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ABSTRACT 

The use of naturally-derived matrices for bioengineering of solid organs has been limited due to 

a lack of an integrated vascular network.  Here, we describe fabrication of a bioscaffold system 

with intact vascular tree.  Animal-donor liver tissue, ranging in span up-to thirty centimeters, was 

perfused with decellularization solution to selectively remove the cellular component of the 

tissue and leave an intact vascular network.  The vascular tree demonstrated sequential fluid flow 

through a central inlet vessel that branched into an extensive capillary bed and coalesced back 

into a single outlet vessel.  We further used central inlet vessels to perfuse human and animal 

liver cells through the bioscaffold to create a functional liver tissue in vitro.  Bioengineered liver 

tissue implanted in mice maintained natural architecture and liver functions.  These results 

demonstrate a novel, simple and scalable method to obtain whole organ vascularized 

bioscaffolds with potentials for liver and other organs bioengineering. The bioscaffolds provide a 

tool to study cells seeded in an authentic three-dimensional environment. Additionally, 

bioscaffolds seeded with liver cells, may serve as a much better drug discovery tool than cells in 

culture dishes. 
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2.1 INTRODUCTION 

Over the last two decades the field of tissue engineering has been very successful  in the 

introduction of potential therapies for tissues that can be constructed out of a thin sheet of cells 

such as bladder, skin, arteries, etc1-4.  However, thicker tissues such as muscle and liver have 

remained difficult challenges due to diffusion limitations5; cells can only survive approximately 

three millimeters from a source of nutrients and oxygen6.  Attempts to engineer tissues thicker 

than this length have thus been victim to necrosis of the core of the constructs. 

 

Solid organs have an intricate vascular tree which, by a series of branching vessels, forms a 

pervasive capillary network that keeps all cells in the body approximately within one millimeter 

of a nutrient and oxygen source.  Researchers attempted various approaches to mimic the natural 

vascularity including co-seeding of endothelial cells that spontaneously form capillary-like 

networks and engineering of branching channels to mimic the vascular tree7, 8, via angiogenesis, 

polymer biochemistry, and scaffold design9-13. However, these efforts have not achieved an 

appropriate scaffold which has a natural vascular tree with centralized inlet and outlet vessels 

and pervasive nutrient exchange capacity comparable to the capillary network in the body.  One 

significant advance in the field of bioscaffold design has been the utilization of decellularized 

tissue as scaffolds for tissue engineering applications14.  These acellular extracellular matrix 

(ECM) derived scaffolds have been shown to maintain surface markers and signaling peptides 

that are conducive to cell growth and tissue specific differentiation15. 

 

Cell seeding of artificial and naturally-made scaffolds continuously presents challenges for 

whole organ tissue engineering16. Specifically, large cell mass transfer into the scaffold, which 

will have the appropriate clinical size, was not successfully achieved for solid organ. Most 

studies have focused on small animal models of tissue engineering. Bioreactors that use 

perfusion systems were developed to address this problem17. However, access to the entire 
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thickness of the scaffold was limited due to the lack of intra-scaffold channels. Attempts to 

create such channels were made but were not used for further increasing the overall size of the 

engineered tissue or organ. 

 

Using liver tissue as a model, we demonstrate that a decellularization process can be taken one 

step further and that the macro vascular skeleton of the organ can be preserved while the cellular 

components are removed. The intact vascular tree can be accessed through one central inlet 

which branches into an intact capillary network and then reunites into one central outlet. This 

makes the acellular organ a vascularized bioscaffold which is suitable for bioengineering of solid 

organs. 
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2.2 MATERIALS AND METHODS 

2.2.1 Liver preparation 

Livers were dissected from various animals as the decellularization process was optimized across 

various length scales.  All animal care and experimental procedures were done in full compliance 

with the Wake Forest University Institutional Animal Care and Use Committee, as well as all 

State and Federal Guidelines. Dissection was carried out in a similar fashion in mice, rats, ferrets 

(Mustela putorius), rabbits, and pigs.  After the animal was sacrificed, a longitudinal abdominal 

incision was made and the liver visualized.  The portal vein was dissected and transected.  The 

falciform and cardiac ligaments were transected and the liver mobilized to visualize the inferior 

vena cava.  The vena cava above and below the liver were transected and any remaining 

attachments to the liver were dissected and cut.  The liver was removed with the capsule intact.  

