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Abstract 

Objectives 

To analyze the use of highly translatable 3D printed auricular scaffolds with and without novel 

cartilage tissue inserts in a rodent model. 

 

Methods 

This prospective study assessed a single stage 3D-printed auricular bioscaffold with or without 

porcine cartilage tissue inserts in an athymic rodent model. DICOM computed tomography (CT) 

images of a human auricle were segmented to create an external anatomic envelope filled with 

orthogonally interconnected spherical pores. Scaffolds with and without tissue inset sites were 

3D printed by laser sintering bioresorbable polycaprolactone (PCL) then implanted 

subcutaneously in five rats for each group. 

 

Results 

Ten athymic rats were studied to a goal of 24 weeks post-operatively. Precise anatomic similarity 

and scaffold integrity were maintained in both scaffold conditions throughout experimentation 

with grossly visible tissue ingrowth and angiogenesis upon explantation. Cartilage-seeded 

scaffolds had relatively lower rates of non-surgical site complications compared to unseeded 

scaffolds with relatively increased surgical site ulceration, though neither met statistical 

significance. Histology revealed robust soft tissue infiltration and vascularization in both seeded 

This article is protected by copyright. All rights reserved.
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and unseeded scaffolds, and demonstrated impressive maintenance of viable cartilage in 

cartilage-seeded scaffolds. Radiology confirmed soft tissue infiltration in all scaffolds and 

biomechanical modeling suggested amelioration of stress in scaffolds implanted with cartilage. 

 

Conclusion 

A hybrid approach incorporating cartilage insets into 3D-printed bioscaffolds suggests enhanced 

clinical and histological outcomes. These data demonstrate the potential to integrate Point of 

Care tissue engineering techniques into 3D-printing to generate alternatives to current 

reconstructive surgery techniques and avoid the demands of traditional tissue engineering. 

 

Keywords: 3D-printing, auricular reconstruction, tissue engineering 

 

Level of evidence: N/A (animal model)  
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Introduction 

Auricular reconstruction is a complex and technically challenging endeavor. The most common 

repair technique involves the creation and implantation of an autologous construct fashioned by 

hand from costal cartilage, generally yielding acceptable aesthetic outcomes with a durable and 

compatible implant.1,2 However, the process is demanding given the intricacy of repair, 

significant psychosocial sequelae, and potential complications including pneumothorax, 

infection, exposure of the implant, and scarring. While porous polyethylene (PPE) implants (e.g. 

Medpor) can provide good aesthetic outcomes, studies report higher complications including 

extrusion and infection when compared to rib reconstruction.3,4 

 3D printing may lessen the technical complexity of autologous implants and produce 

high-fidelity, biocompatible constructs similar to native tissues using tissue engineering. Some 

challenges with tissue engineering ear cartilage to date have been framework 

contraction/distortion, poor long term outcomes, and high regulatory burden using complex in 

vitro methods out of the operating room.5-8  

To address these limitations, we have developed a hybrid scaffold-based tissue 

engineering approach that also allows inclusion of Point of Care autologous cartilage tissue. We 

previously demonstrated that our auricular scaffolds promote chondrogenesis, as seeded 

chondrocytes induced chondrocyte proliferation in vitro.9 Here, we propose using bioscaffolds to 

promote chondrogenesis in clinically translatable settings that do not require in vitro culture, a 
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novel method that would have low regulatory burden, ease of performance, and capability to 

execute in lower resource setting, such as global outreach initiatives. 

 

Methods 

In vivo models 

Scaffold development 

To produce the unseeded scaffold, an external anatomic envelope was derived from computed 

tomography imaging of a 10-year-old male and 3D-printed in bioresorbable polycaprolactone 

(PCL) with orthogonally interconnected spherical pores with a mean pore diameter of 2mm.9,10 

For cartilage-seeded scaffolds, scaffolds were printed with five 2.7 mm diameter tissue inset 

wells at areas previously determined using nonlinear finite element analysis (FEA) to experience 

high effective strain leading to ulceration. All scaffolds were sterilized with ethylene oxide prior 

to experimentation as in prior clinical 3D printing work.11 

 

Unseeded scaffold implantation 

All animal surgery protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Michigan (PRO00009569). Unseeded scaffolds were 

implanted into a subcutaneous pocket within the dorsum of five athymic rats (hereafter referred 

to as control group rats #1-5). Ketoprofen was administered during surgery to prevent post-

operative inflammation. Incisions were closed with a subcuticular absorbable suture and covered 
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with cyanoacrylate tissue adhesive (3M, St. Paul, MN). Following surgery, rats were given E-

collars and had their nails trimmed regularly to prevent aggressive grooming and self-induced 

damage to the skin over the scaffolds. 

