrous tissue between the surface of the bone and the surface of the 

PCL (Fig. 5). The soft/fibrous tissue always made contact with the PCL, not the bone itself 

directly. This soft tissue appeared to penetrate the surface of the PCL, carving channels 

in it; allowing penetration of the PCL with presumptive vasculature, and separating small 

pieces of the PCL off from the main body of the PCL structure at the periphery (Fig. 6). 

Vascular invasion of PCL structures in both groups was present, including implants where 

bone growth occurred and in those that were surrounded by fibrous tissue.

Bone infill into the implant was limited by the PCL polymer, which can be visualized in 

Fig. 4, with gaps in the bone formation from PCL still present. All implants analyzed for 

bone infill had soft tissue infiltrate, and only one pig had empty voids in bone repair, due 

to abscess formation. Due to the long degradation time of PCL (2+ years), there was still 
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a significant amount of PCL left in the wound site. Fibrous tissue formation could also be 

attributed to the degradation byproducts of PCL and the size and shape of the print. The 

size and shape of polymer implants have been related to fibrous tissue formation and more 

PCL present results in more acidic byproduct release during degradation [55, 56]. These 

drawbacks of PCL also relate to a study by Reichert et al., as PCL-based implants were 

associated with limited bone formation in an ovine segmental defect model [57]. Issues in 

healing could also be attributed to the fit of the polymer and the composite to the defect 

site. Five implants were visibly ejected from the jaws of the pig or were unable to be found 

during micro-CT, which could be due to the method of press-fitting and gluing scaffolds 

and composites into the defect site. Unstable implant fixation and micromotion of implants 

has been shown to produce a fibrous tissue response. Micromotion resulting from unstable 

fixation of the implants could be a potential explanation for this tissue formation within both 

PCL supports and CGCaP-PCL composites [10, 11].

Multiple implants, both PCL supports and CGCaP-PCL composites, had post-surgical 

complications. Two pigs suffered from abscess formation, possibly due to bacterial infection 

during open wound fractures [16]. Although antibiotics were used during surgery, bacteria 

associated with infection in bone have demonstrated resistance and have been linked to 

disrupting osteoblast activity and bone formation [17]. In most of these implants, little 

bone was formed, and histology of samples with little to no bone fill frequently showed 

significant leukocyte infiltration in the fibrous tissue surrounding the PCL supports (Fig. 

5). This suggests chronic inflammation or presence of infection, and this could potentially 

explain the lack of bone tissue formation in these samples, which could potentially be 

avoided by more rigorous sterilization of medical tools and devices.

It should be noted that out of 22 implanted materials, 2 of these had exceptional healing 

outcomes. Both the CGCaP-PCL and PCL support within one pig demonstrated bone 

infill throughout the entirety of the implant and integration with surrounding host bone. 

Additionally, this implant did not have any abscess or fibrous tissue formation. Although 

other implants had difficulty healing throughout the entire space, successful healing and 

bridged bone formation from the center to the periphery of the defect in one implant 

demonstrates the potential for this strategy to work to regenerate bone in critical-sized 

defects. New bone formation would not have occurred without biomaterial intervention, and 

even small amounts of new bone formation in multiple implants demonstrate the potential 

for this strategy to succeed if the challenges in CMF defect repair are addressed. This study 

therefore identifies a series of modifications to address observed challenges in repair.

The limited bone formation and fibrous tissue encapsulation could be attributed to the 

known obstacles of CMF defect repair: implant fit to host bone, chronic inflammation and 

infection, and promoting osteogenesis. Due to variable healing results seen with micro-CT 

and histology, we recognize the need for improved design of these implants. The PCL 

polymer present in our implants was printed in a design that did not allow for any shape­

fitting, which can be used to minimize micromotion. Micromotion ultimately can inhibit 

osseointegration of the implant and surrounding bone [10, 11]. Additionally, the mechanical 

loading on these from chewing could have attributed to micromotion or complete loss of 

some implants, further motivating design of these scaffolds to conformally fit within the 
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defect site [58]. In the future we plan to modify the polymer 3D-print design to allow for 

shape-fitting, as well as minimize the amount and type of polymer used to shorten the 

degradation time and allow for greater bone infill. We have already demonstrated that we 

can incorporate other 3D-printed structures into these collagen scaffolds to promote greater 

mineral formation and faster degradation times [58, 59]. There were multiple abscesses and 

fibrous tissue formed, which can be related to bacterial infection and the body’s natural 

instinct towards inflammation during healing.

