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Abstract 
 

Chronic kidney disease affects millions of people, but there are few suitable long-term 

treatment options available to patients. Allogenic kidney transplantation is considered 

curative, but there are far too few donated kidneys to meet the demand. One possible 

solution is to engineer renal tissue in the lab that can be used to augment the function of 

failing kidneys. Human primary renal cells have been shown to form tubule-like 

structures in 3D collagen hydrogel culture. But these hydrogel constructs are too small to 

be useful and lack the necessary vascular components. To move forward these renal 

constructs must be pre-vascularized. The basis for this work is the development of a 

novel, biomimetic pre-vascularization strategy. We have demonstrated the creation of 

collagen vascular scaffolds molded off of polycaprolactone vascular corrosion casts of 

normal renal tissue.  These novel vascular scaffolds can be endothelialized and 

incorporated into the existing renal hydrogel constructs. The vascular scaffolds support 

renal cell development and improve renal cell viability in larger constructs. Additionally, 

pre-vascularized renal constructs have been implanted into renal cortical defects in rats to 

evaluate integration and renal structure formation in vivo.  
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1.1 CLINICAL MOTIVATION 

Chronic kidney disease (CKD) has a global prevalence rate of between 5-10% and 

accounts for approximately 1.5% of deaths worldwide (1–3). People naturally loose renal 

function as they age, but this loss is not typically labeled CKD until the glomerular 

filtration rate (GFR) has been below 60 mL/min per 1.73m
2
 for 3 or more months. A 

GFR below 15 mL/min per 1.7m
2
 is considered End Stage Renal Disease (ESRD) (4). 

CKD can often be managed with hemodialysis, but requires frequent lengthy visits to 

dialysis clinics and does not necessarily prevent the disease from progressing. Once CKD 

has progressed to ESRD the only treatment option becomes organ transplantation (4). 

With more than 90,000 people currently on the waiting list for a kidney transplant in the 

United States, the demand for transplantable kidneys far exceeds the supply, even with 

the option of live donor kidney transplantation (5). In fact, an average of 13 people on the 

transplant waiting list die every day owing to a lack of donor kidneys (6). Even after a 

suitable kidney is found, patients face a lifetime of immunosupressant drugs to prevent 

organ rejection. The 10-year survival rate after kidney transplantation is only abour 50% 

(7).  The incidence of kidney disease in the population and a lack of ideal curative 

treatment options makes CKD an ideal target for regenerative medicine and tissue 

engineering. 

1.2 REGENERATIVE MEDICINE APPROACHES 

 

The fields of tissue engineering and regenerative medicine are exploring several 

approaches to treating CKD.  Cell therapy is one possiblity. Investigation focuses on 

finding cell types that either promote healing or engraft into the kidney, directly repairing 

nephron damage (8–11). This regenerative medicine option is relatively simple, requiring 
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cell isolation and culture, but not the formation of renal structures in vitro. There may be 

a limit to the amount of damage that can be repaired with cell therapy and, as with all 

potential treatments, healing the kidney may not alleviate the original source of renal 

damage.  

An alternative tissue engineering strategy is to create a whole new functioning 

organ rather than healing a damaged one. The most common approach for whole organ 

engineering is to use decellularized whole organ scaffolds. The concept of using 

decellularized extracellular matrix (ECM) therapeutically has existed for more than 20 

years, and has been applied to many organs including kidney, heart, liver, and lungs (12–

17). Using decellularized organs as scaffolds to be repopulated with a patient’s own cells 

circumvents the issues of organ supply and rejection related to traditional allogenic 

methods. In recent years, much has been learned about decellularization of kidneys, but 

efforts to repopulate and demonstrate functionality are still preliminary (18–21).  

The approach taken in this project is partial renal transplantation. Rather than 

create an entire organ for implantation, we aim to create a relatively small piece of 

functional renal tissue. This piece of tissue would be implanted in a damaged or diseased 

kidney to augment the existing renal function. Loss of renal function is normal with 

aging, and people do not need the entirety of both kidneys to be functional.  The aim is to 

prevent or delay the need for a transplant or possibly decrease the dependence on 

dialysis. We hope that creating a piece of kidney tissue with full or partial renal function 

may be a more obtainable goal that creating a whole, intact organ.   

The complicated nature of kidneys makes engineering segments of renal tissue a 

daunting task, but some attempts have been made (22). In an effort to simplify the task by 
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narrowing the focus, some groups are creating nephron-like structures for in vitro testing 

or incorporation into body-on-a chip pathways (23,24). Most other efforts focus on 

utilizing the tendency of renal cells to self-assemble into tubule-like structures in 3D 

culture. Embryonic, immortalized and adult cell populations have been shown to form 

renal structures under various 3D culture conditions (25–29). Our lab has previously 

shown adult, heterogenous populations of renal cells can also self-assemble to form 

various tubular structures in 3D collagen gels (30,31). Primary, adult cell sources are 

ideal for autologous clincial applications and some work has shown that renal cells 

isolated from CKD kidneys behave the same in culture as cells from normal kidneys (32). 

Some renal engineering efforts have reported self-assembly of glomerular-like structures, 

but in general the vascular components of the kidney have been ignored during 3D 

culture experiments.  

 

1.3 PRE-VASCULARIZATION 

Vascularization is ubiquitous in the body, underlining the common need all 

tissues have for oxygen and nutrient supply and waste removal.  Every cell is dependent 

on these functions and generally needs to be within 200 µm of a blood vessel to survive 

with the primary limiting factor being oxygen diffusion (33,34). Keeping cells within 200 

µm of an oxygen source puts tremendous constraints on construct design when creating 

engineered tissues. In vitro, this mass transport issue can cause necrotic cores to develop 

in large constructs during culture (35). In vivo, some thin engineered constructs may rely 

soley on vascular infiltration from the host after implantation, but large constructs will 

not survive as the rate of host vessel in-growth is less than 1 mm per day (36). Multiple 

experimental solutions to this issue have been explored. It is thought that by 
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incorporating oxygen generating particles inside 3D constructs, the cells might be kept 

alive long enough to allow vessel ingrowth to occur (37). Also, methods of reducing cell 

metabolism may protect cells temporarily from hypoxic damage (38). But the most 

commonly explored solution is to create a network of functional vessels inside a 

construct before implantation, called pre-vascularization. Pre-vascularized structures 

have greatly improved oxygen delivery in vitro, and the vascular structures can integrate 

with host vessels following implantation, improving construct function in vivo (39–42).  

Pre-vascularization is a highly researched area and many techniques have been 

explored (34,43). Endothelial cells can self-assemble into vessel-like structures under 

certain conditions, often requiring a co-culture with supporting cells, but vessels formed 

this way are randomly arranged. More geometric control of cell seeding is needed to 

begin to recreate the vascular patterns seen in the body. To achieve this, simple templates 

made of sacrificial materials can be cast in gels and then removed. The resulting channels 

can then be seeded with endothelial cells. Sugar fibers and carbohydrate glass have been 

applied in this way (44,45). Biofabrication and microfluidic techniques offer increased 

control to create more complex patterns of endothelial channels in constructs (43). 

Photolithography can be used to create square channels in various materials for 

endothelial seeding. These constructs can be used as 2D patterns or they can be stacked 

or rolled to produce 3D constructs. While 6 μm structures can be created in this manner, 

the patterns are limited in complexity and must be initially created in 2D (39,43,46). To 

overcome this limitation, bioprinting of sacrificial materials in hydrogels has been 

developed to provide improved 3D spatial control, with resolution <20 μm (47,48).  
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Photolithography and bioprinting have mostly been utilized in the construction of 

simple branching patterns, and very few studies have aimed to directly recreate the 

vascular patterns found in living organisms. The microvascular network of leaves have 

been used as a templates for pre-vascularization, citing the fact that the branching pattern 

is relatively simplistic, but evolutionarily optimized for fluid transport and nutrient 

delivery (49,50). These scaffolds are two dimentional and must be stacked to support 3D 

constructs. Very recently, plant leaves have also been decellularized and functionalized 

for direct use as scaffolds for tissue engineering. These decellularized leaves are 

considered pre-vascularized and have been used to passively provide channels to support 

seeded cells and have been directly seeded with endothelial cells (51,52).   

Few attempts at truly biomimetic pre-vascularization based on mammalian 

vascular patterns exist. Photoinitiated crosslinking of RGD to hydrogels in 3D patterns 

based directly of native tissue vasculature allowed for control over endothelial cells 

placement (53). A network of channels based off of rat capillaries was bioprinted using 

light cured materials and sacrificial layers for form perfusable channels (54,55). But these 

techniques are complex and dependent on specialized equipment. 

Pre-vascularizing constructs in biomimetic patterns is ideal for two reasons. First, 

native vessels tend to exist in patterns that create ideal flow conditions for blood. For 

instance, Murray’s Law is often used to define the diameters of branching daughter 

vessels relative to the parent vessels and the kidney is known to generally adhere to this 

rule (56). Networks that follow Murray’s Law minimize the work needed to create flow 

and have uniform shear stress. Maintaining shear stress within a certain range is 

important in vessel networks to avoid thrombus (57).  Other factors, such as branching 
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angle and vessel length, are also key in defining the flow dynamics inside vessels. It is 

possible to design a network with these features for biofabrication methods, but it will 

likely require computational modeling to adjust and verify the flow behavior (57). In 

addition to creating ideal flow conditions, biomimetic vessel networks have the 

advantage of recreating physiological function. In many organs the structure or 

organization of the blood vessels is necessary to its function. Examples include the vessel 

arrangement in liver lobules, and the glomeruli and peritubular capillaries in the kidney.  

We propose the use of a vascular scaffold for pre-vascularization. This is ideal 

because a scaffold can be seeded separately and incorporated with any hydrogel-based 

construct. We want a simple scaffold creation method that avoids the use of expensive, 

specialized equipment, but that directly recreates native vessel architecture. Our group 

has used the technique of vascular corrosion casting for analysis of the morphology and 

architecture of vascular structures in normal and decellularized kidneys. Inspired by the 

level of structural detail captured in corrosion casts we decided to utilize this process as a 

starting point for vascular scaffold creation, and ultimately pre-vascularization renal 

construct.  

The novelty of this work comes from the development of a new pre-

vascularization technique. Chapter 2 outlines the method and characterizes the vascular 

scaffold. Chapter 3 shows the validation of the vascular scaffold by demonstrating 

functionality when incorporated into a renal hydrogel construct. Chapter 4 examines the 

process of tubule-like structure development in renal constructs. Finally, in Chapter 5 the 

pre-vascularized renal construct was tested in vivo in a partial renal implant model.  
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 : Fabrication of Biomimetic Vascular Scaffolds for 3D Tissue Chapter 2

Constructs using Vascular Corrosion Casts 
 

Jennifer Huling, In Kap Ko, Anthony Atala, James J Yoo 

 

Note: The majority of this chapter is from a manuscript published in Acta Biomaterialia 

on March 1
st
, 2016.  
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2.1 INTRODUCTION 

Tissue engineering seeks to create implantable tissue constructs that would restore 

function to damaged or diseased tissues and organs. Every tissue presents unique 

challenges, but common among most is the need for vascularization. In the body, blood 

delivers oxygen and nutrients into tissues and removes waste. Adequate vascularization is 

necessary to ensure sufficient oxygenation of tissues (35). Cells generally need to be 

within 200 μm of an oxygen source to survive, which severely limits the size of avascular 

engineered constructs (33,34). Thin constructs can rely solely on oxygen diffusion from 

the periphery, but most constructs of a physiologically relevant size will require 

alternative oxygen and nutrient supply to avoid cellular necrosis. Pre-vascularization of 

such volumetric constructs would offer a solution to these challenges.  

The aim of pre-vascularization is to fabricate vessel-like structures for oxygen 

delivery throughout the tissue to support and encourage tissue formation during in vitro 

culture (34,43). Pre-vascularized structures have greatly improved oxygen delivery in 

vitro; furthermore, they have been shown to anastomose with host vessels after 

implantation for continuous oxygen and nutrient delivery to the implant in vivo. As a 

result, complications from the slow host vessel ingrowth rate of less than 1 mm per day 

are circumvented (36,39,58). One strategy of achieving pre-vascularization is to allow 

endothelial cells to self-assemble into vessels. Endothelial cell self-assembly can be 

difficult to achieve, and the resulting vessels are randomly arranged (34,59). To improve 

geometric control, biofabrication and microfluidics techniques have been applied to 

create in vitro vessel networks (43). Specifically, photolithography can produce 

branching networks of vessel-like tubes that can be seeded with endothelial cells. These 

techniques are applied as 2D patterns, and they can be stacked or rolled to produce a 3D 
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construct. While structures as small as 6 μm can be created in this manner, the patterns 

are limited in complexity and must initially be created in two dimensions (39,46). As an 

alternative, 3D printing techniques offer improved 3D spatial control with resolution less 

than 20 μm (47,48). Most methods involve printing a sacrificial material in a vascular 

pattern inside a hydrogel followed by removal of the printed material, which yields tubes 

that can be perfusion-seeded with endothelial cells. Unfortunately, 3D printing 

technology is costly and the design complexity of printed vessels remains limited. 

Therefore, the existing limitations to current pre-vascularization strategies must be 

addressed.  

Here, we propose a novel scaffold fabrication method for the simple and cost 

effective production of biomimetic microvasculature. Few studies have sought to create 

vascular structures based on patterns found in native tissue, but all have encountered 

limitations such as formation of complicated structures, high equipment costs, and 

method complexity (49,53,60). Our method capitalizes on the well-established technique 

of vascular corrosion casting. Vascular casts create a complete and detailed replica of the 

luminal space in any tissue or organ and have been used to analyze the morphology of 

luminal structures in normal and diseased tissue (61). Here, we utilize the detail captured 

in vascular corrosion casts as a template to create truly biomimetic vascular scaffolds.  

To demonstrate the feasibility of our vascular scaffold fabrication method, we 

utilized the kidney as a tissue model. Kidneys contain unique micro-scaled vascular 

structures, such as glomeruli and peritubular capillaries, which are critically important for 

renal function but are too small in scale to reproduce manually. Vascular corrosion 

casting captures these features, making the method described here well suited for the pre-
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vascularization of engineered renal tissue (62). Appropriate casting and vascular scaffold 

materials have been tested and the created vascular structures were characterized. 

Furthermore, endothelialization of the vascular scaffold was performed to demonstrate 

the feasability of using corrosion cast-based vascular scaffolds for tissue engineering 

applications (Figure 2.1).  

 

Figure 2.1 Schematic diagram of the fabrication process of a microvascular scaffold. (A) PCL solution was 

perfused into native kidney tissue. (B) The renal tissue with PCL material was digested, leaving a PCL 

vascular corrosion cast. (C) The PCL cast was coated with collagen. (D) The PCL cast was removed with 

acetone, resulting in a hollow collagen microvascular scaffold. 