One side of the vena cava was ligated and the other end of the vena cava was cannulated with a 

22 gauge cannula in mouse, 20 gauge in rat and ferret, and size 16 tubing in rabbit and pig.  The 

portal vein was cannulated with a 20 gauge cannula in rat, ferret and in rabbit, and size 16 tubing 

in pig . 

 

2.2.2 Decellularization 

The portal veins of the livers were attached to a pump (Masterflex L/S peristaltic pump with 

Masterflex L/S easy load pump head and L/S 16 gauge tubing, Cole-Palmer, Vernon Hills IL) 

and distilled water was perfused through the portal vein at a rate of approximately 5 ml/min (rat 

and ferret livers).  Approximately 50 times the volume of the liver was perfused and then 1% 

Triton-X 100 (Sigma-Aldrich, Co, St. Louis, MO, USA) with 0.1% Ammonium Hydroxide 

(Sigma-Aldrich, Co, St. Louis, MO, USA) was perfused to decellularize the organ.  

Approximately 50 times the volume of the liver was circulated through the vascular tree.  

Finally, a distilled water wash was circulated to wash out the decellularization detergent. 
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2.2.3 Matrix characterization 

DNA was isolated from the bioscaffold and liver tissue per protocol using DNeasy Tissue kit 

(Qiagen Inc., Valencia, CA, USA) using equal masses of scaffold and control liver tissue.  H&E 

stain, Trichrome stain, Russel-Movat Pentachrome stain and Alcian Blue/PAS staining were 

performed for scaffold characterization after paraffin wax fixation and sectioning.  Collagen and 

elastin quantification was made as directed in the protocol of Sircol and Fastin assay kits, 

respectively. Immunohistochemistry detection of collagen types I, II, III and IV was performed 

in 5um bioscaffold sections using antibodies made in rabbit anti-collagen I, II, III and IV, 

respectively. AVB samples for scanning electron microscopy were prepared by lyophilizing the 

decellularized scaffold and cutting it into multiple sections. 

 

2.2.4 Biodegradation assay 

Decellularized matrices were dried by lyophylization and divided into segments of 4-6mg by 

mass.  The segments were placed in PBS at 37 ºC.  Controls were maintained in PBS while 

experimental were placed in 1mg/ml (250 U/ml) collagenase II.  Samples were collected and 

dried again by lyophylization.  Mass of the bioscaffold in control and experimental were 

measured at 3, 6, 12, 24, and 48 hours of exposure. 

 

2.2.5 Vascular tree imaging 

Fluoroscopy was carried out utilizing a decellularized pig liver and the Siemens SIREMOBIL 

Compact L C-arm.  Conray Iothalamate Meglumine contrast agent was diluted at a ratio of 1:50 

in distilled water and flowed through the vasculature at a rate of 30 ml/min.  Fluorescent 

microscope imaging of the capillary tree was obtained by flowing 100 ug/ml fluorescein bound 

to 250 kD dextran into the AVB.  Dextran bound fluorescein was used so as to minimize 

diffusion of the fluorescein outside of the vasculature.  A fluorescent light microscope was used 

to obtain the other single plane images. 
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2.2.6 Bioscaffold endothelial cell seeding and bead perfusion 

100x106 endothelial MS1 cells were injected through portal vein of a bioscaffold and allowed to 

attach for 2 hours at 37 ºC. Culture medium (DMEM w/ 10% FBS and AB/AM) was then 

continuously perfused for 3 days at 5 ml/min. After 3 days, bioscaffolds were retrieved for 

analysis by fluorescent microscopy. Several seeded bioscaffolds were injected by vena cava with 

polyvinyl beads (~5 um) labeled with phycoerythrin. 

