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Abstract: Scaffold guided breast tissue regeneration (SGBTR) can both transform reconstructive and cosmetic 

breast surgery. Implant-based surgery is the most common method. However, there are inherent limitations as 

there is replacement of tissue rather than regeneration. Regenerating autologous soft tissue has the potential to 

provide a more like-for-like reconstruction with minimal morbidity. Our SGBTR approach regenerates soft 

tissue by implanting additively manufactured bioresorbable scaffolds filled with autologous fat graft. A pre-

clinical large animal study was conducted implanting 100 ml breast scaffolds (n = 55) made from medical grade 

polycaprolactone in 11 minipigs for 12 months. Various treatment groups were investigated where immediate 

or delayed autologous fat graft, as well as platelet rich plasma were added to scaffolds. Computed Tomography 

and Magnetic Resonance Imaging was performed on explanted scaffolds to determine volume and distribution 

of regenerated tissue. Histological analysis was performed to confirm tissue type. At 12 months we were able 

to regenerate and sustain a mean soft tissue volume of 60.9  4.5 ml (95% CI) across all treatment groups. There 

was no evidence of capsule formation. There were no immediate or long-term post-operative complications. In 

conclusion, we were able to regenerate clinically relevant soft tissue volumes utilizing SGBTR in a pre-clinical 

large animal model.  

Keywords: tissue engineering; regenerative medicine; breast reconstruction; scaffold; 

polycaprolactone; soft tissue; adipose tissue; pre-clinical; large animal; pig  

 

1. Introduction 

Breast cancer is the most common cancer globally [1]. Soft tissue reconstruction following breast 

cancer treatment is an important consideration as there is good evidence it improves physical and 

psychological well-being [2,3]. The most common method of breast reconstruction is the use of 

silicone implants [4]. Silicone implants have been developed as a permanent prosthesis. However, 

this stimulates a foreign body response resulting in fibrous capsule formation, which can lead to 

capsular contracture causing breast deformity, pain and device failure [5,6]. This is a significant 

drawback, which essentially limits the lifespan of breast implants, often resulting in revision surgery 

[7,8], or conversion to autologous reconstruction [9].  

Autologous reconstruction with free tissue transfer offers a robust method to breast 

reconstruction. The most common method is an abdominal based free flap on the deep inferior 
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epigastric artery. These flaps have higher satisfaction rates compared to silicone implants, likely 

because they offer a more like-for-like reconstruction, highlighting the advantage of autologous 

tissue [10,11]. However, these flaps require patients to have an adequate donor site for free flap 

harvest, and there is an associated donor site morbidity such as abdominal bulge or hernia [12]. 

Additionally, free tissue transfer is complex and the surgery requires a high level of specialized care, 

which can limit patient access to this type of surgery. Autologous fat graft is an alternative method 

to breast reconstruction which is safe and minimizes the donor site requirement [13,14]. However, 

the variable rate of fat graft survival usually means it is limited to small volume correction or repeat 

procedures to reconstruct large volumes [15]. Therefore, there are limitations with current methods 

of breast reconstruction largely because these techniques replace tissue rather than regenerating it.   

A recent review explores the perspectives offered by bioengineering to regenerate soft tissue 

which holds immense promise in the field of breast reconstruction [16]. One approach to stimulate 

regeneration of soft tissue has utilized additively manufactured chambers with a pedicled fat flap 

[17,18]. However, the long-term outcomes are not reported, and there has been variable success. 

Another approach has used folded surgical mesh [19] at the time of implantation, however this 

technique has not been successfully reproduced by others likely due to is complexity [20].  