 

2.2 MATERIAL AND METHODS 

2.2.1 Vascular Corrosion Casting 

Vascular corrosion casts were made of the left kidney of adult rats (Charles 

River). All animal procedures were performed in accordance with a protocol approved by 

the Institutional Animal Care and Use Committee at Wake Forest University. After 

euthanasia of animals, the descending aorta and inferior vena cava were tied off above 

the renal artery. The aorta was cannulated with 50 g (I.D. 0.58 mm, O.D. 0.985 mm) 

tubing below the renal artery for perfusion. Batson’s #17 Anatomical Corrosion Kits 

(Polysciences, Inc., Warrington, PA) were used to create standard casts according to the 

manufacturer’s instructions. To create polycaprolactone (PCL, MW: 43,000-50,000) 

(Polysciences, Inc.) casts, the kidney was perfused with 1 mL of acetone (Warner 

Graham Company) and immediately perfused with 1 mL of 10% w/v PCL dissolved in 

acetone. The PCL-perfused kidneys were kept at room temperature for 24 hrs, transferred 
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to 4ºC for 3 days to allow for acetone evaporation, and placed in 20% (w/v) sodium 

hydroxide for 48 hrs to digest the tissue (63). Washing in distilled deionized (DI) water 

for 24 hrs and additional rinsing was done to remove the digested tissue and reveal the 

vascular corrosion cast (Figure 2.1 A-B, n=5). For microscopic analysis of the obtained 

casts, segments were sputter coated with gold (Anatech LTD Hummer 6.2) and imaged 

with a scanning electron microscope (SEM, Hitachi S-2600N). ). Using the SEM images, 

the glomerular sizes in 10% PCL and Batson 17 casts were quantified. The long axis of 5 

randomly selected glomeruli on each kidney (n=3 per group) was measured using ImageJ 

software.  

2.2.2 Fabrication of collagen-based vascular scaffolds  

To fabricate collagen-based vascular scaffolds from the PCL cast, small segments 

of the cast were dip-coated with 9.8 mg/mL Type 1 rat tail collagen (BD Biosciences, 

San Jose, CA) and suspended for drying (Figure 2.1, C). After drying, the collagen-

coated PCL cast was soaked in a crosslinking solution of 10 mM 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC, Thermo scientific) and 10 mM 

N-hydroxysuccinimide (NHS, Aldrich) for 30 min (64,65). After the crosslinking process, 

warm acetone was used to remove the PCL casts from inside the collagen, leaving a 

hollow collagen vascular scaffold (Figure 2.1, D). The microstructure of the vascular 

scaffold was analyzed with SEM. To demonstrate the continuity of the hollow, vessel-

like space, the vascular scaffolds were cannulated with a needle in the main artery. 

Trypan blue dye (Thermo Scientific) was perfused through the scaffold for contrast, and 

the perfusion was recorded through a light microscope (n=3). Collagen chips were 

formed by letting 50µl drops of collagen dry overnight. Those chips were either soaked in 
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PBS, crosslinked, crosslinked and soaked in acetone or crosslinked and soaked in warm 

acetone for comparison.  

2.2.3 Endothelialization of the vascular scaffolds  

To test endothelialization of the vascular scaffolds, the green fluorescent protein 

(GFP)-transfected MS1 endothelial cell line (ATCC, Manassas, VA) was used. MS1 cells 

were grown on standard cell culture plates in growth media consisting of DMEM/high 

glucose media (Thermo Scientific) supplemented with 10% fetal bovine serum (Thermo 

Scientific) and 1% antibiotic/antimycotic solution (Thermo Scientific) at 37
o
C in 5% 

CO2. The fabricated collagen vascular scaffolds were sterilized with ethanol before cell 

seeding, rinsed, and soaked in media for 10 min. Each scaffold was placed in one well on 

a 48 well plate. 200 µL of MS1 cell solution (10 million cells/ mL) was added to each 

well. After a 25 min incubation, the cell-seeded scaffolds were placed into a new well to 

rest on the opposite side, and 200 µL of cell solution was added and allowed to incubate 

for 15 min. Seeded scaffolds were transferred to a final well and remained in growth 

media for culture at 37
o
C in 5% CO2. After 24 hrs, the cell-seeded scaffolds were imaged 

using an inverted fluorescent microscope (Zeiss Imager M1) to visualize GFP expression 

of the MS1 cells that had attached to the scaffold (n=3). For immunostaining, the seeded 

scaffolds were fixed with methanol, stained with a primary antibody for CD31 (rat anti-

mouse CD31, MEC13.3, BD Pharmigen) and secondary antibody (goat anti-rat AF 594, 

Life Technologies), and counterstained with 4',6-diamidino-2-phenylindole (DAPI, Life 

Technologies) (n=2). Confocal images were acquired using Olympus Fluoview FV10i.  

To test the feasibility of using the endothelialized vascular scaffold for the 

purpose of pre-vascularization in 3D tissue constructs, the MS1-seeded scaffolds were  
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embedded in 2.4 mg/mL collagen gel (BD biosciences) as previously described (30,31). 

To test the effect of embedding on scaffold integrity and ensure cell attachment and 

vessel patency was not compromised, endothelialized scaffolds were embedded in 100 

µL of neutralized collagen gel in a 96 well plate (n=3) and fixed immediately with 10% 

neutral buffered formalin (NBF, Leica Biosystems). Gels were paraffin embedded, cut 

into 10 μm sections, and stained with H&E. Endothelialized scaffold were also embedded 

in 48 well plates with 150 µL gel/well for 1 day to evaluate short term cell behavior 

(n=4).  The gels were fixed with 10% FBS, paraffin embedded and cut into 15 µm section 

for H&E and immunohistochemistry. The sections were stained after citrate buffer 

antigen retrieval (Polysciences, Inc) and protein blocking (DAKO) with a 1:50 dilution of 

anti-VE-cadherin (C-19) primary antibody (Santa Cruz) and 1:150 dilution of secondary 

antibody (ThermoFisher, A-21223). Sections were counter stained with DAPI. Sections 

were stained after citrate buffer antigen retrieval (Polysciences, Inc), protein blocking and 

BLOXALL (Vector Laboratories) treatment with a 1:50 dilution of anti-von Willebrand 

factor (C-20) primary antibody (Santa Cruz) and 1:200 dilution of secondary antibody 

(Vector Laboratories, BA-5000) and development with DAB treatment (Vector 

Laboratories). Sections were counter stained with hemotoxylin. 

2.2.4 Statistical Analysis 

The mean glomerular length in PCL and Batson 17 vascular corrosion casts 

(based on 5 replicates per cast, n=3) was compared using a two-tailed student’s t-test. 
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2.3 RESULTS 

2.3.1 Casting materials 

The selection of appropriate casting materials was the first step toward fabrication 

of the vascular scaffolds. The commercially available Batson #17 kit was used as positive 

control for comparison of novel casting materials. With the Batson #17 cast, the entire 

kidney was well perfused with casting solution, and the cast appears to be densely 

populated with vessels at the cortex (Figure 2.2, A). SEM analysis showed the 

preservation of the renal vascular network and the glomerular capillaries (Figure 2.1, B-

C). While the Batson’s #17 kit yields durable and precise vascular casts, it is not an 

appropriate sacrificial material due to crosslinking additives that prevent the cured 

polymethyl methacrylate (PMMA) casts from dissolving (66). Therefore, the Batson #17 

kit cannot be used as a sacrificial casting material for our process; however, it serves as 

an appropriate standard for cast quality.  

Corrosion casts made from 10% PCL showed uniform perfusion of the kidney but 

less dense structures of the cortex region (Figure 2.2, D). SEM observation revealed 

preservation of most of the peritubular capillary structures, although some regions were 

truncated (Figure 2.2, E). This incomplete perfusion corresponded with the sparse 

appearance of the cast. PCL perfusion was able to reach the smallest capillaries as 

glomeruli are visible in the cast (Figure 2.2, F). The size of the glomeruli in the PCL casts 

was significantly (p=0.006) bigger than the glomeruli in the standard Batson #17 casts. 

The average long axis of the glomeruli in the PCL casts was 149.9±10.2 µm and the 

average length in Batson #17 casts was 101.9±12.5 µm. The averages in each kidney 

(n=3) can be seen in Supplemental Figure 1. 
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Figure 2.2 Gross and SEM images of Batson #17 and PCL vascular corrosion casts (A and D). SEM 

analysis demonstrated that the vessels of the cortex (B and E, scale: 200 µm) and glomerular capillaries 

remained in the casts of both materials (C and F, arrows, scale: 100 µm). 

 

The PCL was able to produce a cast that captured most of the vascular detail and was 

mechanically stable and readily soluble in acetone, making it the ideal sacrificial 

material. Other alternative casting materials were tested but failed to produce a complete 

cast or dissolve completely in compatible solvents. Additional materials tested included 

paraffin, PVC, gallium, alginate, and Pluronic 127 (Supplemental Figure 2). 

2.3.2 Fabrication of vascular scaffolds 

To fabricate hollow-structured vascular scaffolds from the PCL casts, the casts 

were coated with collagen solution, cross-linked, and treated with acetone to remove the 

PCL. Under SEM observation, the resulting collagen-based vascular scaffolds showed the 

same 3D branching architecture that was visible in the corrosion casts (Figure 2.3, A-C). 

Chips of collagen taken through the same process were observed and compared at every 
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step. The application of heat causes the collagen to shrink in size (Supplemental Figure 

3).  

The arterial inlet for the scaffold was visibly hollow (Figure 2.3, 3C dotted line). 

To demonstrate that the visible hollow spaces were connected and continuous, the 

scaffolds were perfused with blue dye. Figure 2.3, D-F illustrate the progression of the 

dye through the scaffold during perfusion. The dye perfused into the single arterial inlet 

and diverged equally at each branching point (Figure 2.3). This demonstrated that the 

vascular scaffold maintained mechanically stable, hollow, branching structures that could 

allow perfusion similar to native blood vessels.  

 

Figure 2.3 Fabrication of collagen-based vascular scaffolds demonstrated hollow and branching structures. 

Representative images from SEM analysis showed 3D branching architecture (A, scale: 1 mm and B, scale 

200 µm) and a hollow inlet artery (C, dashed line, scale: 200 µm). Perfusion with blue dye for contrast 

revealed hollow structures of the vascular scaffold were continuous and interconnected (D-F, arrows 

indicate progress of dye). 
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2.3.3 Endothelialization of the vascular scaffolds  

Endothelialization of the vascular scaffold is critically important. To test the 

feasibility of forming an endothelial layer on the vascular scaffold, the scaffold was 

seeded with MS1 cells expressing GFP for visualization. After 24 hrs, the entirety of each 

scaffold was seeded with a layer of cells (Figure 2.4, B and E). No background was 

observed from the unseeded collagen scaffold (Figure 2.4, A and D). Confocal images of 

staining for the endothelial marker, CD31, on vessel cross-sections showed normal 

endothelial cell morphology with complete and uniform endothelial cell coverage (Figure 

2.4, C and F).  

 

Figure 2.4 Homogeneous and continuous endothelialization of vascular scaffold. Collagen-based vascular 

scaffolds were seeded with MS1 cells and cultured for 24 hrs. Unseeded scaffolds (A, bright field, 40x 

scale: 500 µm) showed no visible GFP autofluorescence (D, 40x scale: 500 µm) while seeded scaffolds (B, 

bright field, 40x scale: 500 µm) showed endogenous expression of GFP in live cells and demonstrated 

complete and uniform MS1 coverage (E, 40x scale: 500 µm). Representative confocal images of the 

endothelialized scaffolds stained for CD31 and counterstained with DAPI showed well-aligned endothelial 

morphology and CD31 expression and demonstrated maintenance of an endothelial-specific phenotype on 

the vascular structures. Arrows indicate complete vessel coverage was apparent in transverse sections (C, 

600 x, scale: 50 µm) and cross sections (F, 600 x, scale: 50 µm). 
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To test how the microvascular scaffold can be used for the purpose of pre-

vascularization within 3D tissue constructs, the endothelialized scaffolds were embedded 

in collagen gels to mimic potential incorporation into tissue-engineered constructs. The 

collagen gel easily surrounded the scaffolds. The hollow, vessel-like spaces remained 

free of hydrogel and endothelial cells were not dislodged during embedding. H&E 

staining showed consistent endothelial coverage around the hollow, vessel-like structures 

formed by the vascular scaffold and collagen gel was not observed inside the lumens 

(Figure 2.5, A-B). The cross-linked collagen scaffolds are defined by the relatively darker 

areas of eosin staining. The endothelial layer was maintained during 1 day of static 

culture in the collagen gels (Figure 2.5, C-F). Longitudinally cross-sectioned vessels can 

be seen with an intact endothelial cell layer (Figure 2.5, C-D).  Staining for the 

endothelial cell markers, VE-Cadherin and von Willebrand factor (vWF) (Figure 2.5, E 

and F, respectively), show that the endothelial cells maintained their phenotype during 

culture.  
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Figure 2.5 Maintenance of endothelialization of vascular scaffold within 3D culture. A-B) Seeded vascular 

scaffolds were embedded in collagen hydrogels and fixed immediately. Representative images show an 

intact layer of endothelial cells around the vessel spaces created by the scaffold in the HE images 

(arrowheads) (A:400x, scale:100 µm) (B:630x, scale:50 µm).  C-D) After 1 day in culture, the MS1 cells 

still formed an intact endothelium around the scaffolds. Longitudinal cross sections show the vessels 

lumens are free of collagen gel (C:400x, scale,100 µm) (D:630x, scale:50 µm). E) VE-cadherin staining in 

red, DAPI nuclear staining in blue (1000x, scale:25 µm). Inset image of internal negative control. F) vWF 

staining in dark brown, counterstained with hemotoxylin (1000x, scale:25 µm).  Inset image of internal 

negative control. 
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2.4 DISCUSSION 

The need for methods for replacing volumetric pieces of diseased or damaged 

tissues and organs remains a critical unmet demand in the clinical setting. Engineering of 

functional 3D tissue constructs is severely hindered by limited methods of pre-

vascularization. Current technology offers fabrication of vessel networks through 

endothelialization of simple branching tubes in two or three dimensions, yet these 

structures fail to replicate native vasculature (34,39,43,46,47). Therefore, this study aims 

to create a pre-vascularization technique that captures the complexity of native vessels. 

Using vascular corrosion casts of healthy native kidneys, we were able to produce a truly 

biomimetic vascular scaffold that remained perfusable and could be endothelialized, 

which was confirmed by electron microscopic and histological analysis. We believe that 

this novel method of pre-vascularization would eliminate the need for specialized 

equipment and higher costs associated with other methods.  

