
 

 

 

 

 

 

 

 

 

 

Chapter 3 

 

PERFUSION CELL SEEDING OPTIMIZATION OF THE DECELLULARIZED LIVER BIOSCAFFOLD 
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ABSTRACT 

Preliminary studies showed the possibility to efficiently re-cellularize the bioscaffold using a 

perfusion cell seeding process in a bioreactor. Nonetheless, numerous technical issues need to be 

optimized to efficiently seed by perfusion primary hepatocytes to generate functional hepatic 

tissue. The purpose of this study was to investigate the feasibility of generating a bioartificial 

liver by efficiently seeding the decellularized whole organ bioscaffold with hepatic cells. Mouse 

endothelial cells (MS1) and HepG2 cells and freshly isolated rat hepatocytes and MS1 cells were 

seeded through the portal vein of the bioscaffold in different experiments. The seeded 

bioscaffolds remained in a bioreactor with constant culture medium perfusion up to one week. 

Microscopy was used to determine cell density and seeding efficiency. Immunohistochemistry 

was used to identify the engrafted cells and to detect hepatic tissue associated functions. The 

perfused endothelial cells attached and formed a monolayer on the luminal side of the vascular 

channels. HepG2 cells and rat primary hepatocytes showed homogeneous seeding and high cell 

density throughout the bioscaffolds (with 1-1.5 cm thickness). Immunohistochemistry showed 

progressive tissue formation with expression of albumin, hepatocyte specific antigen and E-

cadherin. Our results demonstrate the efficient generation of liver tissue with primary 

hepatocytes using a perfusion cell seeding process in a liver bioscaffold. Hepatic tissue 

associated functions were detected with three-dimensional tissue formation in vitro. This 

technology may provide a new approach for liver organ engineering, critical for drug discovery 

and treatment of terminal liver diseases. 
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3.1 INTRODUCTION 

One of the major obstacles in engineering thick, complex tissues such as the liver is the need to 

vascularize the tissue in vitro. The high metabolic rate of hepatocytes severely limits the mass of 

cells which can be transplanted without a vascular supply
1
. Several strategies have been 

developed to overcome this obstacle. The use of oxygen carriers, in vitro induction of 

vascularization and development of perfusable scaffolds and bioreactors could maintain cell 

viability during tissue growth, induce structural organization and promote vascularization upon 

implantation
1-5

. Recently, the generation of decellularized tissue/organ bioscaffolds with 

preservation of functional vascular network provided novel perfusable three-dimensional 

acellular matrices that overcome the nutrient and oxygen diffusion limitations imposed by tissue 

thickness
6, 7

. Previous studies performed in our laboratory, as described in chapter 2, have 

demonstrated the feasibility of generating an acellular liver bioscaffold from whole livers, 

preserving its vascular network. However, the efficient re-cellularization of these matrices 

remains a complex challenge. Several seeding methods have been experimented, although any 

damage of the bioscaffold architecture that disrupts the perfusion efficiency of the vascular 

network, either by scaffold sectioning
8
 or cell direct injection

6
, potentially limits cell viability 

and proliferation. Hence, bioscaffold seeding using culture media perfusion for cell delivery 

represents a promising method to efficiently re-cellularize the acellular liver bioscaffold 

preserving its structural integrity. 

 

The purpose of this study was to examine the feasibility of re-cellularizing the liver bioscaffold 

with HepG2 and MS1 endothelial cells using a perfusion seeding method. Further optimization 

of the seeding conditions was also sought. Additionally, seeding of rat primary hepatocytes and 

endothelial cells using optimal seeding conditions was pursued. 
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3.2 MATERIALS AND METHODS 

 

3.2.1 Liver Bioscaffold Preparation 

Decellularized liver bioscaffolds had their hepatic veins and arteries that perfuse the left lobe, the 

caudate and quadratic lobes ligated with 4-0 silk black braided suture (Ethicon, Inc., USA). After 

ligation, each of these lobes was gently cut. The remaining right lobe, with all the vascular 

connections, was sterilized prior to use with a dose of 1.5 Mrad of gamma-radiation by a cobalt 

gamma-irradiator (J. L. Shepherd and Associates, Inc., San Fernando, CA, USA). 

