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ABSTRACT 

Hydrogel Platforms for Investigating Microenvironmental Signaling Cues 

Influencing Human Glomerular Endothelial Cell and Podocyte Behavior 

Jimmy Su 

 

 End-stage renal disease, or kidney failure, can result from acute kidney injury or sustained kidney 

damage in the form of chronic kidney disease. As the prevalence of end-stage renal disease continues to 

rise, the gold-standard treatment—kidney transplantation—is increasingly restricted by the shortage of 

transplantable donor kidneys. Bioengineered kidney tissues may potentially alleviate these numbers by 

advancing understanding of kidney development and progression of diseases, improving the efficiency of 

drug discovery and toxicity testing, and eventually restoring or replacing lost kidney function in therapeutic 

applications. However, a number of obstacles remain before bioengineered kidney tissues reach clinical 

applications. One challenge in particular is the design and fabrication of biomaterial scaffolds or matrices 

that provide the necessary microenvironmental signaling cues to promote a functional cellular response or 

phenotype. Hydrogels are water-swollen, crosslinked polymer networks that mimic many of the properties 

of the native extracellular matrix and therefore may serve as ideal scaffolds or matrices for engineering 

complex tissues and organs. Here, I will present multiple hydrogel platforms for investigating interactions 

by the glomerular endothelial cells and podocytes that form the glomerular filtration barrier of the kidney 

nephron. 

 Hydrogels derived from tissue- and organ-specific decellularized extracellular matrix (dECM) may 

retain bioactive components from the native tissue or organ that could in turn modulate functional cell 

response. Therefore, the first hydrogel platform I will present is formulated from porcine kidney dECM that 

has been processed to form physically-crosslinked hydrogels suitable for cell culture and encapsulation 

investigations. Scanning electron micrographs of hydrogels demonstrated fibrous ultrastructures with 

interconnected pores, and rheological characterization revealed rapid gelation times with shear moduli 

dependent on the hydrogel polymer or protein concentration. Conditionally-immortalized human glomerular 
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endothelial cells (GEnCs) cultured on hydrogel substrates or encapsulated within hydrogel matrices 

exhibited high cell viability and proliferation over a one-week culture period. However, gene expression 

analysis of GEnCs encapsulated within kidney dECM hydrogels revealed significantly lower expression of 

several relevant genes of interest compared to those encapsulated within hydrogels composed of only 

purified type I collagen. These results were further supported by similar trends obtained through gene 

expression analysis of GEnCs cultured on the hydrogels as substrates. 

 Unfortunately, the complexity of dECM and limitations of naturally-derived materials hinder 

additional investigations that require the ability to adequately tailor or tune hydrogel properties. As a result, 

the second hydrogel platform I will present is a tunable hydrogel substrate with conjugated bioactive 

peptides to modulate cell binding and growth factor signaling. These hydrogels were formed by employing 

a poly(ethylene glycol) crosslinker to covalently crosslink gelatin polymers and simultaneously conjugate 

laminin-derived YIGSR peptides or vascular endothelial growth factor (VEGF)-mimetic QK peptides to the 

gelatin. Rheological characterization revealed rapid formation of hydrogels with similar stiffnesses across 

tested formulations, and swelling analysis demonstrated dependency on peptide and crosslinker 

concentrations in hydrogels. Levels of phosphorylated VEGF receptor 2 in cells cultured on hydrogel 

substrates illustrated that while human umbilical vein endothelial cells (HUVECs) responded to both soluble 

and conjugated forms of the QK peptide, GEnCs only responded to the conjugated presentation of the 

peptide. Furthermore, whereas HUVECs exhibited greatest upregulation in gene expression when cultured 

on YIGSR- and QK-conjugated hydrogel substrates after 5 days, GEnCs exhibited greatest upregulation 

when cultured on Matrigel control substrates at the same time point. These results indicate that conjugation 

of bioactive peptides to these hydrogel substrates significantly influenced endothelial cell behavior in 

cultures but with differential responses between HUVECs and GEnCs. 