 

2.2.7 Bioscaffold seeding with HepG2 and endothelial cells 

30x106 HepG2 and 30x106 endothelial MS1 cells were seeded through portal vein of the 

bioscaffold by perfusion with the culture medium. Culture medium (DMEM w/ 10% FBS and 

AB/AM) was then continuously perfused for 1 week at 6 ml/min. After 1 week, the bioscaffold 

was fixed in 4 % paraformaldehyde in PBS and analyzed by histology and 

immunohistochemistry with the antibodies mouse anti-albumin and goat anti-Von Willebrand 

Factor. 

 

2.2.8 Implants 

The decellularized liver bioscaffold was cut in small pieces (1.0 cm x 0.5 cm), sterilized in 70 % 

ethanol overnight and immersed and washed also overnight in PBS. Adult rat hepatocytes were 

harvested as described in Zahlten RN et al.18 and 5x106 were seeded overnight by injection with 

a 25 gauge needle along with 5x106 MS1 endothelial cells per bioscaffold piece.  Athymic mice 

(Nu/Nu Charles River Laboratories) were used for the intra-abdominal implantation of the 

seeded bioscaffold. The implants were sutured to the internal abdominal wall with 5-0 Silk Black 

Braided Suture and the wound was closed layer by layer, with the appropriate surgical sutures. 

The implants were retrieved, analyzed and processed for histological analysis after one week. 

Hematoxylin and eosin staining was performed and immunofluorescence with sheep anti-rat 
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albumin antibody was prepared using a FITC labeled secondary antibody and DAPI 

counterstaining. 

 

2.2.9 Transplantation 

The right lobe of the decellularized liver bioscaffold was sterilized with a cobalt gamma 

irradiator (J. L. Shepherd and Associates, Inc., San Fernando, CA, USA) with a dose of 1.5 

Mrad. Prior transplantation, 150U of sodium heparin (Abbott Laboratories, Inc., Abbott Park, IL, 

USA) was injected into the bioscaffold using its portal catheter. After heparin injection, the 

catheter was removed and all the suture lines holding it to the bioscaffold were removed. Three 

months old adult Sprague-Dawley rats (Charles Rivers Laboratories, Inc., Wilmington, MA, 

USA) were used for the intra-abdominal ectopic transplantation experiments and kept under 

isoflurane gas anesthesia during all the procedure. Both portal vein and vena cava of the 

bioscaffold were end-to-side anastomosed, respectively with the superior mesenteric vein and the 

native vena cava of the host rat with 9-0 proline suture line (Ethicon, Inc., USA) using a 

microsurgery microscope (Carl Zeiss, Inc., Jena, Germany). Vascular clamps were removed and 

blood was allowed to flow freely through the bioscaffold until major clotted areas could be 

observed. 
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2.3 RESULTS 

Previous studies that aimed to decellularize thick tissues such as liver have sectioned the tissue 

into thin slices and then decellularized them19. We took the approach to utilize the native 

vascular system to deliver decellularization solution throughout the liver by accessing the portal 

vein. We were able to successfully decellularize livers of variable sizes including a two 

centimeter mouse liver, an eight centimeter ferret liver (Fig. 2.1A) and a thirty centimeter pig 

liver (not shown).  However, there was a difference between species as to ease of 

decellularization.  Rat and rabbit livers were not easily decellularized due to weaker vascular 

integrity and the portal vein tends to burst before the whole organ could be decellularized. This 

method produced an acellular bioscaffold that demonstrated a vascular network, which we term 

as an acellular vascularized bioscaffold (AVB). The vascular tree could be directly visualized 

under low magnification microscopy due to the transparent parenchymal space (Fig. 2.1B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 | Preparation of the acellular vascularized bioscaffold. Whole ferret livers were 

decellularized as described under “Methods”. (A) Macroscopic view of a decellularized ferret 
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liver at different stages of the process; (0’) cadaveric liver (20’) partially decellularized liver 

(120’) completely decellularized liver. (B) A decellularized lobe of the liver demonstrating clear 

parenchyma, defined liver capsule and vasculature.  