 

3.2.2 Bioreactor Assembly 

The bioreactor was sterilized with steam at 121 ºC and assembled in a sterile hood according 

with the diagram in Fig. 3.1. It is composed by a spinner flask (Bellco, Vineland, NJ, USA) with 

a magnetic stirring bar, platinum-cured silicone tubing #96440-16 (Cole-Parmer Instrument 

Company, Vernon Hills, IL, USA), tube fittings and 4 way valves (Cole-Parmer Instrument 

Company, Vernon Hills, IL, USA), Masterflex L/S computer-compatible/programmable 

peristaltic pump (Cole-Parmer Instrument Company, Vernon Hills, IL, USA), magnetic spinner 

unit (Fisher Scientific, Pittsburgh, PA, USA), pulse dampener (Cole-Parmer Instrument 

Company, Vernon Hills, IL, USA) and a luer lock injection valve (Cole-Parmer Instrument 

Company, Vernon Hills, IL, USA). After setting up, the bioreactor was primed with culture 

medium before connecting to the catheter of the liver bioscaffold. Once connected, the bioreactor 

was loaded into an incubator with 5 % CO2 at 37 ºC. Prior to any cell seeding, medium perfusion 

was started and allowed for stabilization overnight. 
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Figure 3.1 | Bioreactor Layout. (A) Picture of the bioreactor setup in an incubator - (1) peristaltic 

pump (2) pulse dampener (3) bioreactor vessel (4) cell injection port (5) magnetic stirrer (6) 

valve. (B) Bioreactor schematics - (1) (red arrows) seeding loop - the cell suspension in the 

bioreactor vessel is recirculated through this portion of tubing until seeding is completed (2) 

(blue arrows) maintenance loop - after seeding, the bioreactor is switched to maintenance mode, 

recirculation culture medium from the medium reservoir to the bioreactor vessel. 

 

Table 3.1 | Perfusion cell seeding bioreactor conditions. Different conditions were used in order 

to assure a maximal cell delivery below 400,000 cells/min at any moment. The medium volume 

in the bioreactor vessel and the number of cells injected were adjusted to remain below this 

threshold. 

Flow Rate (ml/min) 
 

3 6 9 12 

Cell Delivery Rate 

into Bioscaffold 
360,000 cells/min 360,000 cells/min 385,000 cells/min 360,000 cells/min 

Medium Volume in 

Bioreactor Vessel 
250 ml 250 ml 350 ml 400 ml 

Number of Total 

Cells per Injection 
30x10

6
 cells 15x10

6
 cells 15x10

6
 cells 12x10

6
 cells 

Number of 

Injections 
2 4 4 5 
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3.2.3 Cell Seeding Optimization 

The physiologic hepatic blood flow of an adult rat during rest is 2 ml/min/g
9
. On average, the 5-6 

weeks old ferret livers used to generate liver bioscaffolds have a similar size and weight of a rat 

adult liver (~10 g for a 300 g Sprague-Dawley rat). Taking this into consideration, the estimated 

“physiologic” flow rate for the liver bioscaffolds used was 6 ml/min. 

For cell seeding optimization, 60 million cells (30x10
6
 HepG2 labeled with lacZ and 30x10

6
 

MS1 mouse endothelial cells labeled with GFP) were seeded per bioscaffold with different flow 

rates (Table 3.1). In order to maintain cell delivery equivalent and constant in all the 

experiments, medium volume and the total number of cells in the bioreactor vessel was adjusted 

(Table 3.1) to allow a maximal cell transfer into the bioscaffold of approximately 400.000 

cells/min. Briefly, HepG2 and MS1 cells were trypsinized out of culture dishes and counted. 