 

Cartilage-seeded scaffold implantation 

Porcine auricles were procured approximately 16 hours prior to operating, prepared with 

chlorhexidine and betadine administration, then briefly kept at 2°C. The day of operation, 

cartilage was dissected out from skin under sterile conditions leaving the overlying 

perichondrium. 3.5 mm punch biopsies were procured and rinsed in sterile PBS with 250 U/ml 

Bacitracin and 2.50 µg/ml amphotericin B. Punch biopsies were inserted into each of the five 

predetermined tissue inset wells in the scaffold so that the tissue was slightly convex from the 

surface of the scaffold. Scaffolds were then implanted into the dorsum of five athymic rats 

(hereafter referred to as rats hybrid group #6-10) with peri-operative administration of 

ketoprofen. Rats were treated with one dose of cefazolin at 25 mg/kg approximately four hours 

prior to scaffold implantation and amoxicillin/clavulanic acid at 25 mg/kg twice a day for 10 

days following implantation. 

 

Clinical evaluation 

Rats were subject to a weekly photodocumentation protocol with measurement of the length, 

width, and height of their scaffolds. They were assessed twice weekly for scaffold extrusion, site 
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infection, scaffold exposure/fracture, hematoma/seroma, or ulceration, with calculation of cross-

sectional area of ulcers if present. Ulcers were classified according to the following system: a) 

“rat-induced” if markings suggested self-induced injuries including scratch marks or bite marks, 

b) “scaffold-induced” if ulceration was present overlying the scaffold but distinct from the suture 

line, c) “non-surgical site”, to include rat-induced or scaffold-induced injury outside the suture 

site, and d) “surgical site” if ulceration was present at the suture site. Rats were sacrificed at 24 

weeks with explantation of scaffolds unless otherwise stated. A two-tailed t-test assuming equal 

variances was conducted between unseeded and cartilage-seeded scaffolds comparing the 

maximum cross-sectional areas for each ulcer classification, with P<0.05 considered statistically 

significant. 

 

Histological evaluation 

Following explantation, three random samples of scaffold immediately surrounding punch 

biopsy insertion sites per rat were fixed in 4% formalin for 24 hours, embedded in paraffin, and 

processed using standard histologic procedures with a slice thickness of 10 µm. They were 

stained with hematoxylin and eosin (H&E) and Safranin O for cartilage growth assessment. Anti-

pig Ki67 antibody (Neuromics, Edina, MN) was used to assess cellular proliferation in 

transplanted pig cartilage, and anti-rat Ki67 (BD Pharmingen, San Diego, CA) for the 

surrounding tissue. Cleaved caspase 3 (Cell Signaling Technology, Danvers, MA) was applied 

for evaluation of cellular death in both pig and rat-related tissue. To assess vascularization, H&E 
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slides were de-identified from their cohort (control vs. hybrid) and had four random images 

taken at 20x magnification (n = 12 per rat). Each image was assessed for number of vessels and 

the percent cross-sectional area of all blood vessels compared to overall image size (631 μm by 

494 μm), where vasculature was defined by the presence of three distinct tunics (intima, media, 

and adventitia) with or without blood cells visible within the lumen of the vessel. Data was 

linked backed to the respective cohort and unpaired two-tailed t-tests assuming equal variances 

were conducted comparing number of vessels, average cumulative percent vessel area, and 

average percent vessel area per vessel, with P<0.05 considered statistically significant. 

 

Radiological evaluation 

Following explantation, random samples of scaffold immediately surrounding punch biopsy 

insertion sites were placed in a 19 mm diameter specimen holder and scanned using a microCT 

system (µCT100 Scanco Medical, Bassersdorf, Switzerland) with the following settings: voxel 

size 12 µm, 55 kVp, 109 µA, 0.5 mm AL filter, and integration time 500 ms. Scans were 

processed using Materialise Mimics (Leuven, Belgium) to form 3-dimensional (3D) pictures. 