In the fabrication of our microvascular scaffolding, the selection of appropriate 

sacrificial vascular corrosion casting material is critically important to success (Figure 

2.1, A and B). Traditionally, vascular corrosion casts are meant to be stable and durable 

to study vascular anatomy (61). Here, we needed to create a sacrificial vascular cast that 

would serve as a template during the scaffold creation process and required utilizing an 

appropriate corrosion casting material. In general, casting materials need to be liquid to 

allow efficient infusion through the entire vasculatures and later solidify once inside the 

vessels. Additionally, they need to tolerate tissue digestion by solutions such as sodium 

hydroxide (NaOH) (67). Finally, the casting material must dissolve or return to a liquid 

state after being coated with the scaffold material, at which time a solvent can be used to 

flush the casting materials from the scaffold materials. Our casting material criteria are 
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based on creating single use casts. Alternatively, a two-part permanent mold could be 

made of a segment of vascular corrosion cast and used to replicate that piece over and 

over, rather than recasting a new organ each time. We felt that this would add significant 

technical challenges and complicate, rather than simplify the process. For kidney casting 

specifically, organ isolation and perfusion is straighforward and repeatable, and we are 

able to create multiple scaffolds from a single organ by dividing the cast into segments. 

Various types of casting materials were considered and tested for this study. 

Natural materials like gelatin and fibrin based gels would not survive the tissue digestion 

process. Gels like Pluronic F127 and alginate were not strong enough to maintain the 

shape of a vascular cast. Paraffin was used during the 1600’s to create some of the first 

vascular corrosion casts, but it was too soft to withstand the processing and further 

handling of the scaffold creation method (68). Some materials were unable to perfuse the 

organ completely, as in the case of the metal Gallium. Various types of synthetic 

materials have been considered as casting materials candidates and included poly-(lactic 

acid) (PLLA), poly-(lactic-glycolic acid) (PLGA), and polycaprolactone (PCL). PCL was 

chosen because it readily dissolved in alcohol solvents and allowed for easy perfusion 

and removal. Based on the gross images (Fig. 2), PCL was able to perfuse evenly into the 

kidney, but did not fill the entire vascular network. Although some areas of smaller 

vessels were truncated, the PCL was able to occasionally perfuse into the smallest 

capillaries to preserve the glomeruli. The retained glomerular and capillary structures 

were confirmed by SEM analysis (Fig. 2). Although PCL does not produce a corrosion 

cast with the same level of detail as a commercial kit, it performed the best out of the 

tested casting materials. The size of the glomeruli in PCL casts were quantified and found 
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to be approximately 50% longer than the glomeruli in normal Batson #17 casts. The 

reason behind this is not known. Potentially, the pressure during PCL perfusion could be 

higher than that during Batson perfusion, causing the glomeruli to expand. We do not 

know whether this size difference will be significant to the functionality of the final 

product.  

Once the vascular cast is created, the next step requires the incorporation of 

materials with the cast to fabricate vascular scaffolds with hollow vascular structures. 

Since the chosen casting material was a plastic (PCL), scaffold materials composed of 

synthetic polymers are not ideal as the organic solvents that dissolve the polymers may 

damage the PCL cast during the coating process. Therefore, naturally derived polymers 

were considered to be appropriate scaffold materials. Such natural polymers need to be 

biocompatible, biodegradable, and mechanically stable to yield a vascular scaffold for in 

vitro cell culture and in vivo implantation. Several types of natural polymers have been 

used as scaffolding materials in tissue engineering (69–71). Among several materials, 

chitosan was tested, which enabled formation of vascular scaffolds. However, the 

scaffolds were not robust enough to withstand handling during processing and cell culture 

(data not shown). Conversely, the collagen-based scaffold was easy to handle and 

preserved the 3D architecture, as confirmed by SEM analysis and dye perfusion test (Fig. 

3). Crosslinking of collagen molecules after coating the PCL cast was critically important 

to maintain 3D vascular structures. EDC/NHS crosslinking forms bonds between 

carboxyl and amine groups on the collagen fibers (72). It is a commonly used method 

with the benefits of using a zero-length crosslinker and having good biocompatibility 

(73–75). Crosslinking the collagen improved the collagen’s ability maintain a 3D 
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structures, but will also decrease its susceptibility to enzymatic degradation (76). Based 

on our results, we show that it is possible to create a collagen vascular scaffold that 

copies the native vascular network in a healthy rat kidney.  

Further assessment of this technology is needed to show the feasibility of using 

the vascularized scaffold to produce functional vasculature. To be functional, the vascular 

structures require a lining of endothelial cells to facilitate the movement of oxygen, 

nutrients and waste. Additionally, endothelial cell coverage prevents thrombosis during 

blood perfusion following implantation (65). The continuous and homogeneous 

endothelialization of collagen-based vascularized structures are demonstrated in Figure 

2.4, where the endothelialization retained endothelial specific phenotypes, confirmed by 

CD31 immunostaining (Figure 2.4). We examined the feasibility of incorporation of the 

endothelialized vasculatures into the 3D culture system and confirmed by histological 

analysis (Figure 2.5). The cells and structures are stable during 1 day of culture. Future 

work will test the functionality of the vascular scaffold in a 3D culture system using a 3D 

co-culture system that is composed of endothelial and kidney cells. In this study, it is 

hypothesized that perfusion of the endothelialized scaffold with fresh media in vitro will 

support cell viability in large hydrogel constructs that would normally develop necrotic 

cores. It has been shown previously that a heterogeneous mix of adult renal cells will 

self-assemble to form tubule-like structures in hydrogels (25,30,31). Future work will 

examine the morphological and functional relationship between the formed renal and 

vascular structures.  

By creating a vascular scaffold in the proposed manner, we gain additional 

advantages over the current fabrication techniques (34,43). The developed techniques in 
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this study are technically simple and cost-effective; moreover, they are quite novel 

among current techniques for the production of vascular networks for tissue constructs 

(66). In this study, we demonstrated the feasibility of creating vascular scaffolds using a 

small tissue sample (rat kidney). This same technique may be applied to larger organs 

without modification; therefore, it fulfills a critically important aspect for translation into 

clinical trials. The scalability of this technique enhances the innovative nature of this 

study. Furthermore, our technique can be applied easily to any tissue or organ regardless 

of the vascular architectures. In addition, combining a hydrogel-based tissue construct 

with a pre-formed vascular scaffold allows for the use of many established culture 

systems. For example, myoblasts and C2C12 cells have been shown to form 

multinucleated muscle fibers in fibrin gels (77,78). The incorporation of a vascular 

network would allow for the creation of larger constructs by providing oxygen, and the 

scaffold itself may facilitate the developing tissue. Previously, aligned 3D scaffolds were 

shown to positively influence muscle fiber formation by cultured myoblasts (79). A 

vascular scaffold composed of aligned, parallel blood vessels could provide similar 

feedback and promote orientation of cells and muscle fiber formation.   

While this casting technique can be considered a promising method to fabricate 

vascular scaffolds for engineering 3D constructs, implantation of this technique remains 

limited due to several challenges. Such issues include difficulties in replicating exact 

native tissue vascular structures into vascular cast, processing the cast into vascular 

scaffold, and facilitating functional endothelialization on the vascular scaffold. Gross and 

SEM analysis revealed glomerular structures were retained within PCL casts; however, 

the number of glomeruli and capillary structures appeared to be fewer than the number 
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observed in the positive cast control (Batson’s kit) (Figure 2.2). Similarly, the collagen-

based vascular scaffold showed loss of capillary structures. Optimization of the casting 

and scaffold creation processes is needed. Development of this technology will require 

the ability to completely remove the collagen scaffold material from the lumen of the 

vessel structures. In this study, we attempted to endothelialization of the outer part of the 

vascular scaffold. In this study, the endothelial cells were seeded on the outside of the 

vascular scaffold. While we were able to see good cell attachment and the formation of 

an endothelium layer, this method of seeding leaves a layer of collagen in the lumen of 

the vessel. For in vivo studies, this may cause clotting within the construct due to the 

direct contact of blood and the collagen. Further long-term examination of the 

endothelialized scaffolds will be necessary to evaluate whether the endothelial cells can 

digest the collagen scaffold, resulting in the eventual formation of an empty lumen (80). 

If removal of the scaffold by cell digestion is not sufficient, perfusion of collagenase 

solutions could be used to expedite removal. An additional option for creating 

implantable constructs would be to seed the endothelial cells internally through perfusion 

(46,81,82). Perfusion seeding technique has been used successfully with other pre-

vascularized strategies, but with very complex vascular scaffolds or in the case of very 

small capillary structures, this method may not be ideal. 

 

2.5 CONCLUSIONS 

Volumetric tissue engineered constructs require pre-vascularization to support cell 

viability and promote tissue formation. To date, pre-vascularization techniques have 

produced simple, 3D structures; although, existing techniques fail to reproduce the native 

vascular features and often require expensive and specialized equipment. In this study, 
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we have developed a novel method for creating a microvascular scaffold that exploits 

vascular corrosion casts as a template. This method can be used to create simple, cost 

effective, biomimetic microvascular scaffolds for pre-vascularization of 3D engineered 

tissue constructs. Our results demonstrate that these microvascular scaffolds are able to 

support endothelialization and promote the incorporation of hydrogel-based constructs. 

We believe the tissue-specific nature of this process will prove to be applicable to a broad 

range of tissue-engineered constructs.   
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3.1 INTRODUCTION 

The primary goal of any pre-vascularization strategy is to provide oxygen and 

nutrient access to tissues and ultimately to allow for larger, viable constructs. The casting 

method described in Chapter 2 is a novel technique for creating vascular scaffolds. We 

have demonstrated that the vascular scaffolds can be incorporated into hydrogel 

constructs, but have not truly validated the method as a pre-vascularization technique. We 

aim to demonstrate that pre-vascularization with biomimetic vascular scaffolds based on 

corrosion casting support renal cell growth and improve cell viability. 

Functionality assays in tissue engineering pose unique challenges. Seldom is it as simple 

as transferring known assays from 2D culture to 3D culture and these difficulties were 

especially apparent for this project as the method is entirely novel. The developed 

vascular scaffolds are inherently biomimetic, but each one is also unique. Additionally, 

we are producing stand-alone scaffolds which are not necessarily designed to connect to a 

microfluidic system. This is in contrast to many simple sacrificial mold-based methods. 

Typically, geometrically controlled pre-vascularization strategies create vascular patterns 

with perfusion in mind and inlets and outlets are designed into the pattern (47). Not being 

able to easily connect the vascular scaffolds to a pump proved problematic. To be 

functional, vessels require perfusion of oxygenated blood or media. Our vascular 

scaffolds always an inlet, but there may be many outlets, and they will differ slightly 

scaffold to scaffold. Even the inlet artery will vary slightly in size with each scaffold and 

is small and fragile enough to make direct connections difficult. 

The main challenge addressed in this chapter was the design and development of 

a bioreactor system for culture of vascularized renal constructs. This meant a system 

which could support normal hydrogel culture and provide perfusion of the vascular 
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scaffolds. Initial systems were tested that relied on gravity to force media through the 

vascular scaffolds, but ultimately a more direct perfusion system connected to a pump 

was implemented. An iterative process of development went through several versions 

before settling on one that could be implemented consistently and allowed for mimicking 

of physiological conditions. A functional bioreactor was produced, but was constructed 

using easily modified materials conducive to design adjustments. A finalized, ideal 

version was designed and prototyped with 3D printing.  

The bioreactor system was used to validate the basic functionality of the perfused 

vascular scaffolds. Here, the aim was to show functionality with the established renal 

construct system. Pre-vascularized and non-vascular renal structures were compared for 

their capacity to support the cell viability and improved cell morphology.   

 

3.2 METHODS 

3.2.1 Renal cell expansion and culture 

Human renal cells were isolated from donated kidneys as previously reported 

(83,84). Briefly, the cortex was minced, enzymatically digested and then sieved before 

plating. Cells were expanded on tissue culture plates under standard culture conditions. 

Growth media used was a 1:1 mix of DMEM high glucose (Thermo Fisher) and 

Keratinocyte-SFM media with EGF and BPE supplements (Thermo Fisher), 6.25% FBS, 

1% antibiotics and 0.2% insulin-Transferring-Selenium. P2-P4 renal cells were for used 

experiments. To create 3D renal constructs, cells were trypsinized before confluence and 

suspended in growth media. The cell solution was mixed with cold rat tail collagen Type 

1 (Corning). The gel solution was neutralized with cold 1N NaOH and then immediately 
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used to fill bioreactor wells. The final collagen concentration was 2.4 mg/mL and the 

final cell concentration was 3 million renal cells per milliliter of neutralized hydrogel.  

3.2.2 Bioreactor design and construction 

Multiple designs were considered and tested in the development of an in vitro 

bioreactor system that could be used to support pre-vascularized renal constructs. Here 

we will focus on the final system as it was used to generate the functionality data. More 

detailed design progression and considerations are gone through in the discussion section 

of this chapter. The main material used in the creation of all bioreactor designs was 

silicone (sylgard 184 elastomere kit) which is biocompatible and allows for quick 

creation and modification of new elements.  

The final form of the bioreactor used is a silicone insert which fits inside a 6-well 

plate. The inserts are removable and reusable. The inserts were made by pouring uncured 

silicone into the wells of a 6-well plate which contained metal frames designed to create 

channels and position features of the bioreactor. After curing, the pieces were removed 

leaving just the silicone insert with the key features, namely a well in the middle to hold 

the hydrogel construct, a channel for the inlet tube and a channel for a piece of suture to 

hold the hydrogel in place during culture. Additional channels connecting the center well 

and media reservoirs were cut by hand after curing. See Figure 3.1 for identification of 

key bioreactor features.  

20 gauge blunt tip needles (Jensen Global) were bent at 90º angles at their 

midpoint, ensuring that the tube did not crimp. These were placed into the insert to form 

the inlet channel. 6-0 prolene suture was also threaded through the channel formed near 

the front of the well. The suture prevented movement of the gel during culture 
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3.2.3 Bioreactor use and functional validation 

The bioreactor inserts were used to validate the functionality of the vascular 

scaffolds in the context of supporting human renal cells in a collagen hydrogel. Pre-

vascularized renal constructs were tested, which contained an unseeded vascular scaffold 

embedded in a collagen hydrogel containing renal cells. Non-vascularized renal gels in 

perfused wells were used as negative controls for the effect of the vascular scaffold. Non-

vascularized renal gels in static wells were used as negative controls for the flow of 

media around the gels.  N=3 for all groups.  