Considering the total number of cells required per injection, 50 % were HepG2 and the 

remaining 50 % were MS1 cells. These cells were mixed with 10 ml of the adopted culture 

medium, EGM-2 (Lonza Walkersville, Inc, Walkersville, MD, USA), added with non-essential 

amino acids (Sigma-Aldrich, Co, St. Louis, MO, USA) and a total of 5 % of FBS (Valley 

Biomedical Inc., Winchester, VA, USA), and loaded in a 30 ml luer lock syringe (Becton 

Dickinson, Franklin Lakes, NJ, USA). Cells were gently injected into the bioreactor vessel by the 

luer lock injection port and kept in suspension with magnetic stirring at ~80 rpm. Previous 

experiments showed that for bolus injection of 30x10
6
 cells in the bioreactor vessel with 

concentrations up to 120,000 cells/ml, four hours later all the cells had been delivered to the 

bioscaffold. Considering this, loading of a new bolus of cells into the bioreactor was executed 

every four hours until completing the total of 60 million cells per bioscaffold. Twelve hours after 

cell seeding, the medium was changed for EGM-2 with non-essential amino acids and a total of  

2 % FBS only. Continuous medium perfusion was allowed for 7 days and medium was changed 

every 72 h. Glucose concentrations and pH were monitored periodically (every 24 h, after the 4
th
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day post-seeding). At any point, when glucose concentrations were detected below 50 mg/dl or 

pH below 7.10, medium was changed immediately. 

 

3.2.4 Fixation and Tissue Processing 

After 7 days in continuous perfusion in the bioreactor (post-seeding), the seeded bioscaffolds 

were retrieved for fixation. Prior to fixation, each bioscaffold was washed with 200 ml PBS 

(Invitrogen, Corp., Carlsbad, CA, USA) perfused with identical flow rate used in the bioreactor. 

After washing, the bioscaffold was perfused overnight with 10 % buffered formalin (Fisher 

Scientific, Pittsburgh, PA, USA) at room temperature. Following fixation, the bioscaffold was 

tissue processed for paraffin embedding in a Shandon Citadel Tissue Processor (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA). 

 

3.2.5 Histomorphometric Analysis 

Histological sections of 5 um were prepared and pretreated 3 times for 10 minutes with a fresh  

1 mg/ml solution of NaBH3 (Sigma-Aldrich, Co, St. Louis, MO, USA) for background 

fluorescence reduction. Following this procedure, samples were rinsed in PBS and stained with a 

50 µg/ml propidium iodide solution for 5 minutes for cell nuclei visualization. 6 pictures of 

different areas were taken of 2 sections of each bioscaffold in an AxioImager (Carl Zeiss, Inc., 

Jena, Germany) fluorescence microscope. These pictures were analyzed with the software 

SigmaScan Pro v5.0 (SPSS Inc., Chicago, IL, USA) and results of seeded area and nuclei count 

plotted with MS Excel (Microsoft Corp., Redmond, WA, USA). 

 

3.2.6 Histochemical and Immunohistochemical Analysis 

Hematoxylin and eosin staining was performed in 5 um sections of each bioscaffold. 

Immunohistochemistry was accomplished using the following primary antibodies mouse anti-

albumin (Sigma-Aldrich, Co, St. Louis, MO, USA), mouse anti-GFP (Santa Cruz Biotechnology, 
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Inc., Santa Cruz, CA, USA), goat anti-vWF (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 

USA), mouse anti-PCNA (Dako Inc., Carpinteria, CA, USA) and mouse anti-Ki67 (Dako Inc., 

Carpinteria, CA, USA). Detection was done using the LSM2+ kit (Dako Inc., Carpinteria, CA, 

USA) with peroxidase development of DAB chromogen. Immunofluorescence was prepared 

using primary antibodies made in mouse anti-GFP (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA, USA) and a rabbit anti-β-galactosidase (Abcam Inc., Cambridge, MA, USA) followed by a 

FITC labeled anti-mouse (Vector Laboratories, Burlingame, CA, USA) and a rhodamine labeled 

anti-rabbit (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) secondary 

antibodies. DAPI (Sigma-Aldrich, Co, St. Louis, MO, USA) staining was used to visualize cell 

nuclei. All histological sections were analyzed in an AxioImager (Carl Zeiss MicroImaging 

GmbH, Jena, Germany) fluorescence microscope. 