 

Several methods were used to confirm the fully decellularization of AVB.  H&E staining of 

paraffin sections (Fig. 2.2A) showed the expected pink eosinophilic staining for collagen with no 

basophilic staining of cellular material.  Mason’s Trichrome (Fig. 2.2B) demonstrated a 

homogenous blue staining from collagen. Movat’s Pentachrome (Fig. 2.2C) showed yellow 

staining indicative of collagen with peri-arteriole elastin staining black. Alcian Blue/PAS 

staining (Fig. 2.2D) produced intense magenta staining indicative of neutral 

mucopolysaccharides or glycosaminoglycans distributed throughout the bioscaffold. No cellular 

material could be observed in any of the stained sections. In addition, these results indicate that 

extracellular matrix components, such as collagen, proteoglycans and elastin were preserved 

during the decellularization process. Further analysis indicated that 54% of the lyophilized 

weight of the bioscaffold is collagen (acid/pepsin soluble) and 14.5% elastin. Also, abundant 

presence of collagens I and IV throughout the whole bioscaffold was confirmed by 

immunohistochemistry (Fig. 2.3). Smaller quantities of collagens II and III could also be 

detected. To confirm complete decellularization we used DNA content as a measure of cellular 

material in a given tissue sample.  DNA was extracted from equal mass of fresh liver tissue and 

AVB and analyzed by spectrophotometry and agarose gel electrophoresis followed by ethidium 

bromide staining. Spectrophotometric analysis could not detect any DNA in 20 mg of AVB 

compared with 180 µg DNA extracted from 20 mg of fresh liver. Similarly, DNA extracted from 

the AVB showed no signal in the agarose gel, compared with a strong signal of high molecular 

weight DNA extracted from the fresh liver tissue. 
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Figure 2.2 | Histochemical analysis of decellularized liver bioscaffold. (A) H&E staining of 

decellularized liver sections shows no cellular staining and pink eosinophilic staining expected 

from proteinous extracellular matrix.  (B) Mason’s Trichrome staining of decellularized liver 

sections showes blue staining indicative of protein extracellular matrix with no cellular material 

visualized.  (C) Movat-Pentachrome staining of decellularized liver sections demonstrates yellow 

staining of the scaffold indicative of collagen with peri-arteriole dark staining indicative of 

elastin.  (D) Alcian Blue/PAS staining of bioscaffold sections showing magenta color indicative 

of the presence of neutral proteoglycans. 
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Figure 2.3 | Collagen types I, II, III and IV immunohistochemical staining showing abundant 

presence of collagen I and IV and lower quantities of collagen II and III. 

 

An important advantage of a bio-scaffold compared with some synthetic scaffolds is its 

degradation potential that allows tissue remodeling according to the specific tissue environment 

needs. Lyophilized AVB was place in PBS solution containing 1 mg/ml (250 U/mg) collagenase 

II at 37C and the amount of insoluble material was measured over 48 hour period (Fig. 2.4). The 

AVB lost about 80% of its mass within the first 6 hours and was completely degraded by 48 

hours. In contrast, AVB that was incubated under similar conditions in the absence of 

collagenase had no significant reduction to its mass. Taken together, these results indicate that 

the perfusion method of whole organ decellularization yields a biodegradable, collagen-based 

bio-scaffold without cellular reminiscence, while preserving the vascular network. 

 

 

 

 

 

 

 

 

 

Figure 2.4 | Biodegradation of the AVB in the presence of collagenase II was performed as 

described under “Methods”. Control scaffolds were maintained in PBS under similar conditions. 