Sterilized bioreactor inserts were placed into the wells of a 6 well-plate and 

pressed firmly against the bottom to create a water tight seal around the inner well. To 

assemble the construct, first the inlet of the vascular scaffold was aligned with the inlet at 

the front of the well. Then cell-laden, neutralized collagen type 1, prepared as stated 

previously, was carefully pipetted into the well, ensuring that there were no air bubbles 

around the scaffold. 300 µl of prepared hydrogel was used per well which correlates to a 

height of 6mm in an 8mm diameter well. The entire plate was placed in the incubator for 

at least 30min to allow the gel to set. Then 2mL of media was added to each well. Holes 

were drilled in the top of a normal 6-well plate lid to correspond with the top end of the 

inlet needles. Ismatec tubing (I.D. 0.76 mm) was connected to the free end of the inlet 

needle where the needle protruded from the lid. Tubing was run through an Ismatec 

REGLO pump (78016-10, Cole-Parmer) set to a flow rate of 0.2 mL/min. 

Constructs were cultured for 3 days and then fixed with 10% neutral buffered 

formalin. Samples were paraffin embedded and prepared as 5µm sections for staining.  

H&E staining was done to identify morphological differences between samples. To 
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assess renal cell viability, TUNEL staining was performed with the Click-iT EdU Alexa 

Fluor 647 Imaging Kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. Cells were counter stained with ProLong Gold Antifade Mountant with DAPI 

(Thermo Fisher Scientific).  

3.2.4 3D printed bioreactor insert 

The new insert was designed using FreeCAD software. The model was printed on 

a MakerBot Replicator+ using PLA filament purchased from Makerbot.  

 

3.3 RESULTS 

3.3.1 Bioreactor Design  

The final iteration of the bioreactor utilized indirect perfusion of vascular 

scaffolds to support their functionality. The bioreactor took the form of a silicone insert 

that fit into 6-well plates. The insert had a center well for the constructs, an inlet for 

perfusion and a thin piece of suture to anchor the construct. Open spaces between the 

insert and plate formed areas for media storage. These features are labeled in Figure 3.1.  

 
Figure 3.1 Bioreactor insert for perfusing pre-vascularized renal constructs. On the left, the main features 

of the bioreactor insert are highlighted. Media enters through the inlet needle. A small channel at the front 

of the well holds a piece of suture during culture. On the right, the inserts are shown in a 6-well plate with 

hydrogel filling the wells. Gaps at the side of the insert hold media.  
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3.3.2 Vascular scaffold validation with bioreactor 

Renal hydrogel constructs were cultured in these bioreactor systems for 3 days 

and then stained to assess cell morphology and viability. Renal hydrogels without 

vascular scaffolds that had either been in static culture or experiencing flow around the 

gel, showed very little change in cell morphology. The renal cells were still completely 

round, not showing the characteristic elongation that occurs before self-assembly (Figure 

3.2, A, B). In contrast, the renal cells in the perfused, pre-vascularized construct have a 

thinned out, elongated morphology which indicates more active cells (Figure 3.2, C). In 

Figure 3.2 C, the vascular scaffold is visible as the dark pink eosin staining. Several 

patent vessels of various sizes are visible. Apoptotic cells, identified via TUNEL staining, 

are visible as red nuclei in Figure 3.2 D-F. We saw an incremental effect. Static 

constructs had the most apoptotic cells. Introducing media flow around non-vascularized 

constructs reduced the number of dead cells, but they were still present. Pre-vascularized 

constructs consistently had the fewest apoptotic cells.  
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Figure 3.2 Pre-vascularization improves renal construct development. Non-vascularized renal constructs 

were grown in static and flow conditions in the bioreactor. In both cases, the cells showed little signs of 

morphologic change at 3 days (A-B). Constructs with a perfused vascular scaffold did have better cell 

morphology, showing elongated cells (C). TUNEL staining was used to identify apoptotic cells in red (D-

F). Static culture conditions appeared to have the most apoptotic cells (D). Media flow during culture 

reduced apoptosis (E), but the fewest apoptotic cells were seen in the pre-vascularized constructs (F). Scale 

bars are 100µm in 200x images and 200 µm in 100x images.  

 

3.3.3 3D printed bioreactor insert 

The silicone insert bioreactors accompled the desired task, but could be improved 

moving forward. Using CAD software and a 3D printer, an easier to handle and more 

reproducible version of the insert was made (Figure 3.3). A side-by-side comparison 

between the silicone and 3D printed versions shows that they contain the same key 

features and that the insert can still be used with a 6-well plate (Figure 3.3, A, B). One 

change is the addition of a lid for the well which essentially replaces the suture 

incorporated into the silicone version (Figure 3.3, C). Schematics and dimensions of the 

3D printed insert are in Supplemental Figure 5.  
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Figure 3.3 A version of the bioreactor was designed and made using 3D printing. A side-by-side 

comparison shows that they have the same general structure and important features (A). The inserts are still 

designed to fit in a 6-well plate (B). The 3D printed insert has a lid that fits inside the well instead of using 

a piece of suture to secure the construct (C, shown in red).  

 

3.4 DISCUSSION 

In this work, a specially designed bioreactor was used to validate the vascular 

scaffolds created in Chapter 2 by providing necessary vascular perfusion. Due to the 

fabrication method, size, and variability of the scaffolds, perfusion was a challenge. Easy 

direct cannulation of the main inlet artery was not possible, so the first types of 

bioreactors tested were gravity based. The general concept was to orient the construct 

vertically, so that the inlet of the scaffold was facing up and sticking out of the top edge 

of the hydrogel. A reservoir of media was kept above the gel, allowing gravity to pull the 
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media through the lower resistance channels provided by the vascular scaffold. In 

general, this design required a well to hold the construct, with a larger area above for 

holding media and a drain below. A small, modular silicone version and then a larger, 

high through put version were tried (Supplemental Figure 4). The problem with gravity 

fed systems was that as the cells matured and started to form structures, the gels pulled 

away from the sides. The break in contact allows the media to run along the outside of the 

gel, instead of encouraging flow into the scaffold. For this reason, gravity perfusion was 

abandoned.  

The most obvious solution would be to directly perfuse the scaffolds through the 

inlet artery. Cannulation was occasionally possible, but extremely inconsistent. 

Ultimately, indirect perfusion was used. To accomplish this, a well was needed which 

had an inlet that the scaffold could be aligned with. Then, after casting gel around the 

scaffold, media could be perfused through the inlet and a portion of the media would 

enter the scaffold. At first this was set up with slices of tubing to define the well and 

blunt tip needles stuck into the sides. Without any anchoring to the surrounding, the wells 

were too easy to disturb, potentially damaging the constructs. Stability was addressed by 

creating a silicone insert that fits securely into a 6-well plate. The insert defines a well in 

its center and holds the inlet needle in place. This design was also created to work with 

smaller tubing and pumps to achieve more appropriate flow rates. Features were added 

over time, like a small piece of suture that runs across the front of the well to prevent the 

gel from floating and keeps the scaffold alined with the needle. Areas of the insert were 

cut away to act as a media reservoir. This allowed for the bulk of the media to be outside 
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the well, making the construct dependent on the media coming from the inlet. Isolating 

the construct and limiting nutrient access to the media mimics in vivo conditions.  

The final iteration of the system was used to validate the vascular scaffolds by 

looking for improved cell viability during bioreactor culture. The flow rate used was 

chosen based on physiological blood velocity in capillary sized vessels (85). Tubing 

diameter and pump speed was set to produce a flow rate of ~0.2mL/min. Flow rate was 

on the low end of normal capillary flow, to avoid damage to the relatively soft gels.   

The current work was focused on validating the scaffolds for cell viability. Even 

at 3 days in culture, pre-vascularization with vascular scaffolds showed better support of 

the renal construct. Only in the perfused, pre-vascularized group did the renal cells show 

any morphological change. The cells had started to elongate, which is typical of 3D renal 

culture around 3 days. In contrast, the non-vascularized static and flow constructs had 

symmetric, round cells. In addition to showing better signs of cell activity, the pre-

vascularized constructs showed the best cell viability. Very few apoptotic cells were 

visible. Static constructs had the most apoptotic cells, which is expected because these 

constructs are large enough to limit mass transport into the core. The flow group showed 

an intermediate amount of apoptotic cells, more than the static group, but less than the 

vascularized group. Even though the constructs were non-vascularized, the flow of fresh 

media through the well seemed to improve cell viability, although it was not enough to 

encourage the cells to start renal structure formation. This data validates the vascular 

scaffolds that were created in Chapter 2 by demonstrating their ability to support viability 

in a large renal constructs. 
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The next step would be to investigate the vascular scaffold’s ability to facilitate renal 

function. To do this, the constructs would need to be cultured long enough for tubule 

formation, 7-10days. Once normal tubule formation is confirmed, improvements in 

morphology and function can be assessed. Additionally, endothelial cells should be 

included to ensure that the extra metabolic demand does not have a significant effect on 

viability and allow for observation of interactions between vascular and renal 

components.  

The current bioreactor design is functional, but there are still some limitations. 

Creating new inserts is tedious and makes scaling up difficult. Additionally, while the 

constructs can be set up reliably and repeatably, assembly and maintenace during culture 

is cumbersome. To convert the design to something simpler, more precise, easier to 

reproduce and easier to use, we used rapid manufacturing techniques. To accomplish this, 

a model of a new insert was designed using FreeCAD and printed using a Makerbot. The 

schematic is shown in Supplemental Figure 5 and the final product in Figure 3.3. A few 

changes were made to the design. Instead of incorporating a needle as the inlet, the insert 

holds the end of the tubing flush with the edge of the well. The well is also self-contained 

to prevent gel from leaking before it has solidified and so that any movement of the insert 

during culture will not damage the gel. There is a small lid which fits into the top of the 

well and replaces the piece of suture to prevent the gel from floating. It also helps to 

isolate the gel from outside media so that oxygen and nutrients are only coming from the 

inlet. The insert also has a larger reservoir and a loop for securing the outlet end of the 

tubing. This design will be easier to handle and reduce variability, but there are 

limitations. First, this prototype was made with the Makerbot, using their PLA filament. 
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While PLA is normally biocompatible, there are some chemical additives, presumable to 

make the filament print better. The biocompatibility with direct contact to cells should be 

tested to ensure that nothing harmful leaches out of the plastic. An additional limitation is 

that the opaque bottom means the constructs cannot be imaged during culture. 

Ideally, the bioreactor set up explored here would be used to study construct 

development, test functionality in vitro and possibly to precondition constructs before 

implantation. All of our goals with this project are with a clinical end point in mind. But 

if technical hurdles limit future clinical applications, the bioreactor system developed 

here may still be useful. This model could potentially be used in a body-on-a-chip system 

for drug screening.  Right now only about 2% of drugs fail during the pre-clincial phase 

because of nephrotoxicity but nephrotoxicity is responsible for ~20% of failed phase III 

clinical trials (86,87). Being able to predict nephrotoxicity with more accuracy would 

lead to far fewer failed trials, less wasted money and faster drugs development in general.  

Additionally, drugs cause ~20% of cases of acute kidney failure (88). A functional renal 

construct could be used as an in vitro model in studies to learn more about nephrotoxicity 

mechanisms and for better preclinical drug screening. Current renal models for organ-on-

a-chip applications are fairly simplistic, typically featuring a 2D layer of cells between 

lumenal and basal fluid chambers (86,89). Even more complex models have yet to 

combine vascular and renal features (87).    

 

3.5 CONCLUSION 

We have previously developed a novel, biomimetic method for pre-vascularizing 

renal constructs. A bioreactor culture system was developed to provide flow through the 

pre-vascularized constructs in vitro. The bioreactor system was used to validate the pre-
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vascularization method by showing improved cell morphology and viability over non-

vascular renal constructs.   
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4.1 INTRODUCTION 

Previous work from our  lab showed that primary cells can be isolated from adult 

mouse kidneys and will form tubule- like structures in collagen hydrogels (31). 

Subsequent work focused on the same techniques applied to human-derived renal cells 

(8,30,84). Human renal cells isolated from adult kidneys grow well in culture, making 

them easy subjects for research and practical candidates for clinical application. Primary 

human renal cells in culture express markers of proximal tubules, distal tubules, 

collecting duct and podocytes, indicating they represent a heterogenous population 

(30,84). When embedded in collagen type 1 hydrogel, they form organized tubule-like 

structures with lumens (30). Despite the heterogeneous origin, these tubule-like structures 

only express markers for one tubule type, either proximal or distal, an encouraging sign 

that these cells are recreating renal tissue. Albumin uptake into proximal tubule cells has 

also been used to demonstrate some basic functionality in these tubule-like structures 

(30).  

The observed self-assembly into organized structures was the initial motivation 

for the partial implant project. Our group continues to explore multiple strategies for 

treating chronic kidney disease including the possibility of whole organ engineering 

through the use of decellularized whole kidneys. Decellularized kidney scaffolds 

inherently contain patterning for both renal and vascular components which addresses 

some of the complexity involved in creating renal tissue (18). But the renal system is 

redundant, and we know that a person does not need all of their kidney tissue to function. 

Capitalizing on the self-assembly behavior of renal cells, we decided to pursue only 

partially recreating the kidney. Can we, on a smaller scale, make functional kidney tissue 

utilizing a simpler method for recreating the renal parenchyma?  
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There are two key issues that must be addressed in creating tissue engineered 

renal tissue. First, these tubule-like structures form but are seemingly isolated from each 

other and the outside environment. Second, tubule formation has been observed in small 

(<2mm thick) constructs, the size of which would never be clinically relevant. Pre-

vascularization begins to address both of these issues and was therefore our next primary 

goal. Until we had a proof-of-concept in place for a pre-vascularization method, further 

development of self-assembled renal structures was not the priority. Now that we have a 

validated method for pre-vascularization, it is time to begin reassessing the renal 

component. The initial results are promising, but there is still much to understand and 

optimize. Before optimizing renal cell 3D structure formation, an understanding of what 

is already known about renal self-assembly in vitro is necessary.  

4.1.1 Review of 3D Renal Culture 

In general, research into renal tissue engineering is extremely limited. Attempts 

are few and tend to be lab-specific. We lack overarching knowledge and dogmas for 

much of the in vitro behavior of renal epithelial cells. This section will review what is 

known about 3D renal culture and how it informs our efforts to engineer renal tissue. 

Better understanding of what has been done and a thorough survey of known patterns of 

behavior may be able to streamline future research.  

The research that has been done in tissue engineering with renal cells can be 

roughly sorted into three categories: embryonic cell sources, cell lines and primary cells. 