 

3.2.7 Rat Primary Hepatocyte Seeding 

Adult rat hepatocytes were harvested as described in Zahlten RN et al. from 3 month old adult 

Sprague-Dawley rats (Charles Rivers Laboratories, Inc., Wilmington, MA, USA). 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. 

7.5x10
6
 of the harvested hepatocytes were seeded mixed with the same number of MS1 

endothelial cells in a bioscaffold using perfusion seeding. The bioreactor flow rate was set at  

9 ml/min and the culture medium used was William’s Medium E (Sigma-Aldrich, Co, St. Louis, 

MO, USA), added with non-essential amino acids and with 5 % FBS (Valley Biomedical Inc., 

Winchester, VA, USA). Cell seeding was repeated 3 more times every four hours, until a total of 

60x10
6
 cells were delivered into the bioscaffold. Twelve hours after seeding, the medium was 

changed to Hepatozyme-SFM (Invitrogen, Corp., Carlsbad, CA, USA), added with non-essential 

amino acids. The seeded bioscaffold was maintained in the bioreactor for 7 days. Medium was 

changed every 48 h or at any point, when glucose concentrations were detected below 100 mg/dl 
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or pH below 7.10. Seven days after seeding, the bioreactor was retrieved for fixation and tissue 

processing as described above. Histochemical analysis was performed using hematoxylin and 

eosin staining in 5 um bioscaffold sections. Immunohistochemical analysis was executed using 

primary antibodies anti-e-cadherin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-

hepatocyte specific antigen (Dako Inc., Carpinteria, CA, USA) and anti-VE-cadherin (Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Detection was done using the LSM2+ kit 

(Dako Inc., Carpinteria, CA, USA) with peroxidase development of DAB chromogen. 
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3.3 RESULTS 

Several strategies have been developed to vascularize and re-cellularize thick tissues and 

scaffolds such as the liver, heart or bone
1, 6, 7, 10-13

. Prevascularization of scaffolding materials and 

direct injection of cells into the inaccessible core areas of the biomaterials with constant 

perfusion in bioreactors have been tried with some degree of success. However, these strategies 

often conduct to poor vascular network formation and heterogeneous seeding. We took the 

approach to utilize a custom made perfusion bioreactor (Fig. 3.1A and 3.1B) to deliver cells 

through the native vascular system of the decellularized liver bioscaffold. By taking this 

approach, we were able to successfully and densely re-cellularize liver bioscaffolds in vitro with 

viable cells in the cores and macroscopically visible tissue formation (Fig. 3.2B). 

 

 

 

 

 

 

 

Figure 3.2 | Macroscopic appearance of the bioscaffold. (A) Photograph of unseeded liver 

bioscaffold after left, quadratic and caudate lobes removal. (B) Seeded liver bioscaffold, after 7 

days with constant medium perfusion at 12 ml/min in the bioreactor with visible tissue 

formation. 

 

The flow rate used in each bioscaffold seeding experiment directly impacted the outcome of the 

re-cellularization. 3ml/min produced a very inconsistent and low cell delivery into the 

bioscaffold. Due to the low flow rate, no cell distribution could be observed in most of the 

decellularized liver (Fig. 3.3A). However, when the flow rate was increased to 6-9 ml/min 
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homogenous cell delivery and high cellular densities could be observed in the liver matrix (Fig. 

3.3B and 3.3C). Curiously, increasing the flow rate to 12 ml/min yielded a poorer re-

cellularization then the previous flows. If a high cell density could still be observed, it was lower 

than the detected with 6-9 ml/min (Fig. 3.3D). 