Due to the large size of bone missing, this makes bacterial infection more likely, as well as 

persistent inflammation, and a biomaterial that can prevent infection and guide the immune 

response towards repair should lead to more successful bone repair [14, 15, 60]. Future 

efforts are focusing on changes to scaffold compositional elements to modulate immune cell 

phenotype [61, 62]. Finally, limited bone formation in many of the implants, regardless of 

implant type, was different from the performance of these same groups in sub-critical sized 

defects. The mineralized collagen scaffold robustly promotes osteogenesis in vitro and in 

small animal studies in vivo [20, 21, 29–31]. However, the large scale of the defects tested 

likely require efforts to boost cell recruitment and activity. Key modifications include: the 

use of intraoperative adipose-derived stem cells seeding to boost healing [63]; modifications 

to the glycosaminoglycan content and pore size or orientation of the mineralized collagen 

scaffold to promote greater cell migration into the defect [62, 64] and the potential to 

incorporate biomolecular signals (e.g., transiently incorporated BMP2, VEGF) or modify the 

mineral composition (e.g., inclusion of zinc ions) to promote proliferation, osteogenesis, or 

angiogenic activity [65–67]. We acknowledge the limitations to the current study, in which 

an empty defect control was not considered to determine the percent of bone infill without 

any biomaterial intervention strategy. In future experiments utilizing these models, empty 

defect controls will be used and is recommended for other researchers evaluating any size 

critical-sized defect.

Our investigative team has demonstrated the individual potential of each of these 

interventions via in vitro or in vivo studies, suggesting routes for future improvements 

of these collagen-PCL composites to meet the translational requirements of regenerative 

healing of critical-sized craniofacial bone defects.

5. Conclusions

The bone regenerative capacity of PCL 3D-printed supports and mineralized collagen 

combined with PCL supports was investigated in a critical-sized porcine ramus defect 

model. We found variable healing, with the average bone infill within the implants to be less 

than the amount of bone surrounding these, however, greater than the amount of new bone 

formation possible without these implants. One implant demonstrated new bone formation 

throughout the space of the defect, and others demonstrated new bone formation mainly at 

the edges of the defect space. Some implants displayed fibrous tissue formation preventing 

new bone formation, possibly due to the amount of polymer present, infection, and lack 

of implant stability within the defect space. While there were no significant differences 

in healing between the PCL supports and CGCaP-PCL composites, observations strongly 

motivate future changes in composite biomaterials to improve regenerative healing of 
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large-scale craniofacial bone defects. The instance of bone formation throughout the defect 

space in both implants demonstrates the potential for this strategy to work with further 

modifications. This study motivates future work to improve cell invasion and resultant 

osteogenesis, improve conformal fitting to minimize micromotion and resultant fibrous 

tissue formation, and modulate the immune response to aid in repair.
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Fig. 1. Diagram demonstrating the isolation of PCL or CGCaP-PCL composites from porcine 
mandible and the following Micro-CT analysis.
(A) Diagram of the region of outside bone and sample of interest. A bone saw was used 

to cut along red region to isolate both the sample (PCL or CGCaP-PCL composite) as well 

as surrounding bone. (B) Images of 25 mm dia. PCL support and CGCaP-PCL composite. 

CGCaP completely covers in and around the PCL support. (C) Methods of analyzing sample 

in surrounding bone by Micro-CT, segmented by radial partitions, angular partitions, and 

depth partitions.
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Fig. 2. 
Micro-CT images of live pigs at 8 weeks and 16 weeks with PCL supports and CGCaP-PCL 

composites.
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Fig. 3. Bone infill into PCL supports and CGCaP-PCL composites as a function of the radius, 
angle, and depth of samples.
Fill fraction values of 1 represent the same amount of bone present within the defect space 

as the surrounding normal bone. All samples evaluated are comparison of bone tissue to 

soft tissue. Intensity values of 1 represent the same mineral density present within the 

defect space as the surrounding normal bone. (A) Analysis of sample fill fraction and 

intensity by radial partitions. Center of sample is located at radial partition 0, outer edge 

of sample is located at approximately 12000. No significant (p < 0.05) difference between 

sample groups. (B) Analysis of sample fill fraction and intensity by angular partitions in 