Much of the work done with embryonic renal cells has been to study in vitro kidney 

development.  Elements of the early embryonic kidneys can be isolated and recombined 

to form immature kidneys in culture. While this can be very useful as a tool to study 
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normal and pathological development, some also cite this research as being related to 

tissue engineering and potential clinical translation (90,91) . The final iteration of the 

mammalian kidney, the metanephros, is derived from the joining of the ureteric bud and 

metanephric mesenchyme (92). While they are both originally from the intermediate 

mesoderm, they form distinct portions of the final kidney. The ureteric bud undergoes 20 

branching iterations resulting in 1 million ductal tips, corresponding to 1 million 

nephrons, and becomes the collecting duct system through to the ureter (90). The 

metanephric mesenchyme develops into the tubule components of the kidney. The 

ureteric bud enters the metanephric mesenchyme region and a huge amount of complex 

reciprocal signaling ends in a formation of an immature nephron at the end of each 

branch tip (92). Isolated rodent ureteric buds and metanephric mesenchyme can be 

recombined in 3D hydrogel culture and exhibit fairly normal kidney development 

behavior resulting iterative branching and immature nephrons with connected tubule and 

collecting system elements (93).  

While starting with embryonically sourced tissue explants or cells is not clinically 

relevant, steps have been taken to move in a translational direction. Ureteric bud-like 

structures can be formed from an collecting duct cell line, and when combined with 

metanephric mesenchyme tissue, immature nephron structures still form (94). The same 

results were not seen when a metanephric mesenchyme cell line was combined with a 

wolfian duct (early ureteric bud).  It has been shown possible to dissociate embryonic 

renal rudiments to single cells, recombine them and see rudimental kidney formation in 

culture (95,96). These experiments lend credibility to the idea that we may be able to 

form functional kidney tissue by mimicking embryonic development in vitro. The idea 
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being to find a source of clinically relevant cells to mimic the ureteric bud and 

metanephric mesenchyme and rely on their mutual induction to form a kidney construct 

(90,97). Human iPS cells offer the most promising lead. Human iPS cells have been 

differentiated into ureteric bud-like cells (98).Other groups have looked at differentiating 

human iPS cells into nephron progenitor cells which could replace the metanephric 

mesenchyme in these strategies (99). And one group has developed a protocol for 

creating both embryonic populations from the same initial iPS cell population at the same 

time (100).  

In addition to the possibility of translating embryonic kidney development to 

clinical application, there is the possibility of applying what is known about renal 

development to in vitro 3D culture of other cell types. Knowing what affects embryonic 

development will help if there are parallels to 3D culture. In experiments involving 

culture of embryonic kidney rudiments, there are clear effects of the matrix type on renal 

development. Collagen type 1 was worse at supporting ureteric bud branching, out 

performed by a 50:50 mix with Matrigel and type IV collagen (93). In a similar 

experiment Matrigel and collagen type IV also supported better volumetric growth of 

kidney constructs over collagen type 1 (94).   

But if we are looking to draw from renal development for applications using 

primary cells, we may not want to focus on ureteric bud or metanephric mesenchyme 

cells. At the tip of each ureteric bud branch, a cluster of self-renewing progenitor cells 

aggregates. These cells go through a mesenchymal-to-epithelial transition and then form 

renal vesicles composed of epithelial cells. These vesicles are the epithelial precursor to 

the nephron and eventually connect with the ureteric bud elements. The vesicle stage, 
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which is a hollow epithelial sphere, is the stage that most resembles the lumenal 

structures formed by primary human cells in 3D culture. At this point the morphology is 

recognizable as a tubule-like and the cells have switched to an epithelial phenotype.  

Cell lines are the most popular cell source historically for studying de novo renal 

structure formation. Madin-Darby Canine Kidney (MDCK) cells are probably the most 

commonly used line. Some of the earliest work noted that MDCK cells in collagen type 1 

hydrogel form cysts normally, but can be induced to form branching structures when 

exposed to fibroblast conditioned media (101). Later it was shown that the same behavior 

can be induced with just hepatocyte growth factor (HGF) instead of complete, 

conditioned media (102). After this, HGF became the go-to growth factor for studying 

epithelial tubulogenesis with kidney cells (103,104). But this paints a simplistic version 

of what is actually triggering tubulogenesis. The developmental process of the kidney 

appears to have some redundant aspects, and knockout mice with interrupted HGF 

signaling pathways have largely unaffected kidneys (90,105). The effect may also be 

inherent to the specific cell line, as a mouse intramedullary collecting duct (IMCD) cell 

line was shown to be more dependent on epidermal growth factor (EGF) than HGF (105). 

In addition to growth factors, ECM components are commonly tested for their effect on 

cell line branching in 3D culture. Work with MDCK cells evaluated many ECM 

components in conjunction with HGF. They noted up-regulated branching with inclusion 

of laminin or fibronectin and downregulation by heparan sulfate, collagen type IV and 

TGF-beta (103). Cell lines have been important in studying tubulogenesis, but it is 

important to acknowledge their limitations. A proximal tubule cell line was shown to 

have different RNA expression than normal tissue (106).  MDCK cells have also been 
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used as an epithelial cell model to study the effect of environmental mechanical forces. 

Matrix stiffness is known to generally influence cell grow and differentiation (107). 

MDCK cells have been shown to both exert contractile forces on their environment and 

to be influenced behaviorally by the mechanical properties of their culture surface (108–

110).  

Some work with primary kidney cells has been done in the pursuit of adult renal 

stem cells. We are still a long way from truly knowing if and where an adult population 

(or populations) of stem cells exists in the kidney. The body of work related to this is 

mostly a collection of isolated cases without a unified understanding of how stem cells 

might contribute to kidney homeostasis and healing. There are multiple theories and 

many methods of isolation and characterization. Three popular theories exist for the 

location of adult renal stem cells: the bowman’s capsule, the proximal tubule and the 

papilla. The potential stem cells located at the urinary pole of the Bowman’s capsule are 

possibly the best characterized and well supported. They have a consistent 

CD24+/CD133+ phenotype and have been confirmed to be able to replenish podocytes 

lost during the normal course of kidney function (11,111–113). Stem cells at the distal 

end of the proximal tubule are not very well characterized. There is a mechanism of 

recovery that initiates after ischemic injury damages the proximal portion of the kidney, 

but there are conflicting reports of whether the source of the new cells is a resident stem 

cell population or dedifferentiation of tubule cells to a more proliferative phenotype 

(114–116). Slow dividing cells exist in the papilla (117–119). While their response to 

injury is not completely characterized, the location seems environmentally ideal for a 

stem cell population given its protection from ischemic injury (120–122).  
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Only initial work into the application of adult stem cells for tissue engineering has 

been performed. Some examination of 3D structure formation has been done with human 

renal cells. Human CD133+ cells from kidneys which were selected due to the ability to 

form nephrospheres in culture will generate structures in hydrogels (123). In matrigel 

they only formed cyst-like structures, and in collagen type 1 they formed more complex 

branching structures (123). In another study, CD133+ cells from human cortex were 

suspended in matrigel and then implanted subcutaneously (10). The cells formed simple 

tubule like structures. Potential stem cells isolated from tubules showed some response to 

the addition of FGF and HGF in collagen type 1 (28).  

 Renal cells have been used for creating nephron models for organ-on-a-

chip applications. Organ-on-a-chip models typically focus on just one segment of the 

nephron in a simplified manner, but the setup allows for isolated and specific testing that 

is not possible in the more complicated models discussed early. Some models have used 

cell lines, presumably for their ease of use. A common way to configure kidney-on-a-

chip models is to create a 2D layer of epithelial cells on a membrane that is used to 

separate two fluid reservoirs. This model has been applied with both human proximal 

tubules cells and rat medullary collecting duct cells (86,89). From these examples it was 

determined that flow introduced to the lumen side of the cells improved epithelial cell 

height, polar distribution of Na
+
/K

+
 pumps, aquaporin channels, increased cilia in 

proximal tubules, functional properties and better modeling of drug-induced  injury. This 

is an important result that could not have come from any of the aforementioned models. 

When discussing de novo tubule formation, the lumens are under static conditions. At this 

point it is difficult to understand the significance of this finding. Static culture may be 
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reasonable if we are comparing conditions to the developing kidney conditions, as a renal 

vesicle could not experience flow until it is at least connected to the ureteric bud branch.  

But primary cells are directly taken from an environment that experiences flow. These 

results may indicate an important environmental factor that most research largely ignores. 

Podocytes are particularly difficult to culture and quickly lose their phenotype, and flow 

conditions have been shown to help maintain their phenotype during 2D expansion (124). 

Unfortunately, if it is important for epithelial morphology and function to have some 

amount of shear stress, it would be difficult to incorporate it into most 3D tubulogenesis 

models in hydrogels, because the resulting lumen containing structures are isolated and 

not perfusable. One group used bioprinted channels to create complete and complex 

proximal tubules for in vitro testing (87). Tubes were seeded with an immortalized 

human cell line rather than relying on self-assembly. The results also show 

morphological and functional benefits of lumenal perfusion.  

Prior research in understanding 3D structure formation has demonstrated two 

things. First, there is minimal research into assembly mechanisms of non-embryonic and 

especial human primary cells, which provides little for firm starting points. Second, there 

are many sources of renal cells which will form structures in vitro, but the behavioral 

patterns associated with structural formation vary significantly.  

4.2.1 Experimental Goals 

By summarizing the available work related to the formation of 3D renal structures 

in vitro, it is clear that there is a breadth but not depth of information. Specifically, work 

with primary cells is particularly fractured and exact cell types vary enough to make 
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papers unique and not directly comparable. For this reason, we wanted to delve deeper 

into how we may be able to improve structure formation with human primary renal cells.  

Most previous papers using primary cells focus on the end result. It is important 

to characterize the structure formation and final functionality because this is how we 

measure incremental progress toward clinically applicable tissue. But because the use of 

adult renal cells in regenerative medicine is so new, we really do not know much about 

how these structures form. Beginning to examine the mechanisms behind in vitro tubule 

formation might help to make optimizing tubule formation easier and faster. At the 

moment, we do not know whether this process more closely mimics embryonic tubule 

development or if it is more analogous to healing mechanisms inherent in adult kidneys. 

Here, we begin to look at the mechanistic behavior of adult renal primary cells in 3D 

culture for the first time.  

Additionally, we wanted to establish practical boundaries for creating renal 

constructs in our collagen hydrogel system. To do this we examined renal structure 

formation over a range of cell concentrations, gel concentrations and passages. From this 

we were able to determine upper limits to cell concentrations and gel stiffness. And we 

observed that primary renal cells lose their ability to self-assemble more rapidly than was 

expected. All of this is critical information for future clinical applicability.  

Additionally, one theme common to all the cell types evaluated so far is the 

importance of bio-active factors. We decided to base our choices from information 

coming from cell line research, because it is the largest body of information. We chose to 

investigate the effect of HGF and fibronectin, because they are some of the most 
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commonly used additions, and they have been shown to have drastic effects on tubule 

formation, branching and the rate at which structures form (102–104,125,126). 

There are no universal methods for quantifying tubulogenesis. Typically, bright 

field images are evaluated qualitatively. We used bright field imaging to monitor general 

structural development over time, but the final tubule-like structures were evaluated with 

quantification of histological sections. The size of tubules and their relative number were 

evaluated to allow for statistical comparison. This would also allow for identification of 

more subtle results which we anticipated might be particularly important with the culture 

condition experiments. 

 

4.2 METHODS 

4.2.1 Addressing Mechanisms of Structure Formation 

To assess the mechanisms of structure formation, gels were made under standard 

conditions with primary human renal cells (2.4 mg/mL collagen, 3 Million cells per mL 

renal cells). Before mixing the cells into the collagen solution, cells were labeled with 

either DiD or DiO Vybrant membrane dye (ThermoFisher) with 5μL/million cells for 

20min. Then, the labeled cells were mixed at a 1:1 ratio. After 9 days in 3D culture, gels 

were stained with Hoechst 33342 (5μg/mL), fixed in 10% NBF and placed whole on 

glass slides for imaging with upright and confocal microscopes. Elongated and spherical 

structures were chosen at random to image, and gels with unlabeled cells were used as a 

negative control for background signal. Cell proliferation in 3D culture was determined 

by incorporation of EdU during DNA replication by using the Click-iT EdU Alexa Fluor 

647 kit. EdU was introduced to the culture media on Day 3 of culture and kept until day 

10. Gels were fixed with 3.7% formaldehyde and paraffin processed for sectioning (n=3). 
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5μm sections were then labeled according to the kit’s instructions to identify nuclei that 

contained EdU. The labeling process was also applied to fixed, whole pieces of gel by 

increasing labeling times (n=2). These EdU labeled gels were imaged with a confocal 

microscope (Olympus Fluoview FV10i).  

4.2.2 Testing Effects of Culture Conditions on Tubule Formation 

Human renal cells were grown in normal media under previously outlined 

conditions. P2 cells were seeded in collagen gels to test the effects of cell concentration 

and collagen concentration. Hydrogels were made with 1.2, 2, 2.4, 2.8 and 3.6 mg/mL 

collagen concentrations and a constant cell concentration of 3 million cells/mL of gel 

(n=5). Additionally, gels with 2.4 mg/mL collagen concentration and 1.5, 2.5, 3, 3.5 and 

4.5 million cells/mL of gel were made (n=5).  The concentration experiment was run in 

two batches. To ensure that the methods and conditions were replicated sufficiently, the 

standard concentration group was included in both batches for comparison. For this 

reason there are 10 standard samples instead of 5. P3-P6 cells were used to make gels 

under standard conditions of 2.4 mg/mL collagen and 3 million cells/mL (n=5). One 

sample from the P4 group was damaged during paraffin processing and was not included 

in the data. A full list of tested conditions is in Table I. All gels were cultured to 10 days 

with media changes every 2-3 days.  

 

 

 

 

 



54 

 

Table I: List of experimental conditions tested on renal constructs. All experiments were designed to 

compare variations in culture conditions to the “standard” protocol that is already in place. 

Experiment Passage Cell 

Conc 

Gel 

Conc 

Additional 

Conditions 

Samples size 

Concentration 

(standard) 

P2 3 2.4 - 10 

Concentration P2 1.5 2.4 - 5 

Concentration P2 2.5 2.4 - 5 

Concentration P2 3.5 2.4 - 5 

Concentration P2 4.5 2.4 - 5 

Concentration P2 3 1.2 - 5 

Concentration P2 3 2 - 5 

Concentration P2 3 2.8 - 5 

Concentration P2 3 3.6 - 5 

Passage P3 3 2.4 - 4 

Passage P4 3 2.4 - 5 

Passage P5 3 2.4 - 5 

Passage P6 3 2.4 - 5 

HGF 

(standard) 

P2 3 2.4 - 4 

HGF P2 3 2.4 10ng/mL HGF 4 

HGF P2 3 2.4 50ng/mL HGF 4 

HGF P2 3 2.4 Reduced media 4 

HGF P2 3 2.4 50 ng/mL HGF 

+Reduced media 

4 

HGF P2 3 2.4 10 ng/mL HGF 

+Reduced media 

4 

Fibronectin 

(standard) 

P3 3 2.4 - 4 

Fibronectin P3 3 2.4 10 ng/mL HGF 4 

Fibronectin P3 3 2.4 10 ng/mL HGF + 

10% fibronectin 

4 

Fibronectin P3 3 2.4 Reduced media 4 

Fibronectin P3  3 2.4 10 ng/mL HGF + 

Reduced media 

4 

Fibronectin P3 3 2.4 10 ng/mL HGF + 

10% fibronectin + 

Reduced media 

4 
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To test the effects of bioactive factors HGF and fibronectin were added to the 

renal hydrogel cultures. All gels were made with standard concentrations. P2 cells were 

used to test HGF’s effect on tubule formation. 10 or 50 ng/mL of HGF was added to the 

renal media during culture (n=4). These values were chosen based on literature using 

HGF to enchance MDCK cell growth (102). Additionally, groups were cultured in 

reduced media supplemented with HGF. Reduced media did not contain the FBS, EGF or 

BPE in the normal growth media. The full list of experimental groups and their additives 

is in Table I. 