Scaffold guided breast tissue regeneration (SGBTR) utilizes additively manufactured 

bioresorbable breast scaffolds made from medical-grade polycaprolactone (mPCL), which are filled 

with autologous fat graft. Over time, the body acts as a bioreactor, which supports the regeneration 

of soft tissue whilst the scaffold dissolves, resulting in a tissue engineered construct of regenerated 

soft tissue (Figure 1). Additive manufacturing techniques can produce patient specific implants 

which can have complex porous geometries with high accuracy and reproducibility. Reproducible 

control of the internal scaffold architecture is essential as the internal structure plays a critical role in 

guiding cell infiltration, tissue organization and ultimately homeostasis [21]. Whilst, extensive 

control of scaffold design is currently possible, rational design that directs cell organization to achieve 

specific tissue structures is not yet a commonly taken approach and remains a challenge. In addition, 

optimal design relies on knowledge of how cells sense and respond to different scaffold 

morphologies, composition and surface properties during the regeneration process which is still 

largely unknown. 

 

Figure 1. Scaffold Guided Breast Tissue Regeneration Concept. Patient-specific breast scaffolds are 

additively manufactured from medical-grade polycaprolactone and implanted in the breast. Scaffolds 

are filled with autologous fat graft. The body acts as a bioreactor which initiates and guides soft tissue 

regeneration. Eventually the scaffold completely resorbs resulting in a construct of regenerated soft 

tissue which has a specified shape and volume. 

We hypothesize using bioresorbable, mPCL scaffolds which are additively manufactured results 

in a clinically acceptable and reproducible method to regenerate soft tissue. The aim of this study is 

to describe the long-term tissue regeneration outcomes and mechanical properties of SGBTR in a 

preclinical large animal model. 
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2. Materials and Methods 

2.1. Scaffold Design, Manufacturing and Characterisation 

Scaffolds were designed to be 100 ml approximating an A-cup sized breast. The scaffolds were 

additively manufactured from medical-grade polycaprolactone (mPCL) which is a bioresorbable 

polymer material that is FDA and CE approved for implantation [22]. These scaffolds had 90% 

porosity, a pore size of 8mm, 100% pore connectivity and each strut was 350 µm in diameter. Scaffolds 

were pre-treated with plasma and sterilized by gamma radiation (Steritech Pty. Ltd., Australia).  

2.2. Large Animal Study 

A detailed methodology on the animal model used has been published.[23] All animal studies 

were approved by the Queensland University of Technology (QUT) University Animal Ethics 

Committee (Approval Number: 1600000282) and in accordance with the requirements on the Animal 

Code for the Care and Use of Animals for Scientific Purposes (8th Ed, 2013).   

A total of 55 scaffolds which were 100 ml in volume were implanted in 11 adult female 

immunocompetent Australian minipigs under general anaesthesia (Figure 2). These scaffolds were 

implanted in the flanks of the pig under their superficial muscle (panniculus carnosus) layer. Six 

treatments were performed on each animal with treatments randomised to their site. Some treatment 

sites required a second procedure four weeks later to fill the scaffold with autologous fat graft in a 

delayed fashion. 

Treatment groups were: 

1. 50 ml fat graft injection only, no scaffold implanted (control); 

2. Scaffold only implanted (control); 

3. Scaffold implanted and filled with 50 ml immediate fat graft; 

4. Scaffold implanted and filled with 50 ml immediate platelet rich plasma; 

5. Scaffold implanted and filled with 50 ml delayed fat graft after four weeks; 

6. Scaffold implanted and filled with 50 ml immediate platelet rich plasma, then 50ml delayed fat 

graft after four weeks. 

Autologous fat graft was harvested from the animal’s abdomen using a Body-Jet Eco (Human 

Med AG, Schwerin, Germany) liposuction system. Platelet-rich plasma (PRP) was harvested from the 

animal’s whole blood using the Angel (Arthrex, Florida, USA) system and mixed with platelet poor 

plasma and 10 ml of 10% calcium chloride to make up a final 50 ml volume.  Animals were reviewed 

daily for eight weeks whilst housed in an animal facility with veterinary support. They were then 

transferred to an agistment facility and regularly monitored until a 12-month endpoint when they 

were euthanised to facilitate post-humous analysis.  
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Figure 2. Surgical procedure implanting medical-grade polycaprolactone (mPCL) breast scaffolds. 