 

 

 

Figure 3.3 | Bioscaffold cell density using different flow rates for cell seeding. (A) Micrographs 

of H&E staining of sections of bioscaffolds seeded at 3ml/min with the poorest cell density 

observed in all the experiments. (B) Bioscaffolds seeded at 6 ml/min showed high density and 

homogenous distribution of cells. (C) The flow rate 9 ml/min also yielded homogenous re-

cellularization with very high cell densities. (D) 12 ml/min produced lower cell densities and less 

homogenous cell delivery. 

 

Subsequent histomorphometric analysis of bioscaffolds seeded with different flow rates 

confirmed higher average seeded areas for matrices re-cellularized at 6-9 ml/min (Fig. 3.4A). 

The difference is statistically significant when comparing the flow rate 3ml/min with 9ml/min 

(p=0.0004). Once more, the average seeded areas of bioscaffolds re-cellularized at 12ml/min is 

lower. Almost no seeded area could be detected with this method in decellularized livers seeded 

at 3ml/min. When analyzing the number of nuclei detected per seeded bioscaffold similar results 

were found (Fig. 3.4B). Nevertheless, higher average number of nuclei was distinctly observed 

in matrices re-cellularized at 9 ml/min. This number was statistically significant when comparing 

bioscaffolds seeded at 3 ml/min and 9 ml/min (p=0.0015). Under the conditions set with this 



 

 

59 

bioreactor, this is reliable evidence that this was the optimal flow rate to fully re-cellularize the 

liver bioscaffold. 

 

 

 

Figure 3.4 | Histomorphometric analysis of bioscaffolds seeded with different flow rates. (A) 

Graphic showing the average seeded areas (with standard deviations) of sections of bioscaffolds 

seeded with various flow rates. 6 and 9 ml/min yielded a larger area with HepG2 and MS1 cells. 

The difference was statistically significant between the bioscaffolds seeded at 3 and 9 ml/min 

(*p=0.0004; n=3) (B) Graphic showing the average nuclei count (with standard deviations) of 

sections of bioscaffolds seeded with different flow rates. The highest nuclei count was achieved 

for bioscaffolds seeded with a flow rate of 9 ml/min. There is also a statistically significant 

difference between the bioscaffolds seeded at 3 and 9 ml/min (**p=0.0015; n=3).  

 

Immunohistochemistry confirmed the presence of HepG2 and MS1 endothelial cells in the newly 

formed tissue 7 days after seeding. Intense and extensive albumin expression could be observed 

(Fig. 3.5B) and patterned VE-cadherin distribution (Fig. 3.5C) suggested capillary network 

formation. Endothelial cells could also be observed engrafted and lining larger vascular 

structures (Fig. 3.5D). A large number of proliferating cells were detected in the core of the 

bioscaffold among the seeded cells, as evident by Ki67 (Fig. 3.5E) and PCNA immunostaining 
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(Fig. 3.5F). This protein expression was observed consistently in all the seeded bioscaffolds with 

significant numbers of cells (seeded with flow rates varying between 6-12 ml/min). 

 

 

 

 

Figure 3.5 | Protein expression analysis of seeded bioscaffolds. (A) Micrograph of negative 

control of immunohistochemical staining of sections of seeded bioscaffolds. (B) Immunostaining 

for albumin expression of HepG2 cells engrafted in the bioscaffold. (C) VE-cadherin expression 

by seeded endothelial cells with a pattern similar to capillary networks. (D) GFP expression by 

endothelial cells engrafted to a large vascular structure. (E) Anti-Ki67 immunostaining shows a 

large number of proliferating cells within the bioscaffold, confirmed also by (F) PCNA 

immunostaining. 

 

To further confirm tissue organization, double immunofluorescent staining of HepG2 and MS1 

cells revealed cell distribution resembling parenchymal configuration. It was evident at higher 

magnification lined up endothelial cells sided by HepG2 cells, showing some degree of cellular 
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organization (Fig. 3.6A-D). This is also the type of cell associations and distribution observed in 

the native liver parenchyma, where hepatic sinusoids extend alongside the laminas or clusters of 

hepatocytes. 