Fifty percent of the bioscaffold was degraded within the first 2 hours of incubation and complete 

degradation by collagenase was achieved by 48 hours. 
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The results of Figure 2.1 suggested that the vascular network of the decellularized liver remained 

intact. A series of scanning electron microscopy (SEM) examinations of sections of the AVB 

were performed in order to further characterize the intact decellularized liver (Fig. 2.5).  SEM 

images demonstrated reticular collagen fibers that provide support for the hepatic tissue (Fig. 

2.5A). Figure 2.5B is a high magnification of the “portal triad”, consisting of a large portal vein, 

bile duct and the hepatic artery. It clearly shows the typical “honeycomb” structures of the 

hepatic lobules surrounding the “portal triad” and no presence of cells. Figure 2.5C shows 

multiple vacuous structures at the liver hilum, where vascular supply to the liver is located, with 

intact and patent blood vessels. A high magnification reveals tightly interwoven fibers along the 

vessel (Fig. 2.5D). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 | Ultrastructure of the liver bioscaffold.  (A) SEM of a cross-section of the 

decellularized bioscaffold showed at 120x magnification intact Glisson’s capsule, intact lobules 

and vascular structures.  (B) A higher magnification image of A demonstrates intact portal triad 

and parenchymal matrix mesh.  (C) SEM image of a cross-section of the AVB at the liver hilum 

at 40x magnification showing blood vessels constructed of woven protein fibers and no cellular 
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material visualized.  (D) A higher magnification image of C further demonstrates the details of a 

woven structure of a blood vessel. 

 

A major challenge for the fabrication of pre-vascularized scaffolds for bio-engineering of large 

volume tissues is to provide patent, non leaky vascular channels. To assess patency we infused a 

fluorescent dye (fluorescein) coupled to 250 kDa dextran through the portal vein (Fig. 2.6A). 

Fluorescent microscopy showed a defined vascular tree with multiple branching (Fig. 2.6B). A 

high magnification fluorescent microscopy confirmed that the dye was contained even in the 

small capillaries of the AVB without significant diffusion to the liver parenchyma (Fig. 2.6C-F). 

The vascular network of the AVB was further analyzed with confocal laser microscopy (Fig. 

2.6G). So, we were able to acquire multiple images in order to reconstruct the three dimensional 

structure of the capillary network (Supplementary Video 1).  A vascular network that exhibits 

multiple branching points with an average diameter of 15 micrometers can be seen, the size that 

would approximately be expected from capillaries20. These results indicate that the capillary 

network is patent lumen with minimal leakage. To further confirm the integrity of the vascular 

network and to demonstrate that the central inlet artery was intact and that fluid injected into the 

vasculature flowed through this vasculature rather than extravasate throughout the organ, an x-

ray fluoroscopic study with radio-opaque dye was performed. The fluoroscopy demonstrated that 

the injected dye was flowing as expected from an intact vascular network and slowly moved 

from larger vessels to smaller capillaries (Fig. 2.6H and 2.6I and Supplementary Video 2).  This 

series of experiments demonstrated that fluid injected through the portal vein sequentially 

branched down to the capillary level, that the capillaries were intact, and the fluid injected 

through the portal vein ultimately came out the hepatic veins. Taken together, the results suggest 

that the AVB maintained the original liver vascular network, which can be used to perfuse 

nutrients to the bioengineered organ. 
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Figure 2.6 | Characterization of patency of the AVB vascular tree.  (A) Injection of  fluorescein-

labeled 250 kDa dextran particles into the portal vein of a decellularized mouse liver.  (B) The 

decellularized mouse liver shown in A was visualized under fluorescent microscopy revealing 

the native vascular tree of the liver. (C, D) Large branching vasculature of the decellularized 

mouse liver is visualized by light and fluorescent microscopy, respectively. (E, F) An extensive 

network of capillary size vessels is visualized by light and fluorescent microscopy, respectively.  