Gels with 10% fibronectin added to them were also tested. Fibronectin is typically 

reported as effective in conjunction with HGF. Fibronectin-containing gels were culture 

with 10ng/mL HGF media and compared to HGF alone or normal gels (n=4). Reduced 

media was also tested with those groups. P3 cells were used for this experiment. A full 

list of tested conditions is in Table I.  

All gels were imaged at 10 days with an inverted scope (Zeiss Axiovert), fixed in 

10% NBF and paraffin processed for sectioning. 5μm sections were stained with H&E. 

To quantify the differences between groups, the number and size of tubule-like structures 

(defined by the presence of a lumen and/or an organized epithelium) were counted by 

hand with ImageJ. One field of view was used per sample. The average density of tubules 

per area and average area of individual tubules was calculated.  In addition, the number 

of tubules over 2000 µm
2
 in groups with or without HGF was compared.  

ANOVA was performed on all tubule density and average area experiments 

followed by pairwise comparisons between groups with the Bonferroni-Holm adjustment. 
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ANOVA calculations were performed with R and Rstudio. To compare proportions, a 

hypothesis test with continuity correction was used.  

 

4.3 RESULTS 

4.3.1 Cell Migration and Proliferation in 3D Culture 

To better understand the mechanism behind the formation of tubule-like 

structures, standard renal gels were made with a mix of cells that had been labeled with 

either DiI or DiO membrane dyes. After 9 days in culture, gels were imaged (Figure 4.1) 

with an upright scope or with a confocal microscope. Elongated and branching structures 

are obviously derived from cells with both labels, pointing to migration and the 

aggregation of multiple cells as the mechanism of formation. Spheres were observed to 

be of one color only, supporting the idea that they may have originated from a single cell 

and relied on proliferation rather than migration to develop. This is particularly clear in 

the confocal image in Figure 4.1 showing two spheres very close in proximity, but 

originating from 2 different initial cell sources. 3D rendering of that confocal image 

confirms that they are separate structures.  
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Figure 4.1 Images of structures formed from renal cells labeled with either green or red dye. Cord-like 

structures (A,C) are composed of a mix of labeled cells, indicating the structures arose from multiple cells. 

Cyst structures (B,D) had uniform labeling, suggesting a single cell origin. Scale bars are 100µm (A,B) or 

50 µm (C,D) 

 

Further investigation of cell behavior during structure development was to 

identify proliferating cells. Gels were incubated with EdU during the last 8 days of 

culture and then EdU incorporation into proliferating nuclei was stained for in both 

sections and in whole pieces of hydrogels (Figure 4.2). Clear examples of a hollow 

sphere structure which is composed entirely of proliferating cells and a line of cells that 

only displays one proliferative cell are shown in Figure 4.2, A-B. These patterns are also 

apparent in confocal projection showing an elongated structure with two isolated clusters 

of proliferative cells (Figure 4.2, C). Most structures appeared to follow this pattern, but 

there were cases that did not or which were difficult to classify morphologically and 

further exploration and a means of quantification is necessary.  
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Figure 4.2 Red staining for EdU incorporation indicates cells that were proliferating during 3D culture. 

A,B: Paraffin sections.  Solid white arrowheads indicate cyst-like structures, which contain mostly dividing 

cells. The hollow white arrowhead indicates a cord structure with only 1 dividing cell. C: Z-stack 

projection of confocal images. This cord structure shows two distinct regions of dividing cells, but is 

majority non-proliferative.  Scale bars are 50 µm.  

 

4.3.2 Cell Concentration, Gel Concentration and Growth Factor Effects on 3D Culture 

P2 human renal cells were embedded in 3D collagen gels to test the effects of 

varying collagen concentration and cell concentration. In the brightfield images, two 

different types of structures are visible: elongated structures and symmetric spheres. In 

Figure 4.3 examples of elongated structures and spheres are indicated with white and 

black arrows, respectively. Qualitatively, more elongated structures appear in softer gels 

and with lower cell concentrations. In stiffer gels or gels with a higher density of cells, 

only spheres are visible. With the addition of HGF and fibronectin, there appears to be an 

increased amount of large spheres.  
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Figure 4.3 Bright field images of renal cells in collagen hydrogel after 10 days in culture. Morphological 

differences are apparent with changing cell concentration, gel concentration and the addition of HGF. 

White arrowheads indicate examples of cord-like elongated structures and black arrowheads indicate 

examples of cyst structures. Scale bars are 200 µm. 
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All gels were sectioned and the average density of tubules and individual tubule 

area was quantified. In Figure 4.4, a trend of increasing density of tubules can be seen 

from the lowest cell the concentration tested, 1.5 M/mL, through 3.5 M/mL with the 

higher value being significantly higher than the lower one (p=0.01). The trend does not 

continue to the highest value tested, 4.5 M/mL, where there is an abrupt and significant 

decrease in the number of tubules per area between 3.5 and 4.5 M/mL (p=0.0004).  

 

 

Figure 4.4 Cell concentration vs. tubule density. Horizontal bars indicate statistical differences with 

p<0.05. Error bars show standard deviation. n=5 for each group.  
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Figure 4.5 Gel concentration vs. tubule density. Horizontal bars indicate statistical differences with p<0.05. 

Error bars show standard deviation. n=5 for each group.  

 

 

Figure 4.5 shows a similar behaviorial trend in response to changes in collagen 

gel density. The highest concentration was significantly lower than 1.2, 2, and 2.8 mg/mL 

groups (p= 0.03, p=0.0002, p<0.0001, respectively), but not significantly different from 

the 2.4 mg/mL standard group (p=0.051). Oddly, the standard group was significantly 

different from the 2 mg/mL (p=0.02) and 2.8 (p=0.01).  

Figure 4.6 shows a drop in tubule density when using cells of passage 5 or 6. P2, 

P3 and P4 groups were not significantly different from each other. P6 was significantly 

different from P2, P3 and P4 (p=0.01, p=0.001, p=0.04, respectively) but not P5. The P5 

group was significantly different from P3 (p=0.02). 
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Figure 4.6  Passages vs. tubule density. Horizontal bars indicate statistical differences with p<0.05. Error 

bars show standard deviation. n=5 for each group.  

 

 

Gel concentration, cell concentration and passage number did not have any 

significant effect on tubule size (Supplemental Figure 6). Adding HGF to the media 

appeared to induce large tubule like structures to form, but when quantified, there were 

no significant differences between groups (ANOVA p=0.06) due to the extremely high 

variation caused by having both small and very large tubules in the samples 

(Supplemental Figure 7). Simply measuring all of the tubules and looking at that 

aggregate data seemed to miss the affect that HGF was having, so we analysed the data in 

a different way. Normal renal proximal tubules average approximately 2000 μm
2
 in area 

(data not shown). Using this as a cut off for tubules of a physiologically relevant size, the 

data was reexamined. 13.5% of tubules were larger than 2000 μm
2
 in the 10 ng/mL and 



63 

 

50 ng/mL HGF groups (37 counted tubules). This is compared to no tubules in the normal 

media control group for that experiment and just 1.6% of all measured tubules across all 

of the experimental groups that did not include HGF or fibronectin (307 counted tubules). 

These proportions were significantly different (p<0.005).   

Addition of fibronectin to the collagen type 1 in the presence of HGF was also 

tested. There was no significant effect compared to standard conditions or HGF alone for 

either the density of tubules formed or the size of the resulting tubules (Supplemental 

Figure 7).  

 

4.4 DISCUSSION 

Our lab works with human primary renal cells isolated from the cortex. The 

resulting cell population is consistently made up of proximal tubule, distal tubule and 

podocyte cells. These primary renal cells have many benefits including that they are of 

human origin, they are relatively easy to isolate and they can be expanded considerably. 

These factors are all ideal for clinically relevant research. But there are also some 

potential downsides. First, using a heterogeneous population means that it can be difficult 

to parse out what affects are occurring, because there are multiple cell types involved. 

Also, there is limited other work relating to the culture of this cell population. We can 

look for analogous or predictive behavior, but cannot be sure it will be directly applicable 

to our own work. This is generally an obstacle to kidney research. Very little is known or 

widely agreed upon, making each lab isolated by their own methods.  

For this reason we wanted to begin to delve deeper into understanding how the 

structures created by our cells come to be and how we may be able to control or improve 

this process. This started with determining the mechanism of action responsible for 



64 

 

tubule structure formation. Presumably, structure formation would come about through 

migration or proliferation. Embryonic renal stem cells migrate to the tips of the ureteric 

bud before transitioning into renal vesicles (92). But work with adult renal stem cells has 

shown the one cell is capable of reconstructing renal structures, which would be reliant 

on proliferation (123).  

To test this, primary human renal cells were labeled with one of two different 

membrane dyes. If a structure forms from a single cell it should only be labeled with one 

color. Likewise, if it was assembled from several cells which migrated together, then it 

should show both labels in one structure. From this experiment, we noted that structures 

are at least partially formed through migration. Especially in the elongated cord-like 

structures, there was usually a mix of colored cells, indicating the migration and 

participation of many initial cells. Cysts seemed to originated from the proliferation of 

one cell because they typically showed only one label color. These results suggest that 

there might be more than one underlying mechanism during self-assembly. Specifically, 

that elongated, asymmetric cords form by migration and spherical cysts form from 

proliferation of one initial cell.  

This led to the hypothesis that cell proliferation would be similarly different in 

cord and cyst structures. We anticipated that cords would have no, or a low amount, of 

cell proliferation, because they were relying on migration to form and that cysts would be 

almost entirely proliferative cells. We labeled renal cells during 3D culture with EdU 

starting at day 3. This timeline was chosen to avoid EdU incorporation in any cells that 

were dividing right before embedding or that were about to start dividing. Waiting a few 

days into culture ensures that any proliferation was in response to the 3D environment. 
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And from experience, we know that the cells have not begun to move or assemble at day 

3. The location of proliferative cells tended to support our hypothesis about a difference 

in behavior between cords and cysts. Cords tended to have fewer dividing cells, but it is 

clear that their mechanism of formation includes both migration and occasional 

proliferation. MDCK cells forming similarly shaped structures have shown cell division 

scattered along the length of the forming tubules (104). Cysts tended to be mostly 

dividing cells. If they were formed by single cells, perhaps a stem cell, then we would 

expect one non-dividing or non-dividing region and the rest to be proliferative during the 

EdU exposure. Occasional uneven distribution of proliferative cells makes it seem like 

the process is not as predictable as we thought or that we need a more reliable way to 

identify cysts with 3D microscopy. But together the migration and proliferation data 

points to two separate mechanisms of formation for cords and cysts. We do not know 

why this difference exists, but it may stem from the heterogenous population and perhaps 

different cell types are responsible for different behaviors.  

Now that we are beginning to know how these structures form, we next wanted to 

see if we could exert control over this process. We began with evaluating two basic 

factors for creating 3D renal gels: cell concentration and collagen concentration. The 

initial number of cells is important, because we know that structures form only partially 

through migration. We expect that increased numbers of cells will form more structures, 

but with some upper cut off where additional cells have no benefit. That is what was 

seen. There is a trend of increasing density of tubules between 1.5 and 3.5 M cells/mL, 

with those values being significantly different. But 4.5 M cells/mL drops significantly in 

the density of tubules formed. Because there is a significant decrease, we assume that 
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there is a threshold value of cells. Above this threshold, the metabolically demand may be 

too high. This gives us an important insight into how many cells can be supported in a 

collagen gels. In addition to the quantification of total tubule density, we also made 

qualitative observations based on bright field microscopy of the gels at the end of culture. 

We saw an obvious difference between the lowest and highest cell densities tested, with 

lower cell densities tending to have more elongated, cord structures and higher densities 

having only small cyst structures. At the moment we can only speculate about where this 

difference comes from. Perhaps it is also an outcome of metabolic demands or maybe 

cells could not migrate in a metabolically limited environment. But the outcome does 

demonstrate that there are factors which influence the balance of the two observed self-

assembly mechanisms.  

Secondly, the impact of gel concentration was tested. Epithelial cells can exert 

forces on their environment and have been shown to pull on gels during structure 

formation (109,127). The stiffness of the gels should impact how the cells are physically 

able to interact with their environment and primary proximal tubule cell behavior has 

been shown to be dependent on matrix stiffness (128). The result of this experiment was 

less significant than the data from the cell concentration experiments, but they show a 

similar trend. The standard gel concentration showed significantly low tubule density, but 

that is likely an artifact of the high error of this quantification method. There could be a 

threshold behavior occuring between 2.8 and 3.6mg/mL collagen, at which the stiffness 

of the gel is too high to allow for appropriate cell migration and development. Bright 

field imaging showed a morphological trend in structure formation with collagen 

concentration. At the lowest concentration, there were more cord-like structures, and at 
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the high end it was mostly cysts. This may occur because the cords form partially by 

migration and a softer gel is easier to migrate through. Another possible explanation 

could be that the stiffness of the gel is dictating cell behavior. MDCK cells grown in 2D 

on gels of various stiffnesses showed contact-inhibition of proliferation on soft gels 

(108). This contact-inhibition could be turned off with the addition of EGF above a 

certain concentration. The stiffer the gel, the lower the EGF threshold was to remove the 

contact-inhibition of proliferation. The renal growth media used by our lab contains 

contact a low concentration of EGF. We know that the cyst-like structures contain mostly 

proliferating cells and that there seems to be a preference for cyst structure formation at 

higher collagen gel concentrations. It could be that the stiffer gel is making the cells more 

sensitive to the EGF in the media which allows them to maintain cell-cell contacts and 

proliferate at the same time.  

These results are important moving foward, because they define a working range 

of appropriate culture conditions for structure formation and this information will be 

important for future clinical translation. For example, knowing how many cells a gel can 

support will help to accurately estimate the cell numbers needed to create tissue and help 

with determining clinical practicality.  