(Top) Schematic showing treatment site placement on flank of pig. (Middle left) Pocket development 

for mPCL scaffold implant under panniculus carnosus muscle layer. (Middle right) 100ml porous 

mPCL breast scaffold being implanted in pocket. (Bottom left) Implanted mPCL scaffold being filled 

with autologous fat graft. (Bottom right) Implanted scaffold following wound closure along flank of 

pig showing projection. 

2.3. Post-Humous Analysis 

Imaging was performed with ultrasound (US), computed tomography (CT), and magnetic 

resonance imaging (MRI) to determine volume and distribution of regenerate tissue. Immediately 

after euthanasia, a CT scan (Toshiba Aquilion Lightning, Tokyo, Japan) using standard helical 

acquisition was performed. Scaffolds were then explanted. At the fat graft only treatment site, a 

portion of tissue including skin, subcutaneous fat, panniculus carnosus muscle and deep muscle was 

excised within the boundaries marked by tattoo at time of initial surgery. A repeat CT was performed 

on each explanted sample with 0.5 mm slice thickness. Each sample was then scanned using a 3T-
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MRI (Siemens MAGNETOM Prisma, Munich, Germany) using T1 and T2 fat suppression sequences, 

as well as wavelength excitation curves to investigate water and fat peaks.  

CT volumetric analysis was performed using a free open-source medical image reader (Horos 

4.0.1). The total volume of regenerated tissue in the explanted scaffold was calculated by segmenting 

a region of interest (ROI) of greater than –200 Hounsfield units to capture all tissue other than air. 

This calculated volume was correlated with a water displacement technique of explanted samples. 

Volume of fat was calculated by segmenting a ROI of -50 to -200 Hounsfield units, which corresponds 

to the density of fat in pigs [24]. 

Distribution analysis was performed using a free open-source image processor (ImageJ 1.54i). 

Fat excitation sequences were used and a middle slice through the scaffold construct was imported. 

This slice was divided into three zones and converted to a binary scale. The proportion of high signal 

corresponding to fat and low signal corresponding to other tissue types was calculated in each zone.  

Histological and immunohistochemistry studies were performed to analyse the structure and 

composition of the regenerate tissue. Slides were stained with Haematoxylin and Eosin (H&E) for 

general analysis. Immunohistochemistry was performed using Perilipin-1 (PLN1) (Anti-Perilipin-1 

antibody, ab3526, Abcam) antibodies, which have been used as a marker to identify viable adipocytes 

[25], Masson’s trichrome for connective tissue, and von Willebrand Factor (vWF) as a marker for 

vascularity. 

Mechanical studies were performed to determine mechanical properties of the regenerated soft 

tissue construct. Explanted samples were tested using an Instron 5848 MicroTester (Instron, 

Massachusette, USA) at a strain rate of 0.1 mm/sec. Scaffolds were placed in a 37-degree Celsius 

phosphate-buffered saline (pH = 7) and compressed to 50% to calculate an approximate elastic 

modulus.  

2.4. Statistical Analysis 

Statistical analysis was performed in SPSS v26 (IBM) and Microsoft Excel. Significance was 

defined as p <0.05. Mean values are reported as mean  standard errors with a 95% confidence 

internal.  

3. Results 

3.1. Macroscopic Analysis 

The surgical procedure and scaffolds were well tolerated by all animals (n = 11) across the 12-

month study period (Figure 2). There were no local wounds or systemic complications across all 

treatment sites (n = 66). All scaffolds (n = 55) were completely filled with soft tissue macroscopically 

and radiologically (CT and MRI) (Figure 3). A fibrous capsule was not identified around any scaffolds 

(Figure 3). Macroscopically, all scaffolds demonstrated significant tissue integration, and this is 

supported by ultrasound showing tissue infiltration into the scaffold structure (Figure 3). No 

scaffolds demonstrated significant rotation or migration from the implantation site. Blood vessels 

were identified growing into the scaffold structure from major vessels in the surrounding host tissue 

(Figure 3).  
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Figure 3. Radiological and macroscopic images of scaffolds at the 12-month end point. (Top left) 

Ultrasound of scaffold in-situ demonstrating tissue infiltration from host tissue into the scaffold 

marked by arrows. (Top middle) Computed Tomography of explanted scaffold demonstrating a 

hypodense signal of adipose tissue filling the scaffold structure which has a hyperdense signal. (Top 

right) Magnetic Resonance Imaging with fat excitation (T1) sequence of explanted scaffold 

demonstrating the high signal of adipose tissue filling the scaffold structure which has a low signal. 