 Within the glomerulus, both GEnCs and podocytes are necessary for the formation and function of 

the glomerular filtration barrier. Consequently, I will present investigations in which conditionally-

immortalized human podocyte response to culture on hydrogel substrates or encapsulation within hydrogel 

matrices was evaluated. Interestingly, the results suggest that podocytes may be particularly sensitive to 

encapsulation within hydrogels, specifically type I collagen hydrogels and kidney dECM hydrogels. 
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Although podocytes exhibited enhanced podocyte-specific gene expression when cultured on soft Matrigel 

or poly(ethylene glycol)-crosslinked gelatin hydrogel substrates, cell survival appeared to be compromised 

at longer time points. In contrast, podocytes cultured on stiffer, 3D-printed gelatin hydrogel scaffolds 

maintained high cell viability, adhesion, and spreading even after extended culture. These results imply that 

hydrogel stiffness and 3D structure or architecture are two microenvironmental signaling cues that must be 

carefully considered when designing hydrogel platforms for maintaining healthy podocytes in a 

differentiated state. In summary, these hydrogel platforms and the subsequent evaluation of cell behavior 

will advance understanding of microenvironmental signaling cues integral for the development engineered 

kidney tissues. 
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1.1. Kidney Structural and Functional Complexity 

The primary function of the kidneys is fluid and electrolyte balance, that is, homeostatic regulation 

of water and salts in the body. More specifically, according to Dee Unglaub Silverthorn’s Human Physiology, 

kidney function can be categorized into six general areas: 1.) regulation of extracellular fluid volume and 

blood pressure, 2.) regulation of osmolarity, 3.) maintenance of ion balance, 4.) homeostatic regulation of 

pH, 5.) excretion of wastes, and 6.) production of hormones[1]. To achieve this, the kidneys filter 

approximately 180 L of blood plasma per day in the adult human, requiring 20-25% of the total cardiac 

output.  

1.1.1. Overview of the Nephron and Associated Vasculature 

 Kidney function is achieved by the combined activity of approximately one million nephrons in each 

human kidney[2] (Figure 1-1 A). The nephron is the functional unit of the kidney, and a single nephron can 

be further divided into segments each with unique properties (Figure 1-1 B). The nephron begins at the 

glomerulus where the Bowman’s capsule surrounds a specialized capillary bed, and combined this structure 

is referred to as the renal corpuscle. The glomerulus is where blood plasma filtration and ultrafiltrate 

formation occurs in the nephron. The Bowman’s capsule then leads into the proximal and distal tubules 

where reabsorption and secretion of water and solutes occur. Finally, the distal tubules of multiple nephrons 

connect into collecting ducts where additional reabsorption of water occurs after which the remaining fluid 

is drained into the renal pelvis, and the fluid, now referred to as urine, exits the kidney through the ureter. 

The outer region of the kidney containing the glomeruli and the majority of the tubular structures is referred 

to as the kidney cortex, and the inner region containing the collecting ducts and where the tubules dip to 

form the loop of Henle is referred to as the kidney medulla[1, 3]. 
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Figure 1-1: Schematics of the kidney, the nephron, and the glomerular filtration barrier. 
(A) Cross section (sagittal plane) of a normal human kidney. The kidney may be divided into the outer 
cortex region, inner medulla region, and the renal pelvis that leads to the ureter through which urine exits 
the kidneys. Vasculature enters the kidney as the renal artery and exits as the renal vein. (B) The nephron 
begins at the glomerulus where blood plasma filtration occurs. The glomerulus is encased by the Bowman’s 
capsule that leads into the tubules where reabsorption and secretion of water and solutes occur. The 
tubules may be subdivided into the proximal tubule, loop of Henle, and distal tubule. The end of the distal 
tubule connects to the collecting duct where additional reabsorption of water may occur before the resulting 
urine is drained into the renal pelvis. The associated vasculature enters the glomerulus as the afferent 
arteriole, forms the glomerular capillaries, exits the glomerulus as the efferent arteriole, and then forms the 
peritubular capillaries. (C) Cross section of the glomerular filtration barrier. The glomerular capillary loops 
are formed by glomerular endothelial cells (GEnCs) that exhibit transcytoplasmic nanopores known as 
fenestrations. The glomerular capillaries are supposed by a central stock formed by mesangial cells that 
secrete extracellular matrix molecules to form the mesangial matrix. Podocytes, also known as visceral 
epithelial cells, intricately wrap around the capillary loops by extending foot processes from their main cell 
body. The glomerular basement membrane (GBM) is positioned in between the GEnCs and podocyte foot 
processes. As blood flows through the glomerular capillaries, filtrate moves outward passing through the 
tri-layer structure of GEnC fenestrations, the GBM, and filtration slits between podocyte foot processes 
before reaching the Bowman’s space. 
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The vasculature is an additional and particularly important component of the kidney distinct from 