 

Biomechanical evaluation 

Nonlinear FEA of scaffolds was performed using FEBio12, modeling skin13 and auricular 

cartilage14  as nonlinear elastic materials undergoing large deformation with frictonless sliding 

contact conditions assumed between skin and ear scaffolds with and without biopsies. 
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Results 

Clinical outcomes 

Of rats with unseeded scaffolds, rats 2, 3, 4, and 5 made the target 24 week target date.  

Rat #1 was sacrificed at 19 weeks after presenting with an enlarging skin rash and over 20% 

weight loss despite administration of empiric antibiotics and diet pills. Cultures yielded 

numerous Streptococcus sciuri and Enterococcus faecalis with varying susceptibilities, 

suggesting complicated wound infection. Of rats with cartilage-seeded scaffolds, rats #6, 9, and 

10 made the 24 week target date. Rats #7 and 8 were sacrificed at 22 weeks because of 

worsening surgical site ulceration. 

The progression of tissue overlaying the implants with time was monitored in control 

(Figure 1A-C) and hybrid groups (Figure 1D-F). The average length, width, and height of 

scaffolds from both groups at 24 weeks was 62.6 +/- 0.55 mm, 42.8 +/- 0.45 mm, and 20.0 +/- 

0.00 mm respectively, indicating that the size of the bioscaffold was stable in vivo. By visual 

comparison with original scaffolds there was no distortion of auricular subunit landmarks 

(superior and inferior crus of the antihelix, stem of the antihelix, triangular fossa, scaphoid fossa, 

conchal bowl, tragus, antitragus, intertragic notch). 

Different ulceration types predominated across the groups. In the control group, 80% 

(4/5) had rat-induced ulceration (Figure 1G). Scaffold-induced ulcerations (80% of cases) 

(Figure 1H), non-surgical site ulcerations (80% of cases), and surgical site ulcerations (80% of 

This article is protected by copyright. All rights reserved.



 12 

cases) (Figure 1I) were observed at high rates in the control group. However, the hybrid group 

only presented with rat-induced ulceration in 40% (2/5) of the cases. The formation of scaffold-

induced ulceration (20% (1/5)) and non-surgical site ulceration was also lower (40% (2/5)) while 

the presence of surgical site ulceration (80% (4/5)) remained equal compared to control.  

Next, we analyzed the temporal progression of cross-sectional areas for each ulceration 

classification. The majority of rat-induced ulcers in both control and hybrid group appeared and 

regressed within two to nine weeks with minimal wound care (Figure 1J-L). Interestingly, 

though there was a progressive worsening of surgical site ulcerations in 80% of the animals from 

both groups, we observed a smaller incidence and severity of scaffold-induced ulcers in the 

hybrid group compared to control. Meanwhile, different patterns of non-surgical site ulcerations 

were found between groups, as scaffold-induced ulcerations were predominantly seen in the 

control group while the hybrid group had more rat-induced ulcerations (Figure 2A). When 

averaging the cross-sectional ulcerations over the 2 groups (Figure 2B), we observed that the 

control group demonstrated more rat-induced and scaffold-induced ulcerations compared to the 

hybrid group, albeit not in a statistically significant fashion. In contrast, ulcerations in the hybrid 

group were more frequently observed at the surgical sites. 

 

Histological outcomes 

We evaluated the histology and cellular behavior of unseeded and seeded scaffolds via 

hematoxylin-eosin (H&E), Safranin O and Ki67/caspase 3 staining. In the control group, soft 
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tissue infiltration into the periphery of the pores (arrow) was observed with moderate 

vascularization (asterisk) (Figures 3A-C). However, no cartilage (red) was present as outlined by 

Safranin O staining (Figures 3D-F); we attribute scant positivity for Safranin O to staining of 

hair follicles.15 H&E histology did not show concern for inflammatory infiltrates or signs of 

infection.  In the hybrid group, we also observed robust soft tissue infiltration into the pore 

(Figures 3G-I, arrow) with moderate vascularization and viable perichondrium overlaying the 

cartilage (bracketed). Critically, we also saw maintenance of viable cartilage (red) within the 

transplanted punch biopsies (Figures 3J-L). Immunohistochemistry revealed proliferating pig 

cells in rat skin overlying the scaffold, as seen in hair follicles, and at the edge of the skin (Figure 

3M/N) without porcine Ki67 antibody positivity outside of the punch biopsy. Interestingly, 

histology of porcine cartilage seeded in scaffold at 24 weeks also demonstrated actively 

proliferating cells without major cell death (Figure 3M-O). 