20° increments. No significant (p < 0.05) difference between sample groups. (C) Analysis 

of sample fill fraction and intensity by depth partitions. Bottom of sample is located at 

depth partition 0, top of sample is located at 1. No significant (p < 0.05) difference between 

sample groups. Samples were normalized to surrounding bone.
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Fig. 4. Representative Micro-CT images of CGCaP-PCL Composite and PCL support in the left 
and right mandibles of pigs after 9–10 months of implantation.
White represents bone, grey indicates soft tissue, and black represents void or no tissue 

present. # represents pig was sacrificed early due to health issues (6 days post implantation). 

‘No implant present’ indicates that the CGCaP-PCL composite or PCL support was not 

found in the pig mandible or migrated out of the mandible during healing. * represents 

implant had an edge partially cut off during trimming procedure. ^ represents abscess was 

present over the implant.
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Fig. 5. Histological analysis shows different tissue interactions with PCL inserts.
A) Composite specimen. Bone growth (blue arrows) surrounding the PCL with a significant 

layer of connective tissue between the bone and PCL. The connective tissue is rich in 

vasculature (asterisks) and shows no discernible infiltration with immune cells. B) PCL 

specimen. Tight encapsulation of PCL material with bone, with a relatively thin layer 

of dense connective tissue between the bone and PCL (blue arrows). C) PCL specimen. 

Encapsulation of PCL with fibrous connective tissue and a significant infiltration of 

the tissue with immune cells (asterisks). D) PCL specimen. Encapsulation of PCL with 

fibrous connective tissue with no association with bone. Yellow circles in mCT images 

indicate approximate boundaries of implant; red boxes indicate approximate areas shown in 

corresponding histological images.
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Fig. 6. Invasion of Polycaprolactone Support Structures by Vasculature and Connective Tissue.
(A) Penetration of PCL matrix by vascular tissue (presumptive capillaries) as diagnosed by 

the presence of red blood cells (arrows) in these vessel-like structures. (B) Penetration of 

the periphery of a PCL support strut with vasculature and connective tissue (arrows). As 

the tissue proceeds inward, small pieces of polycaprolactone are surrounded by connective 

tissue and pinched off from the main body of the polycaprolactone strut (arrowheads). 

Penetration of PCL struts is observed both in samples surrounded by bone ingrowth, and 

samples surrounded by fibrous tissue and immune infiltrates. Scale bar: 100 μm.
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Table 1.

Summary of samples post-sacrifice. The following table outlines the location of each sample, PCL support or 

CGCaP-PCL composite (denoted as Composite) in the corresponding side of the animal jaw (right or left). 

Whether analysis was performed on the sample is also listed, analysis including Micro-CT and histology. 

Complicating issues with retrieval of the implants or with the specimen are also included.

Pig number Side of implantation Type of Insert Analysis Performed Issues

6363 Right Composite No Missing insert

6363 Left PCL Yes None

6184 Right PCL No Sacrificed early - health issue

6184 Left Composite No Sacrificed early - health issue

6164 Right Composite No Insert migrated out of jaw

6164 Left PCL Yes None

6171 Right PCL No Sacrificed early - health issue

6171 Left Composite No Sacrificed early - health issue

6375 Right Composite Yes None

6375 Left PCL No Insert was compromised during extraction from mandible

6114 Right PCL Yes None

6114 Left Composite Yes None

6365 Right Composite Yes None

6365 Left PCL Yes None

6112 Right PCL Yes None

6112 Left Composite Yes None

6132 Right Composite No Insert was compromised during extraction from mandible

6132 Left PCL No Abscess over insert

6133 Right PCL No Missing insert

6133 Left Composite Yes None

6702 Right PCL No Insert migrated out of jaw

6702 Left Composite No Missing insert
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Table 2.
Percent fill of CGCaP-PCL (Composite) compared to PCL support (PCL).

The percent bone to tissue fill of implants was calculated by dividing the fill fraction of the implant by the fill 

fraction of the surrounding normal bone to get a percent fill. The implant for each pig investigated is listed.

Fill Fraction

Pig ID Composite PCL

6365 153.6% 100.6%

6114 8.3% 4.6%

6363 1.8%

6112 180.8% 9.2%

6164 30.3%

6133 3.7%

6375 4.1%
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