the nephron as the kidney is dependent on the vasculature for movement of blood and plasma not only to 

and from the kidney but also throughout the organ. Vasculature enters the kidney as the renal artery before 

forming smaller arteries and then arterioles that permeate throughout the kidney cortex. Eventually, these 

arterioles become the specialized capillary beds referred to as glomerular capillaries that form the basis of 

the glomerulus. The arteriole leading into a glomerulus is referred to as the afferent arteriole, and the 

arteriole leading out of the glomerulus is referred to as the efferent arteriole. Beyond the efferent arteriole 

lie the peritubular capillaries and, for the juxtamedullary nephrons that dip further into the kidney medulla, 

the vasa recta that intricately surround the nephron tubules. Finally, the peritubular capillaries join back 

together to form venules and small veins before exiting the kidney as the renal vein[1].  

1.1.2.  The Glomerulus and the Glomerular Filtration Barrier 

The glomerulus and the glomerular filtration barrier acts as a size- and charge-selective sieve[4-6] 

(Figure 1-1 C). In humans, the glomerulus is approximately 100-200 µm in diameter[7, 8]. The main 

components of the glomerular filtration barrier include: glomerular endothelial cells (GEnCs), podocytes, 

and the intervening glomerular basement membrane (GBM).  

GEnCs form the capillary loops or tufts of the glomerulus. A single capillary in the human 

glomerulus is approximately 6-8 µm in diameter[9]. GEnCs are unique from other endothelial cells in the 

body in that they are unusually flattened being approximately 50-150 nm in height[10]. Furthermore, GEnCs 

exhibit transcytoplasmic nanopores approximately 60-80 µm in diameter known as fenestrations[11]. 

Fenestrations are present in a variety of capillary beds, but GEnC fenestrations are unique in that they lack 

a diaphragm and expression of plasmalemmal vesicle-associated protein-1 (PLVAP) when mature[11]. In 

addition, GEnCs possess an endothelial surface layer thought to be 200-400 nm thick that forms from the 

combination of the endothelial glycocalyx and the endothelial cell coat[4-6, 11, 12]. The glycocalyx is composed 

of membrane-bound proteoglycans and sialoproteins, whereas the endothelial cell coat is composed of a 

mixture of plasma proteins adsorbed to the glycocalyx. Although it has been technically challenging to 

visualize and measure the thickness of these structures, it has been reported that the glycocalyx is about 
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50-100 nm thick[13] and that the endothelial cell coat is about 200-300 nm thick[14], both in rodents. 

Ultimately, both GEnC fenestrations and the endothelial surface layer are thought to play important roles in 

determining and maintaining the permeability properties of the glomerular filtration barrier. 

 Podocytes, sometimes referred to as visceral epithelial cells, are highly-differentiated cells that 

wrap around and intimately interact with GEnCs. It has been estimated that there are approximately 500-

600 podocytes per glomerulus in the average white, American male[15, 16]. Podocytes also exhibit a unique 

and impressive cellular morphology characterized by a large, central cell body and multiple cytoplasmic 

extensions termed major or primary processes that subdivide into secondary processes and end in finer 

pedicels or foot processes[17, 18]. These larger processes are composed predominantly of microtubules and 

intermediate filaments, whereas foot processes are composed of bundles of parallel actin filaments[19, 20]. 