 Vascularization and blood vessel ingrowth was robust in both unseeded and hybrid 

seeded scaffolds. Comparable numbers of vessels per image were found on average between 

control and hybrid groups (6.19 vs. 6.25, P = 0.96, Figure 4A). Significantly larger cumulative 

percent vessel areas were found in the control rats vs. hybrid rats (3.18% vs. 1.87%, P < 0.05) 

but no statistical significance was found after standardizing for vessel number (0.91%/vessel vs. 

0.61%/vessel, P = 0.07, Figure 4B). 

 

Radiological outcomes  
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Lastly, we performed micro-CT on porcine cartilage punch biopsies implanted into the 

scaffold (Figure 5A, cartilaginous positions circled and correlated to explanted ear). Finite 

element analysis (FEA) models with and without biopsies (Figure 5B/C) demonstrate 

amelioration of strain between ear scaffolds and skin. As expected, 3D-model constructed 

microCT imaging of hybrid scaffolds at the time of explantation demonstrated infiltration of soft 

tissue into the pores (Figures 5D/E).  

 

Discussion 

Several meaningful findings resulted from this study. First, implantation of biocompatible 3D-

printed PCL scaffolds seeded with cartilaginous tissue was magnitudes less technically 

demanding than traditional autologous microtia reconstruction, more time-efficient, and 

ultimately capable of sustaining viable cartilage. Grossly, 3D-printed auricles with and without 

cartilage inserts appeared structurally similar to human ears and all scaffold measurements 

remained consistent. That no significant retraction or degradation of scaffolds was observed 

within the period of experimentation suggests resistance to myocontractile wound healing forces 

and sustained longitudinal feasibility of such implants. Moreover, at the time of implantation, 

biopsies were intentionally larger than inset sites to allow securement through slight 

compression. Although inconspicuous in most cases, they were clearly visible in multiple 

scaffolds and found to be consistently intact on explantation without displacement; one punch 

biopsy may be seen prominently at the mid-stem of the helix in Figure 1F, for instance. 
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Critically, vascularization was identified by H&E staining in both unseeded and seeded 

scaffolds, implying that non-autologous tissue implants do not inhibit vessel formation within the 

timeframe of our experimentation. Although statistically greater cumulative percent vessel area 

was found in unseeded vs. seeded scaffolds, comparable vessel number between the two cohorts 

and the difference in percent area was rendered not statistically significant on standardization by 

vessel number. These differences may be explained in multiple ways. Quantification of 

angiogenesis has inherent challenges based on how histology captures the blood vessels. We 

attempted to mitigate this by taking multiple samples per slide and multiple slides per position 

but acknowledge that our measurement may be inaccurate and/or underestimated based on 

scoring from the H&E staining. Finally, although statistical differences were observed, they still 

arose only in the context of two cohorts of five rats each, and this study was not specifically 

powered to detect differences between the groups. Overall, vascularization was detected both 

grossly and histologically in each of the seeded and unseeded scaffold, and we believe this level 

of vascularization is likely to improve overlying soft tissue quality when compared to the high 

density nature of PPE.16,17 

Regarding chondrogenesis, viable cartilage was confirmed by Safranin O in punch biopsy 

sites along with Safranin O positive tissue on the periphery of the pores in the seeded scaffold. In 

addition to cartilage, viable perichondrium was observed on histology. Studies have previously 

established that chondrocyte progenitor cells are found within the perichondrium of adult 

auricular tissue.18 With demonstration of perichondrial survival, we can envision co-culturing 
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perichondrium with multipotent cell populations – for example adipose derived stem cells – to 

evaluate its impact on differentiation and chondrogenic potential. Subjectively, we noted that the 

soft tissue overlying the scaffolds was thicker in tissue-seeded vs. unseeded scaffolds, as seen in 

Figures 3A compared to figure 3G. However, additional analysis is required to confirm these 

differences. 