(Bottom left) View of scaffold in-situ (dotted line) with overlying soft tissue reflected back 

demonstrating significant tissue integration and lack of fibrous capsule formation. (Bottom middle) 

View of scaffold partially dissected from surrounding tissue demonstrating lack of scaffold migration 

or rotation, significant tissue integration and lack of fibrous encapsulation. (Bottom right) View of 

completely dissected scaffold filled with soft tissue. There is an arrow showing a dissected blood 

vessel growing into the scaffold from a major blood vessel in the surrounding host tissue. 

3.2. Volume and Distribution 

We were able to regenerate and sustain a mean soft tissue volume of 60.9  4.5 ml (95% CI) at 12 

months across all scaffolds. There was no statistically significant difference between total volume of 

soft tissue sustained between treatment groups (Figure 4). Across all groups, the soft tissue was 

primarily composed of adipose tissue compared to other soft tissue types, with the highest proportion 

of adipose tissue regenerated in the scaffolds filled with immediate fat graft group and the lowest in 

the scaffold filled with immediate PRP. In scaffolds filled with fat graft the there was no statistical 

difference in volume of soft tissue sustained compared to scaffolds not filled with fat graft (60.46  

5.6 mL (95% CI), 61.62  7.8 mL (95% CI) respectively, p>0.05).    
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Figure 4. Proportion of fat to other tissue type in scaffolds per treatment group (n = 11 in each 

treatment group). Greatest proportion of fat in scaffold + immediate fat graft group compared to 

scaffold + immediate platelet rich plasma (PRP). No statistically significant difference between groups 

using Kruskal-Wallis H test. 

MRI analysis was performed to study the distribution of soft tissue regeneration throughout the 

scaffold structure at 12 months (Figure 5) Figure 5. Proportion of fat per zone in each scaffold based 

on MRI analysis with error bars (n = 43 in each group). Significant statistical difference between outer 

1/3, middle 1/3 and inner 1/3 zones on Welch’s ANOVA and Games-Howell post-hoc test.. The largest 

percentage of adipose tissue was identified in the outer 1/3 (75%) compared to the middle 1/3 (46%) 

and inner 1/3 (31%) of the scaffold which were all statistically different (p <0.001 and p = 0.008).   
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Figure 5. Proportion of fat per zone in each scaffold based on MRI analysis with error bars (n = 43 in 

each group). Significant statistical difference between outer 1/3, middle 1/3 and inner 1/3 zones on 

Welch’s ANOVA and Games-Howell post-hoc test. 

3.3. Microscopic Analysis 

Tissue structure and composition were assessed with histology and immunohistochemistry 

(Figure 6). H&E overview demonstrated an arrangement of circular mPCL bars and struts, 

surrounded by an adjacent rich extracellular matrix (ECM), and an outer zone of regenerate 

adipocytes. The presence of adipocytes was confirmed using PLN1 stain. There was rich vascularity 

in the ECM zone and around adipocytes on vWF analysis. Masson’s trichrome demonstrated collagen 

staining around scaffold struts. There was no evidence of a microscopic confluent fibrous capsule at 

the periphery of the scaffold.  