Podocyte foot processes regularly interdigitate with neighboring podocytes creating filtration slits 

approximately 30-40 nm wide[21]. These filtration slits are traversed by unique cellular junctions known as 

slit diaphragms. During development and in the mature state, podocyte slit diaphragms and the surrounding 

area contain proteins traditionally associated with tight junctions, adherens junctions, gap junctions, and 

neuronal junctions[22]. The slit diaphragms are intrinsically linked to podocyte function, including: 

contribution to the permeability properties of the glomerular filtration barrier, coupling of these intercellular 

junctions to the podocyte actin skeleton and involvement in signal transduction, and regulation of foot 

process plasticity[22]. Podocytes also express a glycocalyx composed primarily of podocalyxin and 

syndecans[5], which imparts a negative charge to the podocyte cell surface and plays an essential role in 

the formation and maintenance of podocyte foot processes[23]. In the event of podocyte injury and disruption 

of the glomerular filtration barrier, there is often the loss of podocyte slit diaphragms and effacement of foot 

processes[24, 25]. Whether this process marks the onset of disease or is the result of disease progression is 

unclear[26], although it likely depends on the etiology of the disease in question. 

 The final component of the glomerular filtration barrier is the GBM. In humans, the GBM is 

approximately 300-400 nm thick[3, 27-29], which is unusually thick as the basement membranes in most 

microvascular beds is only 50-100 nm thick[30, 31]. Ultrastructural studies have revealed that the GBM results 

from the fusion of basement membrane components secreted by both glomerular endothelial cells and 
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podocytes[32]. These components are primarily type IV collagen, laminin, nidogens (formerly known as 

entactins), and heparan sulfate proteoglycans (HSPGs)[33-35]. Type IV collagen and laminin are the most 

abundant components of basement membranes and are necessary for basement membrane formation and 

stability[31, 36]. Multiple isoforms of both type IV collagen and laminin have been identified and expressed 

throughout basement membranes in the body, and specific isoforms for each have been identified in the 

GBM. Interestingly, during glomerulogenesis developmental transitions occur resulting in differences in the 

predominant isoforms of type IV collagen and laminin present in the developing versus mature GBM[33-35]. 

These developmental transitions are critical as mutations in genes encoding specific isoforms of these 

proteins result in GBM defects and kidney disease[34]. Nidogens contain binding sites for both type IV 

collagen as well as laminin, thus acting as a protein crosslinker between type IV collagen and laminin 

networks[37]. HSPGs, which consist of a protein core with covalently conjugated glycosaminoglycan side 

chains, impart a significant anionic charge to the GBM. While this was previously thought to be the main 

driver for the permselectivity of the glomerular filtration barrier[38, 39], more recent evidence suggests that 

this may not actually be the case[6, 31, 35]. However, many growth factors contain heparin-binding domains, 

therefore the presence of HSPGs in the basement membrane may aid in sequestration and presentation 

of these factors for improved cell signaling[6, 31, 40]. Agrin is the predominant HSPG present in the mature 

GBM, although perlecan is initially also present in the developing GBM[33-35]. The GBM ultimately unites 

GEnCs and podocytes by providing the underlying matrix substrate that both of these unique cell 

populations may bind to and together form the glomerular filtration barrier. 

 Although they do not directly contribute to the glomerular filtration barrier, the mesangial cells and 

parietal epithelial cells are two additional cell types that reside in the glomerulus and should be discussed. 

Mesangial cells and the extracellular matrix they secrete to form the mesangial matrix, collectively referred 

to as the mesangium, provide structural support of the glomerular tuft[3, 41]. These cells are responsible for 

splitting of the initial glomerular vessel into multiple capillary loops[42] and also maintenance of the capillary 

loop structures by extending contractile processes that bind to and maintain the infoldings of the GBM[43-

45]. Furthermore, the contractile nature of mesangial cells enable the fine regulation of glomerular capillary 

flow and ultrafiltration area[1, 41, 46, 47] and detection of changes in capillary stretch[41]. Finally, mesangial cells 
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participate in cellular crosstalk via secreted signaling factors with GEnCs and podocytes, and this crosstalk 

is necessary for the development and maintenance of healthy glomeruli[41, 48, 49]. Parietal epithelial cells and 

the underlying parietal basement membrane form the Bowman’s capsule that encases the glomerular 

capillaries[3]. Parietal epithelial cells and podocytes arise from the same progenitor cells during development 

but later diverge[50], and parietal epithelial cells in the mature kidney resemble squamous epithelial cells [3, 

5]. At the urinary pole, these cells exhibit a graded expression of markers as the Bowman’s capsule leads 

to the proximal tubule[3, 51]. At the vascular pole, a unique population of peripolar or “transitional” cells that 

exhibit an intermediate phenotype between parietal epithelial cells and podocytes have been identified[51]. 