 

 

 

Figure 3.6 | Tissue formation and organization of cells engrafted in the bioscaffold. Fluorescent 

micrograph of a bioscaffold section showing the organization of HepG2 and endothelial cells in 

the newly formed tissue. (A) DAPI nuclear staining. (B) GFP expression by endothelial cells 

surrounding (C) β-galactosidase expressing HepG2 cells. The rectangle and ellipse mark HepG2 

clusters. (D) Staining overlay. 

 

HepG2 and MS1 cells are immortalized cell lines, what unquestionably contributed to the dense 

tissue formation generated with perfusion seeding of the bioscaffold. Nevertheless, seeded rat 

primary hepatocytes mixed with MS1 cells seeded at optimized flow rate - 9ml/min - generated 

comparable tissue mass. Histochemical analysis showed high cellular density with homogenous 

cell distribution (Fig. 3.7A). At higher magnification, clusters of cells could be observed 

resembling parenchymal structural organization in native liver tissue (Fig. 3.7B). 

Immunohistochemical analysis confirmed numerous hepatocytes expressing E-cadherin (Fig. 

3.7D) and hepatocyte specific antigen (Fig. 3.7E). MS1 endothelial cells expressed VE-cadherin 

(Fig. 3.7F) and organized in a pattern similar to a capillary network branching through the 

hepatocyte clusters. They could also be observed lining large vascular structures (Fig. 3.7F-box). 

In some areas, hepatocytes could also be detected inside vascular structures. Although rare, it 
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seems that occasionally hepatocytes didn’t completely transit to the parenchymal matrix. This in 

vitro experiment confirmed the feasibility of re-cellularizing the liver bioscaffold with primary 

hepatocytes using the perfusion seeding bioreactor, potentially generating transplantable hepatic 

tissue. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 | Tissue formation of rat primary hepatocytes in the bioscaffold. (A) Micrograph of 

H&E staining showing dense homogenous cell seeding. (B) Higher magnification showing 

cellular organization resembling liver parenchyma. (C) Negative control for 

immunohistochemical staining. (D) E-cadherin immunostaining showing intense expression by 

hepatocytes. (E) Hepatocyte specific antigen staining only hepatocytes in the tissue. (F) 

Micrograph of VE-cadherin immunostaining showing endothelial cells forming a pattern 

characteristic of capillary network. Endothelial cells could also be observed lining a large 

vascular structure – box. 

 

Glucose concentration and pH were monitored periodically in the culture media during the 

maintenance period – the 7 days post-seeding. In the last days of this period for bioscaffolds 

seeded with flow rates ranging from 6-12 ml/min, glucose concentration and pH dropped quicker 

than on the initial days after seeding. This was an indication of intense cell proliferation and high 

density, later confirmed with histological analysis. 
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3.4 DISCUSSION 

Our laboratory has been investigating whole liver organ engineering using a three-dimensional 

acellular and vascularized liver derived bioscaffold. One of the major challenges using this novel 

whole organ bioscaffold has been its efficient re-cellularization. We have hypothesized that the 

limiting factor may be the inefficient and heterogeneous delivery of cells by direct injection into 

the matrix. To address this issue, we have designed a bioreactor that allows the perfusion of cells 

through the bioscaffold native vascular network with a continuous flow rate. In this study, we 

investigated the optimal flow rate conditions to consistently and efficiently re-cellularize the 

liver bioscaffold. Our data demonstrates that highly productive cell seeding is possible with this 

perfusion strategy, using specific seeding conditions. 