 

Figure 6. Histology and immunohistochemistry of explanted mPCL scaffolds at 12 months. (Top left 

left) Haematoxylin and Eosin (H&E) overview (0.7x zoom). Central arrangement of scaffold struts, 

adjacent rich extracellular matrix (ECM) network and regenerate adipose tissue filling the scaffold 

pores. (Bottom left left) H&E high magnification (5x zoom) showing arrangement of scaffold struts, 

p<0.001 p=0.008 

p<0.001 
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ECM network and adipocytes. (Top middle left) Overview (0.7x zoom) of Perilipin (PLN1) stain 

demonstrating viable adipocytes (arrows). (Bottom middle left) High magnification (5x zoom) view 

of PLN1 stain demonstrating viable adipocytes. (Top middle right) Overview (0.7x zoom) von 

Willebrand (vWF) stain demonstrating vasculature in the rich ECM network surrounding mPCL 

struts and around regenerate adipocytes. (Bottom middle right) High magnification (5x zoom) view 

of vWF stain demonstrating vascularity (arrows). (Top right right) Overview (0.7x zoom) Masson’s 

trichome stain demonstrates intense collagen staining in the ECM zone surrounding mPCL struts. 

There is no evidence of fibrous capsule at periphery of scaffold identified. (Bottom right right) High 

magnification (5x zoom) view of Masson’s trichrome stain showing ECM network around scaffold 

struts (arrows). 

3.4. Mechanical Testing 

The mean elastic modulus for explanted scaffolds was 1.157 MPa which was similar to a control 

portion of tissue excised at the fat graft only treatment site which was 1.058 MPa (Figure 7).  

 

Figure 7. Mechanical testing of explanted samples at 12-months post implantation. Samples were 

immersed in water bath filled with Phosphate-Buffered Saline (PH = 7) at 37 ℃ . The test was 

performed up to 50% uniaxial compression with the strain rate of 0.1 mm/s. n = 10 in each group. 

4. Discussion 

The ability to regenerate soft tissue through SGBTR is an emerging field of research. This study 

was able to regenerate and sustain a mean soft tissue volume of 60.9  4.5 mL (95% CI) over 12 

months. Importantly, in the treatment groups where scaffolds were not filled with autologous fat 

graft, this study regenerated 66.1  9.7 ml (95% CI), representing de-novo regeneration of soft tissue. 

In contrast, scaffolds filled with 50 ml of autologous fat graft regenerated 59.5  4.6 mL (95% CI), 

representing a modest 20% increase in soft tissue, but this did not account for potential fat graft 

resorption which may increase that gain. In other large animal studies, Shim et al.[26] were also able 

to regenerate de-novo soft tissue utilizing empty PCL scaffolds designed in a ball-like shape in four 

pigs over three months. However, their scaffolds were significantly smaller (3cm in diameter 

equating to 14 ml volume) compared to our volumes (100 ml), limiting their clinical applicability. 

Chhaya et al. [27] were able to achieve a 6.1-fold and 4.95-fold increase in soft tissue in 75 ml mPCL 

scaffolds which were filled with immediate and delayed fat graft respectively over three months. Our 

study supports the previous work in achieving soft tissue regeneration utilizing mPCL scaffolds and 

to date is the largest and longest pre-clinical large animal study highlighting the safety and efficacy 

of SGBTR.  
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The composition of regenerated tissue is an important consideration. In the context of breast 

reconstruction, the ability to regenerate fat is critical as the breast is predominantly composed of 

adipose tissue.[28] However, the breast is also composed of other soft tissue such as glandular and 

connective tissue.[28,29] In our study, the soft tissue regenerated was largely composed of adipose 

tissue across all treatment groups. This was confirmed with immunohistochemistry using PLN1. We 

also regenerated other soft tissue types including fibrotic and vascular tissue, confirmed on Masson’s 

trichrome and vWF stains respectively. The ideal proportion of adipose tissue to other tissue types is 

largely unknown, but the ability to modulate the type and proportion of regenerated soft tissue will 

be key for clinical application.  