Parietal epithelial cells have recently received more attention in order to better define the normal phenotype 

of these cells and their potential for reparative or regenerative roles as a podocyte stem or progenitor cell[51, 

52]. 

1.1.3. Glomerular Disease 

Glomerular disease or damage to the glomerular filtration barrier typically manifests as increased 

leakage of protein content or even red blood cells into the urine, referred to as nephrotic and nephritic 

syndromes, respectively, and thus interferes with the clearance of waste products and toxins from the 

bloodstream[53]. Progression of glomerular disease toward nephron loss can be grouped into dysregulative, 

degenerative, and inflammatory mechanisms with regard to pathological manifestations[54], although the 

etiology of these diseases may be either genetic, environmental, or a combination of both[24]. Damage to 

the glomerular filtration barrier may occur as injury to any of the three components of the filtration barrier, 

for example as: thrombotic events in the glomerular microvasculature, thinning or thickening of the GBM, 

or loss of podocyte slit diaphragms and foot process effacement[55, 56]. In some instances, the mesangium 

may also play a role in glomerular disease. For example, the mesangium may be the target of 

immunoglobulin deposits or dysregulation may lead to mesangial cell proliferation and increased 

accumulation of mesangial matrix[55, 56]. Ultimately, this reduction in kidney function due to glomerular 

disease and nephron loss may lead to acute kidney injury or the development of chronic kidney disease.  
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1.2. Bioengineering Strategies for Modeling Kidney Function and Future Renal Replacement 

Therapies 

 End-stage renal disease (ESRD), or kidney failure, can result from acute kidney injury or sustained 

kidney damage in the form of chronic kidney disease. In 2016, there were more than 124,000 newly reported 

cases of ESRD in the United States resulting in over 726,000 cases total with Medicare spending for 

beneficiaries rising to $35.4 billion[57]. In particular, between 2012 and 2016, glomerular disease was the 

leading cause of ESRD in pediatric patients at 22.3% of the affected population[57]. The onset of ESRD 

requires renal replacement therapy to restore lost kidney function. 

1.2.1. Current Renal Replacement Therapies and the Clinical Need 

 Artificial replacement of organ function has been investigated since early times, and advancements 

have only progressed, especially since the beginning of the 20th century. Modern dialysis, a common and 

the most widely-known form of artificial renal replacement therapy (RRT), was initially developed in the 

early 1900s[58]. Broadly, RRTs aim to replace the normal filtration function of the kidneys, and current 

indications by physicians for RRT in patients include renal failure, acid-base abnormalities, electrolyte 

imbalances, and accumulation of toxins or poisons[58]. Artificial RRTs can be categorized by the guiding 

transport phenomena for solute clearance: dialysis relies on diffusion whereas hemofiltration relies on 

convection, although both processes rely on the use of a semipermeable membrane[58]. Dialysis may be 

additionally separated into hemodialysis and peritoneal dialysis setups. Hemodialysis is an extracorporeal 

method whereby the patient’s blood is removed from the circulatory system and pumped through a dialyzer 

to be filtered before being returned to the patient’s body. In the dialyzer, blood is forced through thin, hollow 

fibers composed of a semipermeable membrane while dialysate is passed outside of the fibers in a 

countercurrent fashion to allow for efficient diffusion of solutes across the membrane due to a concentration 

gradient[58-60]. In the past, hemodialysis was restricted to dialysis centers and strict visit schedules, but 

advancements and miniaturization of technologies now allow for home hemodialysis[59]. Peritoneal dialysis 

is a paracorporeal method that utilizes the patient’s peritoneum as a natural semipermeable membrane[58]. 