Distinct patterns of ulceration were noted between the unseeded and cartilage-seeded 

scaffolds. First, healing of rat-induced ulceration was seen across both conditions, consistent 

with the discovery of vascularization. Second, smaller rates of scaffold-induced ulceration 

approaching statistical significance were seen in the cartilage-seeded scaffolds. This suggests 

that inclusion of the cartilage tissue biopsies intended to offset the interface between overlying 

soft tissue and that rigid scaffold was successful in ameliorating frictional strains, consistent with 

our FEA models in Figures 5B/5C. Finally, it appears that greater cross-sectional area of surgical 

site ulceration was present with the cartilage-seeded scaffolds compared to unseeded scaffolds, 

although this difference was not statistically significant. We hypothesize that even a slight 

increase in the volume of the offset may add small but meaningful amount of stress on the 

wound closure and that our closure technique utilizing a subcutaneous running Monocryl – 

which normally performs well in humans – might be more challenging in the post-operative care 

of animals. In the future, we could potentially address this complication by decreasing projection 

of the cartilage from the scaffold and balancing tension with a contralateral otoplasty. 
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There exist several key points that merit discussion. The first is that no statistically 

significant difference was observed between cartilage-seeded and unseeded scaffolds in any 

category of ulceration. This is likely due to limited sample size and the methods by which 

measurements were obtained. In the rat-induced ulceration category for example, it is possible 

that there are multiple occult signs that were not accounted for, including rubbing on the sides of 

the cage with subsequent scaffold displacement. Beyond statistical analysis, the exact 

relationship between Safranin O positive tissue and chondrogenesis could not be determined with 

regard to the originating tissue. Specifically, one can imagine scenarios in which porcine 

cartilage induced a microenvironment whereby native circulating mesenchymal stem cells 

seeded around the punch biopsy were induced towards the chondrocytic lineage, or alternatively 

where porcine mesenchymal stem cells were transplanted along with the auricular tissue and 

contributed to peripheral chondrogenesis. As such, additional immunohistochemistry will be 

essential towards clarifying whether chondrocytes are present beyond the limits of the cartilage 

punch biopsy and from which tissue they arise. 

While the utility of 3D-printing has grown dramatically in medicine at large, cartilage 

engineering in particular has benefited from its developments. Successful cartilage growth was 

shown by Cohen in athymic rat and mouse models with implantation of bioscaffolds seeded with 

in vitro cultured chondrocytes and mesenchymal stem cells.19 Kim et al. seeded 3D-printed 

auricular scaffolds with tonsil-derived mesenchymal stem cells, then implanted those scaffolds 

into mouse models with demonstration of collagen and vascularization after 12 weeks.20 
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Additionally, Zhou et al. isolated auricular cartilage-derived chondrocytes from microtia 

patients, cultured them in a bioscaffold for four months, and implanted them back into the 

patients to observe successful outcomes after 2.5 years.21 All these concepts are promising, but 

unfortunately require a significant in vitro component with extensive culturing time that may not 

be readily translatable in all institutions. Furthermore, these cells cultured outside the OR 

combined with scaffolds are a class III combination product that face significant regulatory 

expense and time to achieve FDA approval for clinical use including performing phase I and 

phase II clinical trials. Exclusively in vivo approaches have been tried too, with chondrogenesis 

obtained in bioscaffolds seeded with autologous diced cartilage and platelet-rich plasma in rabbit 

models.22 However, even this required some processing after collecting tissue/serum, and a 

cystic-like reaction was induced around the scaffold at explantation at four months, indicating 

that improvements are still warranted. In comparison to these methods, our work has fewer 

technical requirements in combining point of care tissue engineering with 3D printing and do not 

require advanced technology, e.g. bioprinting with cells plus materials. As a result, this work has 

great potential in global outreach, where organizations and facilities may not have the same 

capacities as those within the U.S. 