(G) Confocal microscopy was used to recreate the vascular network of the decellularized mouse 

liver, demonstrating capillary sized vasculature as a fine network of interconnected capillaries as 

well as a clear parenchymal space.  (H, I) Contrast agent flow through a decellularized pig liver 

demonstrating progressive flow from large vessels branching into medium-sized arterioles and 

continues to ultimately fill the fine vasculature of the liver (supplementary video 1). 

 

Besides providing porosity to form vascular channels, the bioscaffolds should provide adequate 

environment for cell growth. The liver is mainly composed of 2 cell types, hepatocytes and 
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endothelial cells. GFP-labeled mouse endothelial cells were infused through the portal vein and 

the AVB was perfused with endothelial cell media for 3 days. The seeded AVB was visualized 

under fluorescent microscope, showing a single line of fluorescent endothelial cells lining the 

vascular channels (Fig 2.7A). No labeled endothelial cells were observed outside the channels. 

To test if we can access the liver parenchyma, we seeded the AVB with fluorescently-labeled 

endothelial cells (green) through the portal vein and infused fluorescently-labeled beads (red) 

through the vena cava and inspected the AVB under fluorescent microscope. The peri-portal 

space was filled with endothelial cells (Fig 2.7B). A high magnification showed that several 

endothelial cells are needed to cover the lumen circumference and some of them were aligned in 

the direction of the flow of the perfused culture medium (Fig 2.7B, insert). On the other hand, 

the fluorescent beads, delivered through the vena cava, appeared in the peri-central area (circle) 

of the hepatic lobules (Fig. 2.7C), but did not diffuse into the peri-portal area (hexagon) where 

the endothelial cells are found. Taken together, these results suggest that the perfusion method 

used to deliver the decellularization solution can be used to deliver cells for seeding the lumen of 

the vascular channels and the parenchyma of the liver lobules, by using the portal vein and the 

vena cava, respectively. It also confirms that the vascular channels are intact and that no 

endothelial cells can be observed outside the vascular channels. 

 

A CB  
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Figure 2.7 | Re-endothelialization of the liver bioscaffold.(A) Fluorescently-labeled mouse 

endothelial cells were seeded in ferret liver bioscaffold, as described under “Methods”, 

demonstrating endothelial cells that are lining the bioscaffold’s vascular channels.  (B) 

Fluorescently-labeled mouse endothelial cells perfused through the portal vein distribute 

predominantly in the peri-portal areas. A higher magnification (insert) shows that several 

endothelial cells are needed to cover the lumen circumference and some of them are aligned in 

the direction of the flow of the medium.  (C) Fluorescently-labeled beads (red) that were 

perfused through the vena cava reach the core of the liver lobules (circle). Endothelial cells 

perfused through the portal vein are localized in the peri-portal areas (hexagon) and visualized by 

nuclear staining (blue). 

 

Following our early success in using the perfusion method to seed the AVB with endothelial 

cells, we performed a series of co-seeding experiments of mouse endothelial and human 

hepatocyte committed progenitors, HepG2, cells. One week after seeding, high density of cells 

can be observed throughout the AVB with visible tissue formation (Fig. 2.8A). 

Immunohistochemical analysis showed extensive and intense albumin expression (Fig. 8B) and 

patterned Von Willebrand Factor distribution, suggesting of capillary network formation (Fig. 

2.8C). A large number of proliferating cells were detected in the core of the bioscaffold among 

the seeded cells, as evident by Ki67 immunostaining (Fig 2.8D). 
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Figure 2.8 | Re-cellularization of the liver bioscaffold. (A) Macroscopic appearance of a right 

lobe of a ferret liver bioscaffold seeded with human hepatocyte progenitors (HepG2) and 

endothelial cells.  (B) Immunostaining for albumin expression of HepG2 cells engrafted in the 

bioscaffold. (C) Von Willebrand Factor expression by seeded endothelial cells with a pattern 

similar to capillary networks. (D) Anti-Ki67 immunostaining shows a large number of 

proliferating cells within the bioscaffold. 