Dialysate is placed in the peritoneal cavity, and diffusion of solutes and fluid occurs over the course of 
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several hours due to a concentration gradient. Multiple exchanges with fresh dialysate are required to 

ensure efficient filtration and can be performed manually during the daytime as in the case of continuous 

ambulatory peritoneal dialysis or automatically during the evening as in the case of automated peritoneal 

dialysis[59]. Hemodialysis is often the preferred setup for patients on dialysis[61], but this decision results from 

a combination of the patient characteristics, indication for RRT, location (within or outside of the hospital), 

and resources[58]. In contrast to dialysis, hemofiltration utilizes a pressure gradient to force water movement 

across a semipermeable membrane and thus “pull” or “drag” solutes along[58, 60]. Hemofiltration delivery is 

limited to continuous RRT in the hospital. Continuous RRTs utilize hemodialysis, hemofiltration, or a 

combination thereof to achieve volume removal and solute clearance and are typically reserved for patients 

placed in intensive care units with acute kidney injury. The rationale is that a more gradual clearance of 

solutes and removal of fluids over prolonged periods is safer for hemodynamically unstable or vasopressor-

dependent patients such as those confined to intensive care units[60, 62].  

Since its inception, the fundamentals behind artificial RRTs have remained the same. The most 

significant changes in RRT delivery have focused on equipment technology to automate many processes 

and enhance usability[58]. Advances in other aspects include improved water purity (enabled by the 

development of reverse osmosis technology)[58, 63] and adoption of superior synthetic polysulfone, 

polyacrylonitrile, or polymethylmethacrylate membranes over natural cellulose membranes[64]. However, 

while artificial RRTs are life-saving, they are unable to replace all of the functions of the kidney such as 

production of hormones. Ultimately, the optimal RRT and the current gold standard for treatment of ESRD 

and kidney failure is kidney transplantation. In a kidney transplant, a healthy kidney from a deceased or 

living donor is placed in the abdomen of the patient and connected to the respective blood vessels and the 

bladder. The transplanted kidney is then able to perform all of the functions now lost from the patient’s 

original kidneys[59]. Kidney transplantation significantly improves long-term patient survival and increases 

overall quality of life in comparison to artificial RRTs[65-67]. 

Unfortunately, with the increasing prevalence of ESRD and advances in healthcare practices and 

technologies that enable longer patient survival on artificial RRTs, the number of patients on the waiting list 

for a kidney transplant continues to rise. According to the United States Organ Procurement and 
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Transplantation Network, at the end of 2018 there were over 95,000 patients on the waiting list for a kidney 

transplant (Figure 1-2)[68]. Although the number of kidney transplants performed each year continues to 

rise as well, the increase is only a fraction of the increase in the number of patients on the waiting list. In 

2018, only about 21,000 kidney transplants were performed (Figure 1-2)[68] [OPTN], and this number is 

ultimately limited by the availability of donor kidneys. Furthermore, patients who are fortunate enough to 

receive a donor kidney transplant are required to maintain a strict, lifelong regimen of expensive 

immunosuppressants to decrease the likelihood of transplant rejection[69, 70]. Therefore, there is a 

compelling need for bioengineered kidney tissues as: 1.) models for understanding development and 

disease progression, 2.) models to bridge the gap between pre-clinical studies using in vitro cell culture or 

animal models and clinical testing in humans for more efficient drug discovery and development, and 3.) 

eventual therapies for restoring lost kidney function[71]. Recognizing the urgency of the situation, the 

National Institute of Diabetes and Digestive and Kidney Diseases recently formed the (Re)Building a Kidney 

consortium to bring together experts from diverse scientific backgrounds in kidney research with the 

ultimate goals of devising strategies to stimulate regeneration of nephrons in situ to restore kidney function 

and developing and implementing strategies for in vitro engineering of replacement kidney tissue[72]. Here 

we will review some of the most notable bioengineering strategies currently being pursued for modeling 

kidney function. 
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Figure 1-2: Kidney Organ Procurement and Transplantation Network (OPTN) data by year. 
Number of patients on the waiting list for a kidney transplant and number of kidney transplants performed 
each year from 1988 to 2018. Based on OPTN data as of January 1st, 2019.[68] 
 