Possibly the most critical piece of information evaluated in this chapter was the 

effect of passaging on the cells. The data indicated that the passages could be separated 

into two groups. P2, P3 and P4 were not significantly difference from each other and P5 

and P6 were not significantly different from each other. But there were significant 

differences between those groups. That indicates P4 as a cut off for cell expansion and 

sets a limitation when considering clinical translation. Interestingly, this result diverges 



68 

 

from some of the other results our lab has produced related to renal cell growth. In 2D 

culture renal cells can be grown out to P9 without much change to growth rate and with 

limited differences in protein expression and phenotype distributions (30,84). This is a 

very important difference between cell behavior in 2D and 3D.  

The addition of HGF was tested because it has been used and studied extensively 

with renal cell lines, particularly MDCK cells. It has been shown to be important during 

in vitro tubulogenesis and to increase branching and structure formation (101,103). In 

addition it was noted to accelerate structure formation, which would be of benefit during 

clinical translation. Adding HGF to our culture had an effect, but it was not analogous to 

what was seen in previously tested cells lines. We saw no overall increase in tubular 

density or average size, nor did there appear to be more complex structures forming. 

Interestingly, we did see the occasional formation of larger tubules. When we counted the 

number of structures of a similar size to normal proximal tubules, we only saw them 

develop in the presence of HGF. So HGF does have a positive effect on tubulogenesis, 

but the results are dissimilar to those reported using cell lines.  

Similarly, fibronectin was chosen as an ECM additive because of known effects 

on cells lines. It is typically used in conjuction with HGF and is known to help with 

tubule branching and epithelial cells are known to produce it during tubulogenesis 

(126,129). Our results showed that fibronectin with HGF had no effect when compared to 

standard culture or HGF alone. This again demonstrates another difference between 

primary cell and cell line behavior.  

Based on these initial results we do not see cell responses analogous to the 

prototypical behavior of MDCK cells. This is not negative or completely unexpected, but 
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instead it should encourage further investigation into the subject. Information on other 

primary renal cell sources is limited, but it may be beneficial to investigate whether 

human primary cells or their behavior seem to be analogous to other cell types. If we look 

at something as basic as the ECM types used to grow cells in 3D, there are notable 

differences in preferential materials. With embryonic cells, Matrigel and Collagen type 

IV out performed collagen type I. The MCDK cells benefits from the addition of laminin 

and fibronectin to type I collagen, but has less branching in the presence of collagen type 

IV (103). Some potential adult renal stem cells seem to favor collagen type I over 

Matrigel (123). Our work assumes that primary cells are more similar to cell lines and 

that type 1 collagen is the ideal matrix type to use. But research using embryonic cell 

sources suggest that collagen type IV and matrigel might be worth investigating.  

Moving forward there are many possible directions this research could go. One 

possibility would be to try mimicking some of the most important signaling pathways 

during renal development. Structurally, cysts are similar to the renal vesicle stage seen in 

embyonic development. It might be worthwhile examining whether these spheres respond 

to signaling molecules specific for the continued development of renal vesicles into 

nephrons or if they show any of the polarity associated with normal renal vesicles (92). 

Separating out cell types from  the heterogenous population may be necessary to 

experiment in a more controlled environment. Our population has practical benefits 

without the need to add additional cell sorting or selection steps. And paracrine signaling 

between cell types may be critical or beneficial (123). Even the idea of single cell 

suspensions in gel could be questioned. These are epithelial cells, and cell-cell contacts 
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are important, so perhaps introducing small organoids into gels would be better than 

single cells. There may even be supportive effects between cell types (130).  

 

4.5 CONCLUSION 

Very little is known about the application of primary renal cells in 3D culture. 

Here we begin to probe the mechanisms behind 3D structure formation and self-assembly 

and found evidence that there are two distinct mechanisms at play. One mechanism is 

more dependent on migration, and one is more dependent on proliferation. Additionally, 

it was found that there are upper limitations to the amount of cells which can be 

supported in this type of culture and a maximum gel stiffness tolerated by the cells. To 

compare primary cell behavior to that of the cell lines primarily used in research, we 

tested HGF in culture. This growth factor did not drastically increase the amount of 

tubules formed, as expected, but did produce structures of a physiologically relevant size 

which were not seen in normal culture conditions.  
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5.1 INTRODUCTION 

We are born with approximately 1 million nephrons per kidney (131). Humans 

naturally lose renal function over time, with age being a risk factor for CKD progression, 

but unlike other species, humans cannot grow new nephrons after birth (132). Dialysis 

replaces some of the kidney’s function and can buy people time, but organ transplants are 

the only clinical way to completely restore function. Unfortunately, approximately 22 

people on the organ donation waiting list die per day and about 80% of the waiting list 

are people in need of kidneys (133). Even those fortunate enough to receive a transplant 

face life-long issues with immunosupression and a 50% 10 year survival rate. Patients 

with CKD are in dire need of better long term treatment options (7).  

The clinical foundation of this project is based on the idea of partial renal 

transplantation. The current clinical standard for implantation is to replace a failing 

kidney with an entire new organ, but we believe that patient health could be significantly 

improved by replacing just part of the kidney because we know that the entire volume 

does not need to be functional for a person to be healthy. People loose function as they 

age, but it takes significant loss to reach the point of being deleterious to a patient’s 

health. We want to explore options for augmenting a failing kidney rather than replacing 

it. The idea of partially replacing a kidney has not been tested clinically. One research 

group has begun exploring the idea of splitting kidneys in half before implantation. This 

would increase the number of organs available for implantation and potentially make it 

possible for people to donate half of their kidney (134) . The group was able to split a pig 

kidney into upper and lower pole segments then anastomose one half to the iliac vessels 

and see perfusion and contained circulation. They did not evaluate functionality, only 

initial surgical feasibility.  
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While the ability to increase organ donation efficiency by splitting donated kidney 

could be significant, it is still unlikely to meet the demand of the large kidney waiting list. 

Better donation efficiency also does not address the issue of immunocompatibility and 

long term complications like organ rejection. We want to address the idea of partial renal 

implantation with tissue engineering by creating a piece of renal tissue in the lab using 

autologous cells. This would bypass the issues of donor supply and rejection.  

Treating CKD with a partial implantation strategy may be more feasible from a 

process development standpoint than creating a whole organ. A smaller construct would 

require fewer cells, leading to smaller biopsies, shorter culture times and less expensive 

manufacturing. Additionally, we may not need to create tissue with 100% normal 

function to justify implantation. Residual kidney function has been shown to strongly 

correlate to better survival in patients on dialysis. In fact, residual kidney function proved 

to be more strongly correlated to survival than the amount of dialysis (135,136). Initially, 

it was assumed that small molecule clearance from peritoneal dialysis and residual kidney 

function were the same and could be treated as interchangeable values. But it has become 

clear that replacing the loss of kidney function directly with dialysis does not achieve the 

same overall health benefits. Functions other than small molecule clearance coming from 

functional tissue are thought to be the source of mortality differences. For instance, 

kidneys produce erythropoietin (EPO) in fibroblast-like interstital cells (137,138). EPO 

regulates hematopoiesis, and anemia is a common additional complication in CKD. EPO 

producing cells can be isolated from adult human kidneys and continue to produce EPO 

in response to hypoxia in culture (8). It is conceivable that EPO producing cells could be 

incorporated into tissue engineered constructs to restore some physiological responsive 
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EPO production. Residual kidney function is also thought to be connected to proximal 

tubule filtration of middle molecules like β2-Microglobulin and p-Cresol which are not 

cleared well with dialysis (135,139–141). An ideal treatment would raise a patient’s 

kidney function high enough that they no longer fall within the normal definition of 

CKD, but studies show that restoring even a small amount of renal function would still 

significantly increase their health and chances of survival. Increased residual kidney 

function and improved outcomes appear to be linearly related, with one paper finding that 

for every addition 250 ml of urine produced per day, there was a 36% decrease in the 

relative risk of death (136).  

In addition to directly restoring renal function, adding new renal tissue may slow 

the progression of kidney disease in the remaining healthy tissue. As renal function 

decreases, the demand on the remaining functional nephrons increases. Continued 

hyperfiltration to compensate for lost function can damage glomeruli over time 

(142,143). So, partial renal implantation may have an effect greater than just direct 

addition to GFR.  

The goal of Chapter 5 was to perform a pilot study of partial renal implantation of 

pre-vascularized renal constructs. We aimed to determine the feasibility of the surgery 

and assess integration of the constructs. The renal capsule has historically been a popular 

implant site for tumor models, islet transplantation and ectopic tissue culture (144–146). 

The location is relatively easy to access, offers a contained and isolated location and is 

located near the highly vascularized renal cortex. The area’s potential for encouraging 

vascularization is particularly important to the concept of partial renal implantation as we 

are relying on anastomosis with host vessels. Immature kidneys formed from embryonic 
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kidney segments implanted under the renal capsule in rats showed vascularized 

glomerular structures after 14 days (93,94). These results show the potential for host 

vessel ingrowth, but our constructs are pre-vascularized. We are hoping for expedited 

perfusion via anastomosis between engineered and host vessels. This has been observed 

with the subcapsular environment in implanted lung tissue constructs. Pre-vascularized 

structures showed vascular connection with the host after four days (147). All of this 

supports the idea that the kidney has the capacity to integrate with pre-vascularized 

vessels. What is untested is whether that capacity remains if a piece of tissue is placed in 

a surgically created defect, rather than in the subcapsular space.  

Partial implantations, which involve creating a defect in the kidney itself, are not 

well explored. One third of a rat kidney was removed and replaced with an acellular 

decellularized kidney scaffold. Few renal cells infiltrated and no evidence of vascular 

ingrowth was demonstrated (148). Decellularized renal cortex segments were implanted 

into small defects in the mouse renal cortex in a method similar to the one employed in 

this chapter (149). But limited cell ingrowth was observed histologically. Vascularization 

was not assessed. One aim of this pilot study was simply to validate a reliable partial 

renal implant model with our novel construct.  

 

5.2 METHODS 

All constructs were created according to the protocols given earlier. Briefly, 

vascular scaffolds were seeded with MS1 cells and then cultured for 1 day in MS1 media. 

Then they were embedded in 150 µL of collagen type 1 hydrogel with or without renal 

cells in 48 well plates and cultured in renal media for 1 additional day before 

implantation. MS1 laden hydrogels were used as a control for spontaneous MS1 vessel 
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formation. MS1 cells were embedded in collagen type 1 hydrogels at a concentration of 3 

million cells/mL of gel. 150 µl of gel was added to wells in a 48 well plate for in vivo 

experiments. The gels were prepared 1 day before implantation and were cultured in 

normal renal media. Additional MS1-only gels were prepared to evaluate spontaneous 

MS1 vessel formation in vitro. Gels were prepared as they were for implantation, but 

were cultured for 2 weeks in either renal (n=4) or MS1 (n=4) growth media.  

Constructs were implanted in renal defects in male nude rats (Charles River). All 

animal procedures were performed in accordance with a protocol approved by the 

Institutional Animal Care and Use Committee at Wake Forest University. Animals were 

anesthetized with isoflurane and the left kidney was exposed via a ventral incision. The 

renal artery and vein were isolated and clamped to prevent excessive blood loss during 

defect creation. Clamping time was under 30 min and was not expected to cause ischemic 

damage (150). A rectangular defect was created along the lateral edge of the kidney 

which was ~6x3 mm in size and went 2 mm into the cortex. Constructs were trimmed to 

fit, placed inside the defect and secured with fibrin glue. The vascular clamps were 

removed, the kidney replaced and the muscle and skin closed. Four types of construct 

were implanted: unseeded vascular scaffold in empty hydrogel (n=4), MS1-seeded 

vascular scaffold in empty hydrogel (n=4), MS1-seeded vascular scaffold in renal laden 

hydrogel (n=8) and MS1 laden hydrogel with no vascular scaffold (n=2). All animals 

were sacrificed 2 weeks after implantation, and the left kidney was fixed with 10% NBF. 

Implant areas with surrounding renal tissue were paraffin embedded and 5 µm sections 

were created for staining.  
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All samples were stained with H&E. Immunohistochemical staining for GFP, 

Human leukocyte antigen (HLA) and Na
+
/K

+
 ATPase was also performed. Citrate buffer 

(Polysciences, Inc) was used for antigen retrieval for all immunohistochemical stains. 

Anti-GFP antibody (sc-9996) was used at a 1:100 dilution for 1 hr and detected with a 

fluorescent conjugated secondary antibody (A11020) at 1:300 dilution. Anti-HLA 

antibody (ab70328) was used at a 1:100 dilution overnight and was detected with 

sequential addition of a biotinylated secondary antibody (BA-9200) at a 1:300 dilution 

and fluorescent conjugated streptavidin (s32356) at a 1:200 dilution. For double staining 

for HLA and ATPase, the HLA staining protocol was performed, followed by additional 

incubation with anti-ATPase antibody directly conjugated with a fluorophore (sc-48345) 

at 1:50 dilution for 1 hr. All fluorescent stains were counterstained with ProLong Gold 

Antifade Mountant with DAPI (Thermo Fisher Scientific).  

 

5.3 RESULTS 

Constructs were implanted into the left kidney of nude rats. There were no 

complications during the procedure.  There was a generally low amount of bleeding 

during the defect creation and no bleeding from the defect site was observed after 

removing the vascular clamps. The defect area, before and after addition of the implant, 

is shown in Figure 5.1. None of the animals experienced any surgery-related health issues 

during the two weeks after implantation. At two weeks the implanted constructs were 

easy to locate (Figure 5.1). In two cases, the spleen had adhered to the kidney directly 

over the implant site.  
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Figure 5.1 Gross images from the renal implantation surgery. After clamping the renal artery and vein, a 

rectangular section of the cortex was removed. The construct was trimmed to fit, placed in the defect and 

secured with fibrin glue. At 14 days the construct was still in place. The implant site is located between the 

white arrow heads in each image.  

 

H&E of implant sites and fluorescent staining of the GFP expressed by MS1 cells 

was used to identify the implanted vascular scaffolds and look for signs of host 

integration (Figure 5.2). In constructs with non-endothelialized vascular scaffolds the 

scaffolds were difficult to identify at 2 weeks (Figure 5.2, A). As expected, there is no 

GFP signal, but there are a few clusters of RBCs that may be evidence of small blood 

vessel ingrowth from the host tissue (Figure 5.2, B). Endothelialized scaffolds in empty 

collagen hydrogel showed mixed results. The scaffolds can be identified as darker pink 

lines in H&E stains (Figure 5.2, C, E). Some of the vessel structures defined by the 

vascular scaffolds are open or contain RBCs, but some clearly contain nucleated cells. 