 

We further seeded segments of the bioscaffolds with rat hepatocytes and mouse endothelial cells 

and implanted them in athymic mice. Seeded bioscaffolds, explanted after 1 week, revealed high 

cellular density (Fig. 2.9A) and a large number of albumin synthesizing hepatocytes (Fig. 2.9B). 

 

 

 

 

 

 

 

 

Figure 2.9 | Adult rat hepatocytes and mouse endothelial cells were seeded onto mouse liver 

bioscaffold and implanted in the abdomen of athymic mice, as described in “Methods”.  H&E 
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staining of histological sections retrieved 1 week after implantation showing many cells in the 

bioscaffold (A). Albumin immunostaining of the sections shows albumin synthesizing 

hepatocytes in the implant (B). 

 

Finally, we investigated the possibility of ectopically transplant the liver bioscaffold to a living 

host. After end-to-side anastomosis of the AVB vascular network with the host vascular system, 

the vascular clamps were removed (Figure 2.10A and 2.10B). This allowed free flow of portal 

blood into the bioscaffold, filling it in just some seconds. The AVB vessels, both portal vein and 

vena cava, were observed “swelling”, demonstrating the presence of blood flow and pressure 

passing through them. Due to systemic heparinization, the acellular bioscaffold remained without 

visible thrombosis for 45’ (Fig. 2.10B). 

These in vitro and in vivo experiments indicate that the combination of biocompatible AVB and 

perfusion seeding of liver cells offers a novel approach for engineering of a whole organ liver. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 | Transplantation of liver bioscaffold, as described in “Methods” (A) Macroscopic 

appearance of a right lobe of a ferret liver acellular bioscaffold ectopically transplanted into the 

abdominal cavity of a rat before blood perfusion. The circles indicate the sites of vascular 

BA 
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anastomosis. (B) Macroscopic appearance of the transplanted bioscaffold after blood perfusion. 

Swelling of the scaffold portal vein and vena cava indicate blood flow flowing through the 

vascular network of the liver bioscaffold. Fresh blood red color persisted without visible clotted 

areas (dark brown/red) for 45 minutes. 
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2.4 DISCUSSION 

In this study, we demonstrated the development of a novel bioscaffold with a complete vascular 

system.  Our data showed that the microarchitecture of the liver matrix and its vascular structure 

is maintained intact using this method and it supports cell growth in vitro and in vivo. This 

approach, which produces intact whole organ bioscaffolds with the preservation of the native 

microarchitecture, can provide a material with unique properties for bioartificial organ 

engineering. The three dimensional vascularized structure can support the growth and viability of 

different cell types, facilitating a new level of complexity for cellular interaction, organization 

and perfusion: an unmet need in regenerative medicine. 

 

Decellularization of tissues has traditionally been performed by agitating the tissue of interest in 

a container and allowing the cells to decellularize in bulk from an outside in approach21.  Such an 

approach has been effective in completely decellularizing tissues only upwards of five 

millimeters in thickness22.  Thicker tissues tend to decellularize well at the surface, but the core 

remains cellular.  The reason is because the decellularized matrix at the surface forms a resistant 

layer preventing efficient access of the detergent to the deeper parenchyma.  The method 

described here is less traumatic to the tissue than the classic agitation approach and thus results 

in an intact acellular liver matrix that demonstrates a patent vascular tree that can be used to 

deliver cells to the bioscaffold. 

 

ECM derived from organs such as the small intestine23, urinary bladder24 or skin25 are now 

widely used for the reconstruction of many different tissues. Lower urinary tract reconstruction, 

arterial graft, or skin reconstitution are amongst the numerous clinical applications. In the 

specific case of the liver, decellularized liver matrix sections have been used for liver tissue 

engineering19. Although, like previously mentioned ECMs, liver decellularized matrix sections 

do not enclose a vascular tree able to readily support a three-dimensional tissue construct, 
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enabling the engineering of thicker tissues and bioartificial organs. This distinction is the AVB 

vital advantage over other ECM preparation methods that do not preserve an intact vascular 

network. It makes possible to overcome the oxygen and diffusion limitations imposed by tissue 

thickness. 