 

Cell delivery to three-dimensional scaffolds has initially been performed by static seeding 

techniques
14-17

. However, sub-optimal cell seeding and the requirement for increased scaffold 

thickness and complexity in tissue/organ engineering pushed for the development of more 

efficient cell delivery strategies. Dynamic seeding with or without the assistance of bioreactors 

improved cellular distribution and density
11, 18-21

. Nonetheless, cell penetration into the core of 

3D scaffolds remained frequently deficient due to the limited access of cells to these areas and 

inadequate oxygen pressure and nutrients availability
22

. Several strategies have been developed 

to provide dynamic nutrient and oxygen transport into the core of 3D scaffolds and adequate cell 

transfer, but the results if encouraging, still lack the necessary cell mass to be clinically 

relevant
23

. Seeding of a novel 3D organ bioscaffold is a new challenge that requires a distinct re-

cellularization strategy. The layer of connective tissue surrounding solid organs makes any of the 

strategies listed above inadequate. Direct injection of cells potentially renders access to the core 

of organ bioscaffolds, if constant culture medium perfusion is provided to assure adequate 

nutrient and oxygen supply. However, direct cell injection produces also heterogeneous cell 

distribution and disrupts bioscaffold integrity
6
. Utilizing the organ bioscaffold vascular network 
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to perfuse cells and culture medium seems then a more adequate strategy. We found that by 

using this approach we could efficiently and homogeneously re-cellularize the whole organ 

bioscaffold preserving its integrity and that the outcome was interestingly directly correlated 

with the flow rate used for cell deliver. It was evident that flow rates above or below a defined 

window yielded reduced scaffold seeding. In the used decellularized liver bioscaffold this 

optimal range spans between the expected physiologic blood flow for the right lobe alone,  

6 ml/min, and 9 ml/min
9
. 

 

Other important finding was the nearly inexistent apoptosis detected in the more densely re-

cellularized bioscaffolds with HepG2 and MS1 endothelial cells. TUNEL assay (data not shown) 

revealed very rare positive nuclei in sections of the bioscaffolds seeded with different flow rates. 

The resilience of the two cell lines used reasonably contributed to this result
24

, but one has to 

consider also the flow rate used after seeding in the maintenance period (7 days), where flow rate 

remained identical to the seeding phase. If this flow rate was too slow to adequately nourish the 

developing tissue, most likely increased apoptosis and some necrotic areas in the core of the 

bioscaffolds would have been observed. This suggests that flow rates identical or slightly above 

(up to the tested 12 ml/min) the expected physiologic blood flow for an organ of the size of the 

used bioscaffolds, seems adequate to maintain them in this bioreactor setup. Nevertheless, 

additional testing should be implemented to detect the type of respiratory metabolism adopted by 

the cells in these conditions. 

 

Hepatocyte differentiated functions represent the ultimate aim in liver organ engineering or any 

regenerative medicine approach to liver disease. The pinnacle of three-dimensional culture 

systems in maintaining these functions have been hepatocyte spheroids cultured in various ECMs 

and in serum-free, hormonally defined media
25, 26

. However, technical issues of culture 

maintenance and restriction in spheroid growth due to the limitations in nutrient and oxygen 
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diffusion prevented the extensive implementation of this culture configuration. These problems 

are being overcome with the development of bioreactors that provide perfusion of media and 

gases allowing the same type of three-dimensional culture configuration and hepatocyte 

differentiated functions maintenance
5, 20, 27, 28

. Similarly, the HepG2 and MS1 endothelial cells 

seeded in bioscaffolds and kept with continuous culture media perfusion, expressed specific 

maturation markers like albumin and VE-cadherin. Cell proliferation could also be extensively 

detected. Moreover, primary rat hepatocytes and MS1 endothelial cells seeded in bioscaffolds 

organized in dense cell clusters resembling parenchymal tissue and expressed characteristic 

hepatocyte and endothelial cell markers, hepatocyte specific antigen and E-cadherin, and VE-

cadherin and Von Willebrand Factor, respectively. This bioscaffold/bioreactor combination was 

capable of generating significant amounts of tissue, expressing characteristic hepatic and 

endothelial markers over the experimental culture period. 

 

Further investigation of long-term cultures and cell differentiated function maintenance in these 

bioscaffolds is being pursued. The ability of these whole liver matrices to be densely re-

cellularized by perfusion seeding may yield new insights into the mechanisms of tissue 

morphogenesis and regeneration, and ultimately lead to the development of a solid organ for 

transplantation. 
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