One implant had well organized vascular-like structures with continuous MS1 endothelial 

lining (Figure 5.2, F). Some vessels also contained scattered RBCs. But this was the 

exception among the four implanted constructs. In most cases, MS1 cells were either not 

remaining at 2 weeks or there were only occasional areas with clusters of cells visible, as 

in Figure 5.2 D. Implanted full constructs, which contained endothelialized vascular 

scaffolds and renal cells, showed similar results as with the MS1-seeded scaffolds in 
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blank gels. The scaffolds were typically easy to identify, but the MS1 cells were rarely 

still present at 14 days. They appeared as occasional clusters in the gel (Figure 5.2, H) or 

infrequently along part of a scaffold segment (Figure 5.2, J). Additionally, many of the 

vessel areas within the vascular scaffold were completely blocked with cells (Figure 5.2, 

I, K). For comparison, a complete construct that was prepared at the same time as the 

implanted constructs, was fixed on the day of surgery (Day 0). This construct clearly has 

cells both on the scaffold and in the hydrogel (Figure 5.2, K) and the scaffold appears to 

be well endothelialized (Figure 5.2, L).  

The human renal cells in the complete constructs were identified by staining for 

HLA (Figure 5.3). Clusters of renal cells were identified (white arrowheads) and in some 

cases, luminal structures had formed. In one case, a normal tubule near the border of the 

implant was positive for HLA, indicating integration of the human cells in the host tissue 

(Figure 5.3, B). While tubule-like structures were formed from the implanted cells, the 

number and size indicated a slower progression than what is typically seen in vitro.  
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Figure 5.2 H&E and endothelial cell staining (red cells). Non-seeded vascular scaffolds were difficult to 

find within the implant site and showed no evidence of host integration (A,B).  Endothelialized vascular 

scaffolds occasionally showed well maintained and endothelialized vessels, but often no endothelial cells 

were present (C-F). Full constructs showed similarly variable vascularization (G-J). Full constructs that 

were fixed at Day 0 show a well maintained endothelial layer. Dotted lines indicate the boundary between 

the implant and host tissue.  Scale bars are 100 µm for 200x and 400X images and 25 µm for 630x images.  
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Figure 5.3 HLA staining was used to track human renal cells implanted as part of the complete constructs. 

Clusters of renal cells are indicated with arrows. Renal cells occasionally formed open lumens(A,C).  Renal 

cells showed the ability to integrate into host tubule structures (B). Scale bars are 100 µm for 400x images 

and 50 µm for 630x image.  

 

To assess the similarity of the renal structures formed in the complete constructs 

to normal tubules, the implant sections were stained for Na
+
/K

+ 
ATPase. This transporter 

is only expressed on the basolateral side of proximal and distal tubules (151,152). Normal 

staining morphology is shown in rat kidney tissue (Figure 5.4, C). There was no obvious 

expression and therefore no polarity in the renal structures formed by implanted cells. 

Figure 5.4 A is a combination of just the DAPI and ATPase channels in the double stain 

for ATPase and HLA. The combination of all 3 channels is shown in Figure 5.4 B. There 

is clearly no ATPase signal overlapping with the human cells.  

Gels with only MS1 cells were used to confirm that MS1 cells will not 

spontaneously form vessels once implanted. After 2 weeks, the MS1 cells were not 

visible in the implant areas  (Supplemental Figure 8). Additionally, MS1-only gels kept 

in vitro for 2 weeks only appeared to have live cells at the edges of the gels 

(Supplemental Figure 8). The use of MS1 or renal media had no apparent impact.  
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Figure 5.4 Staining for Na

+
/K

+ 
ATPase. Full construct sections were double stained for HLA and ATPase. 

A) Only the ATPase (green) and DAPI(blue) channels are shown. No green fluorescence is visible. B) the 

complete composite, including the HLA (red) is shown to indicate which cell are of human origin. C) 

Normal rat tissue from the same stain is shown for morphological comparison. The ATPase is expressed on 

the basolateral side of the epithelial cells. Scale bars are 50 µm. 

 

5.4 DISCUSSION 

Partial implantation of autologous renal constructs offers additional benefits and 

options over conventional whole organ transplantation or the creation of engineered 

whole organs. The goal of this chapter was to evaluate the partial implantation of pre-

vascularized renal constructs in a pilot study. The most basic point evaluated is the 

feasibility of the surgery and implantation, as  partial renal implantation is not a 

commonly used surgical model (149).  Creating the defect was straight forward, but does 

require clamping of the renal artery and vein. Based on other methods, the short clamping 

time should not create any permanent injury, but does allow for the creation of the defect 

without significant bleeding (150). In 16 partial implantations, we saw no significant side 

effects. The constructs stayed in place with only fibrin glue and were easy to identify at 

the time of explant (Figure 5.1).  In two cases, the spleen had adhered over the defect site, 

but did not seem to affect the implant. Moving forward, this could likely be avoided by 

placing the perirenal fat over the implant area.  
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The primary research goal of this pilot study was to evaluate integration of the 

vascular scaffolds with host blood vessels. In morphological evaluation of the implanted 

constructs, it was difficult to identify the non-endothelialized vascular scaffolds, and 

there were no instances of scaffold segments that appeared perfused with blood. In 

samples with endothelialized scaffolds, we saw a range of morphologies. In vessels 

clearly defined by the vascular scaffold there were some filled with RBCs, some clear 

and some filled with nucleated cells.  The presence of RBCs is encouraging as it could 

indicate connection to host blood vessels. 

The MS1 cells used to endothelialize the vascular scaffolds express GFP and 

could be tracked with immunohistochemical staining for GFP. Very few samples showed 

the presence of MS1 cells at 2 wks. Constructs prepared alongside those implanted and 

fixed on the day of implantation, called Day 0 samples, showed well endothelialized 

vascular scaffolds (Figure 5.2). By day 14, MS1 cells are almost completely gone from 

the implants and were not seen elsewhere in the organ.  

Human renal cells implanted as part of the complete constructs were tracked with 

HLA staining. Clusters of cells were apparent in most samples and in many cases the 

renal cells had an obvious lumen (Figure 5.3, A, C). The number and size of the tubules 

seemed low compared tubule-like structures that are formed in vitro during 3D culture. It 

is possible that the implant environment slowed or partially inhibited the structure 

formation. In one case, a tubule in the host tissue that was near the implant border 

showed positive HLA staining (Figure 5.3, B). There is some evidence of a 

heterogeneous mix of adult renal cells having the capacity of migrating into and 

integrating with surrounding renal tissue (153).  The results are encouraging and we hope 
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that in future work we can increase the rate of renal structure formation and renal 

integration. We also hope to be able to improve the morphology of the tubule-like 

structures. Staining for Na
+
/K

+
 ATPase showed no or very low ATPase expression 

compared normal tubules (Figure 5.4). More time or improved environmental conditions 

may allow for polarization of the tubules and basolateral expression of ATPase.   

5.4.1 Translational Considerations 

An important question when it comes to the partial implant strategy is how big 

does a renal construct have to be? Unfortunately, this is an extremely complicated issue 

without a single straightforward answer. At the moment, we do not have enough 

information to completely formulate that answer, but we can begin to gather and 

assemble what is known. The question has two main sides to consider. First, is the issue 

of cells. The amount of cells that can be grown is a potential limiting factor to construct 

size and total function. We can only produce as much kidney as we have cells. The other 

half of the issue is how much tissue is necessary to restore a useful amount of function to 

the patient? First, we can address the question of cells. Our lab has experience isolating 

cells from human and pig kidneys. Based on notes from previous pig isolations (data not 

shown), I have estimated the number of cells available at PO from a known volume of 

processed tissue. We also have published growth curves for human renal cells out to 

Passage 9 (30,84). Results in Chapter 4, show that human renal cells lose the ability to 

form 3D structures after P4 (Figure 4.6), making expansion a known limitation. With this 

information I was able to estimate how many cells would result from culturing through 

four passages. We never purposefully designed an experiment to determine cell yields 

during isolation so there is a lot of variability in the data available. For this reason, I used 
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the lowest estimated cell yield from a volume of tissue and projected it with the lowest 

potential growth rate. I then extrapolated the highest cell yield with the highest growth 

rate. This gives a range of reasonable final cell totals based on the current information. I 

have graphed these projections starting with either 1 mL of isolated tissue or the 

approximate volume of one half of a kidney (~30ml of minced tissue) (Figure 5.5).  

The next issue to consider is the amount of tissue that will be added to the kidney. 

Defining how much tissue it is necessary to replace is difficult. First, we do not know 

how much renal function will be replicated in an engineered construct, so for now we will 

assume we are able to restore complete function. Studies have shown that even extremely 

low residual renal function in patients on dialysis can have a significant positive impact 

on their health and survival. This benefit was shown for GFRs as low as 2 ml/min (135). 

Converting this amount of GFR into a volumetric unit of kidney tissue involved making 

some assumptions and simplifications and using data from other species. Rats have an 

average single nephron GFR of ~50 nL/min (131,154). If we assume that number is 

similar for humans, then it would take approximately 40,000 nephrons to produce 2 

ml/min total GFR. It is difficult to estimate the number of cells in one nephron, but the 

nephron is approximately 3cm long. Based on cell counts in pig kidneys and average cell 

size (data not shown) it is possible to extrapolate to a total of 30,000 cells per nephron. 

So a rough estimate of how many cells it might require to produce enough functional 

tissue to have a minimal clinical impact is 1.2x10
9
 cells. This amount of tissue would 

obviously be on the low end of the spectrum of clinical applicability. For comparison, the 

same calculations would estimate 7.5x10
9
 cells to restore one quarter of the nephrons in a 

normal kidney (based on 1 Million nephrons/per kidney). This cell range is marked in 
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Figure 5.5 in yellow. These numbers are a simplified estimate and the actual the number 

of required cells will depend on how much proliferation takes place after 3D culture starts 

and how much functionality is actually replicated in the constructs. Additionally, this 

does not address whether restoring such a small amount of function would be considered 

beneficial enough to warrant clinical intervention. But the lower cell total does fall within 

the number of cells we can expect from a small biopsy. From this I believe we can 

assume that cell expansion will not be the limiting factor for partial renal implantation.  

A bigger concern is the effeciency with which we can create tubule-like structures 

and the density at which that they can be created. If only some of the renal cells cultured 

actually end up as functional nephrons, then we will require far more cells than estimated. 

In the renal constructs created in our lab, we see a high number of single cells after 10 

days in culture. Additionally, the tubule density is much lower than that of normal tissue. 

Based on the tubule densities in chapter 2, our constructs have approximately one tenth of 

the proximal tubule density of normal pig cortex (data not shown). All of this indicates 

that the biggest challenge moving forward will be improving tubulogenesis. Raw 

materials are not as big of a concern as improving renal structure formation. These 

calculations are speculative at the moment, but hopefully we will be able to build off of 

this basic framework as more information is gathered relating to the culture of renal 

constructs.  
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Figure 5.5 Projections of the number of renal cells that could be expanded from kidneys from P0-P4. The 

blue area represents a projected range from a 1mL sized biopsy and the purple range is for the volume of 

half of one kidney. The yellow shaded region represents an estimate of how many cells might be necessary 

to create a tissue engineered renal construct.  

 

5.5 CONCLUSION 

Pre-vascularized renal constructs were implanted into a cortical renal defect for 

14 days and then evaluated for structure maintenance and signs of integration. Very few 

samples showed signs of maintaining endothelialization of the implanted vascular 

scaffolds. A few well-endothelialized vessels with red blood cells were found, but in 

most cases there were no or few remaining endothelial cells. Renal cells embedded in the 

collagen hydrogel of the renal constructs were able to form tubule-like structures, but 

those structures did not show morphological polarization typical to renal tubules. The 

presence of endothelialized vessels in some implants and the formation of tubule-like 

structures is promising; however, further work is required to address the inconsistencies 

in the results and the lack of mature, polarized tubule structures.   
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Appendix 
 

 
Supplemental Figure 1 The length of the long axis of glomeruli was measured in 10% PCL vascular 

corrosion casts and Batson #17 corrosion casts. Three kidney vascular corrosion casts were used in each 

group, with 5 randomly selected glomeruli measured on each kidney. The graph shows the average long 

axis glomerular length on each kidney and the standard deviation. 
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Supplemental Figure 2 Several substances were tested as potential vascular corrosion casting materials. 

Gallium, polyvinyl chloride (PVC) and paraffin resulted in successful vascular corrosion casts as 

demonstrated in the gross images (A,C,E, respectively). PVC and gallium produced sparse casts, but still 

evenly perfused the entire organ. SEM observation of the casts showed varying levels of capillary 

preservation. Galium had the least complete structure, showing few small vessels (A, scale: 1 mm). PVC 

perfused very few glomerular capillaries, some of which were incompletely perfused (D, scale: 100 µm, 

arrow). Paraffin showed the most complete perfusion and preservation of the glomerular capillaries (F, 

scale: 100 µm, arrow). 
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Supplemental Figure 3 Thin circles of collagen type 1 were taken through the process of vascular scaffold 

creation. The collagen pieces were generally unaffected by crosslinking and soaking in acetone, but 

samples in hot acetone shrank noticeably.  

 

 

 
Supplemental Figure 4 Gravity-fed bioreactor systems are pictured. A) Layers of silicone were stacked to 

create the necessary features. Media placed into the top well flowed through the construct and drained out 

of the bottom. B) To create a high-throughput gravity fed system, the insert inside a micropipette tip box 

was used to create wells. Silicone was used to create well bottoms and media was circulated with a pump.  
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Supplemental Figure 5 The line drawings of the model made in FreeCAD are shown. The bottom version 

is a cut-away drawing. Shaded regions indicate solid material. The key dimensions  are indicated.  
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Supplemental Figure 6 Data from concentration and passage experiments showing group effects on 

average tubule size. No differences between group means were seen. ANOVA results were p=0.2, p=0.097, 

p=0.3 for varying cell concentration, gel concentration and passage number, respectively.  
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Supplemental Figure 7 Tubule size and density data for HGF and fibronectin experiments. ANOVA 

results were not significant for HGF’s effect on tubule area (p=0.06). ANOVA results were not significant 

for fibronectin’s effect on tubule area (p=0.8) or tubule density (p=0.3). Reduced media groups had too few 

tubules to get accurate averages and error measures and were not graphed or included in statistics. 

Horizontal bars indicate significance (p<0.05) on the graph of HGF addition vs. tubule density. Those 

difference were only seen between groups with normal media and groups with conditioned media and did 

not reflect an effect of HGF.   
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Supplemental Figure 8 Collagen hydrogels loaded with single MS1 cells. A-B) MS1 only gels at the time 

of implantation (day 0) and after 2 weeks of in vitro culture in MS1 growth media.  Red staining shows the 

GFP expressed by the MS1 cells.  After culture only the cells on the very edge of the construct were 

visible. C) MS1 only gels after 2 weeks of in renal implantation. The white dotted line shows the boundary 

between the implant and host tissue. Green was matrix autofluorescence and there was no red signal from 

the GFP staining. Indicating no remaining MS1 cells.  
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