 

Current approaches in liver tissue engineering contrast on the innumerous strategies for hepatic 

tissue fabrication. Several use polymeric materials that gel in the injection area retaining the 

delivered cells26 or provide upon injection a permissive environment for tissue regeneration, 

activating local progenitor cells27. Other tissue engineering approaches use naturally derived 

matrices28 or synthetic materials29, 30 to engineer implantable tissue constructs or devices. 

Nonetheless, few use naturally derived liver matrix which was proved essential for the 

maintenance phenotype and function of normal sinusoidal and hepatic cells31, 18. The use of AVB 

in liver tissue engineering provides not only a three-dimensional vascularized bioscaffold as it 

provides the environmental cues necessary for progenitor and adult hepatic cells to survive and 

maintain their specific functions. 

 

Neovascularization of bioengineered tissues was previously addressed by promoting the 

angiogenic potential of the engineered tissue, using angiogenic growth factors32, 33. Preclinical 

and clinical studies with factors such as basic fibroblast growth factor (bFGF) and vascular 

endothelial growth factor (VEGF) showed promising results34-37. However, creating functional 

vessels that improve cardiac performance using a single angiogenic growth factor in humans 

remains a formidable challenge38. Therapeutic vasculogenesis, which illustrates the use of 

endothelial progenitor cells39 for revascularization of ischemic tissues, was recently described in 

preclinical models. These cells can differentiate into mature EC and participate in tissue 

vascularization40, 41. An alternative direction in vascularization of bioengineered tissues is the 

pre-vascularization of the supporting polymer prior to cell seeding. Prevascularization was 
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achieved by implanting the “empty” polymer first in order to allow fibrovascular tissue growth42. 

Several studies have indicated that blood vessels will infiltrate a macroporous scaffold to provide 

blood supply to the engineered tissues. However, since this process occurs at a rate of <1 mm per 

day and it typically takes 1-2 weeks for the vascular structure to complete the penetration into 

relatively thin (3 mm thick) scaffolds, augmentation of angiogenesis, using the methods 

described above, is necessary43-45. The AVB described here presents a novel approach for 

neovascularisation of bioengineered tissues, by using the organ’s natural vasculature. In this 

work we were able to seed most of the vascular channels with mature endothelial cells. Currently 

we are using circulating endothelial progenitors to access even the small capillaries, where 

mature endothelial cells could not enter due to their larger size. Additional approach is the 

combination of endothelial progenitors seeded with angiogenic factors in order to support their 

proliferation and to guide their differentiation to the appropriate endothelial phenotype, as we 

showed previously46. 

 

The major implication of this work is the simple method of generating a biodegradable, 

biocompatible, vascularized scaffold with the equal amount of complexity as that seen in nature.  

This method may also reach beyond liver organ engineering as the perfusion decellularization 

process has been applied successfully to organs such as heart, lung, kidney, and vascularized 

segments of small intestine with success (Supplemental Figures 1). Harald C Ott et al recently 

reported the use of this technique in heart decellularization with similar results, confirming the 

potential of this novel method to generate scaffolds for bioartificial organ engineering and 

transplantation47. These bioscaffolds may be used for the engineering of other solid organs that 

require a vascular tree to support a large number of cells. For example, many new drugs are 

tested for liver cytotoxicity, the AVB, seeded with liver cells, may be used as a much better drug 

discovery tool than cells in culture dishes. Additionally, these AVBs may provide ideal tools to 
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study the biology of cells seeded in an authentic three-dimensional environment, perfused with 

media through the original vasculature, a system not accessible until now. 
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