In summary, we show a promising new technique for auricular reconstruction that is 

reproducible, relatively less technically complex, and most importantly, readily clinically 

translatable as it eliminates in vitro requirements and accompanying regulatory burden. One can 

imagine a situation in which a bioscaffold is customized and printed for a patient, seeded with 
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autologous tissue, and implanted within the same day. With further iterations, we hope to expand 

this project to additional animal models, use autologous tissues, extend the period of observation 

after implantation, and ultimately translate towards human patients. 
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Figure titles 

Figure 1. Representation of scaffolds and/or ulcerations over time in vivo.  

Figure 2. Trended mitigation of a majority of soft tissue ulceration mechanisms by hybrid 

approach.  

Figure 3. Soft tissue integration, angiogenesis, and maintenance of viable cartilage in the 

hybrid approach.  

Figure 4. Quantitative analysis of vascularization in control (C) and hybrid (H) rat 

scaffolds. 

Figure 5. Biomechanical modeling and microCT imaging of cartilage-seeded bioscaffolds.  

 

Figure legends 

Figure 1. Photodocumentation of a representative rat with unseeded scaffold (A) immediately 

following implantation, (B) 12 weeks after implantation, and (C) 24 weeks post-implantation. 

Photodocumentation of a representative rat with hybrid cartilage-seeded bioscaffold (D) 

immediately after implantation, (E) 12 weeks, and (F) 24 weeks after implantation. 

Representative examples of (G) rat-induced, (H) scaffold-induced, and (I) surgical site 

ulceration. Progression of non-surgical and surgical site ulceration of representative rat with 

cartilage-seeded bioscaffold at (J) 13, (K) 15, and (L) 17 weeks after implantation, with 

demonstration of healing in lateral wounds. 
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Figure 2. (A) Graphs representing cross-sectional area of ulcerations in control and hybrid 

groups according to type of ulceration (rat-induced, scaffold-induced, non-surgical site, or 

surgical site) and average maximum cross-sectional area. Error bars represent standard error. (B) 

Average and standard error (SEM) of ulceration cross-sectional area in mm2 in unseeded and 

cartilage-seeded scaffolds. P-value determined from two-tailed t-test assuming equal variances. 

Figure 3. Unseeded scaffold histology under H&E staining (A-C) and Safranin O staining (D-F). 

Cartilage-seeded scaffold histology with H&E staining (G-I) and Safranin O staining at (J-L). 

Scale bar represents 1000 μm in Fig A, D, G, and J; 200 μm in Fig B, E, H, and K; and 100 μm 

in Fig C, F, and I. Arrows point to soft tissue ingrowth. Asterisk represents vascularization. 

Brackets encompass viable perichondrium. Immunohistochemical staining for Ki67 (green), 

caspase 3 (red), and Dapi (grey) at different localizations in and/or surrounding the cartilage-

seeded bioscaffold (M-O); scale bar represents 100 μm. 

Figure 4. (A) Average vessel number per image (311,714 μm2). (B) Cumulative percent vessel 

area and percent vessel area normalized by vessel number per image. C represents the control 

group, H represents the hybrid group. 

Figure 5. (A) A representative scaffold seeded with porcine auricular cartilage biopsies (circled) 

mapped to a hybrid scaffold. (B) FEA model of PCL scaffolds (green) without biopsy but 

containing insert holes, and resulting strain in idealized skin pulled over ear scaffold. (C) FEA 

model of PCL scaffolds with biopsy, and resulting in reduced high strain areas in idealized skin 

pulled over ear scaffold. (D) MicroCT imaging of a cartilage-seeded scaffold with tissue 
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infiltration circled. (E) 3D rendered model of a cartilage punch biopsy after explantation of the 

scaffold. 

This article is protected by copyright. All rights reserved.



LARY_29114_3.13.20 Figure 4.png

This article is protected by copyright. All rights reserved.



LARY_29114_4.6.20 Figure 1.png

This article is protected by copyright. All rights reserved.



LARY_29114_4.24.20 Figure 3.pngThis article is protected by copyright. All rights reserved.



LARY_29114_5.23.20 Figure 2.png

This article is protected by copyright. All rights reserved.



LARY_29114_7.23.20 Figure 5.jpgThis article is protected by copyright. All rights reserved.