Chhaya et al. [27] identified the positive influence of autologous fat graft on increasing adipose 

tissue regeneration in a pilot study. We similarly identified that the highest proportion of adipose 

tissue regenerated was in the treatment group filled with immediate fat graft, but this did not reach 

statistical significance. In fact, we identified that there was largely no effect of various treatments 

such as fat graft, timing and PRP on tissue regeneration. The difference may be due to the larger 

scaffold sizes investigated in our study, meaning a longer distance from the injected fat graft to 

peripheral vascularized tissue. On MRI analysis, we identified the greatest proportion of adipose 

tissue sustained was in the outer 1/3 of the scaffold, closest to the peripheral vascularized tissue, and 

the least was in the inner 1/3, which is furthest from vascularized tissue. This closely follows a model 

on fat graft survival by Eto et al. [25] where there is an outer zone of surviving adult adipocytes and 

adipose-derived stromal cells (ASCs), an intermediate zone of necrotic adipocytes but surviving 

ASCs where regeneration occurs, and an inner zone of necrotic adipocytes and ASCs where no 

regeneration occurs. This highlights that there may be a role for using autologous fat graft to guide 

tissue regeneration towards forming more adipose tissue, but vascularity remains is a critical 

consideration.    

A different approach to improving adipose tissue vascularization is by transferring vascularized 

tissue as a fat flap. Findlay et al. [17] investigated a pedicled fat flap in a 78.5 ml tissue engineered 

chambers to regenerate adipose tissue and achieved a 5-fold increase. This was scaled up in a human 

trial of 5 patients [18]. However, there was limited success where one patient formed 210 ml of new 

tissue, but 3 patients failed to develop any soft tissue enlargement and the device was encased in a 

thick fibrous capsule. Faglin et al. [30] investigated tissue engineered chambers in rats and pigs, and 

discussed the importance of modulating the fibrous encapsulation around the implants as it 

influences the extent of tissue regeneration. This highlights the importance of considering the foreign 

body response (FBR) to implanted biomaterials and its influence on tissue regeneration.      

A FBR is universal to any implanted biomaterial, and usually results in fibrous capsule 

formation to wall the implant off from the host [31]. In the context of breast reconstruction, a thick 

fibrous capsule is undesirable as it can result in capsular contracture causing breast deformity, pain 

and implant rupture [5,6]. We identified no macroscopic evidence of a fibrous encapsulation around 

our scaffolds at 12 months. This is largely due to the porous structure of our scaffold which was large 

enough to encourage tissue integration, rather than peripheral fibrous capsule formation [32]. This 

contrasts with other studies using implants with smaller pores resulting in peripheral fibrous 

encapsulation [17,18,26]. In addition, we identified the scaffold FBR resulted in a rich ECM network 

containing blood vessels, essentially creating an internal vascularized structure around mPCL struts 

allowing for tissue regeneration. The use of mPCL is an important factor in creating a favorable FBR 

for tissue regeneration due to its slow degradation profile. This has led to the ability to regenerate 

clinically relevant large volumes of soft tissue without a vascularized fat flap.  

This study did not cause any significant wound issues or discomfort for the pigs over the 12-

month study period suggesting that mPCL scaffolds are well tolerated. The mechanical properties of 

the regenerated soft tissue construct are an important factor in this. Mechanical testing on our 

samples demonstrated a similar elasticity to the soft tissue dissected from the pig. We also identified, 

the soft tissue constructs were significantly stiffer than human breast tissue [33]. However, this may 

be desirable in the context of breast reconstruction to maintain shape and projection over time, 

negating the effect of gravity and breast ptosis [34,35]. Scaffolds also provide mechanical protection 
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against external forces, which improves fat graft survival [36]. Conscious design and additive 

manufacturing is critical to engineer a reliable and reproducible scaffold to protect tissue 

regeneration. It overcomes repeatability issues reported [20] when using an alternative method of 

folding surgical mesh to create a scaffold [19]. 

This study did not identify any treatment effects of fat grafting, timing or PRP on tissue 

regeneration. This may be due to an inadequate sample size to identify a small effect. The 

generalizability of this study is limited to smaller clinically relevant volumes approximating an A-

cup breast size. The ability to scale this approach to larger volumes may influence the proportion of 

soft tissue regeneration due to limitations in vascularity. However, this approach has been 

successfully applied to reconstruct a large volume pectus excavatum deformity in a human [37]. 

5. Conclusions 

This study was able to regenerate clinically relevant volumes of soft tissue in the pre-clinical 

long-term large animal model utilizing SGBTR principles. This provides safety and efficacy data for 

future clinical trials.  
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