1.2.2. The Bioartificial Kidney and Implantable Artificial Kidney 

 The concept of the bioartificial kidney and subsequent research in its development was initially 

pioneered by H. David Humes[73-76]. In its original conception, the bioartificial kidney was designed as an 

extracorporeal device composed of a conventional synthetic hemofilter in series with a renal tubule assist 

device (RAD). The hemofilter would provide the filtration function of the kidney while the RAD would provide 

the metabolic function of the kidney (i.e., reabsorption and secretion of solutes that typically occurs in the 

kidney tubules). To achieve this function, the RAD consisted of a standard hemofiltration cartridge in which 

tubular epithelial cells were cultured on the inner surfaces of the semipermeable, hollow fiber membranes 

and allowed to form a confluent monolayer[74-76]. This was first achieved in a single fiber system using 

Madin-Darby canine kidney (MDCK) cells[77] before being scaled up to a multi-fiber system using porcine 

proximal tubule epithelial cells[78, 79] with demonstration of the desired metabolic processes. Large-animal 
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studies further demonstrated that the bioartificial kidney resulted in partial restoration of kidney function in 

acutely uremic dogs[80, 81] and improved cardiovascular performance associated with changes in cytokine 

profiles and conferred significant survival advantages in uremic dogs with septic shock[82, 83] and pigs with 

septic shock[84]. 

While phase I and phase II clinical trials with the RAD utilizing human proximal tubule epithelial 

cells were initially encouraging demonstrating safety and efficacy with regard to increased survival in 

patients receiving continuous RRT due to acute renal failure[85, 86], a phase IIb study was not completed due 

to difficulties with the manufacturing process and an unanticipated high survival rate of patients treated with 

sham control RADs without cells[87]. This underscored some of the hurdles that researchers continue to 

face in commercializing medical devices with cells: 1.) identifying a reliable and consistent cell source with 

sufficient numbers and 2.) devising economical strategies in manufacturing, storage, and distribution of the 

devices[75]. In light of these results, development of the bioartificial kidney diverged into two separate 

strategies: the selective cytopheretic device (SCD) and the bioartificial renal epithelial cell system 

(BRECS)[88]. 

In contrast to the RAD, the SCD does not contain cells but instead is simply an extracorporeal 

device containing a bundled collection of polysulfone membrane fibers. The SCD is placed in series after a 

hemofilter, and as blood treated with citrate is passed around the membrane fibers activated leukocytes 

bind and are sequestered resulting in immunomodulatory effects[89]. The SCD has been tested in animal 

models for a variety of conditions typically associated with inflammation[90-93] as well as in clinical trials for 

treatment of acute kidney injury and chronic hemodialysis patients[94-98]. Taking into consideration the 

challenges in manufacturing the RAD, the BRECS utilizes an enhanced propagation method for expanding 

primary renal epithelial cells from adult renal epithelial progenitor cells[99] to overcome limitations in cell 

source and numbers and cultured on porous, niobium-coated carbon disks housed in a perfusable unit[100]. 

The system was specifically designed to be cryopreserved for storage and reconstituted to meet on-demand 

clinical need[100]. The BRECS was demonstrated to confer survival advantage in a porcine model of septic 

shock[101], and improvements in the design of the system have led to a more-economical, wearable system 

for clinical translation[102, 103]. In addition to the SCD and the BRECS, a few other groups have also delved 
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into the development of a bioartificial kidney, although most of these investigations have been limited to 

exploring different membrane compositions[104-107], membrane coatings[108], and cell sources[109, 110].  

 With the progression of science and engineering, there has been the trend of the miniaturization of 

technologies. Building upon the body of knowledge surrounding the bioartificial kidney, Shuvo Roy and 

William H. Fissell have been accelerating the development of an implantable artificial kidney (IAK)[111-113]. 

The IAK is composed of a high-efficiency filter, the HemoCartridge that recapitulates the functions of the 

glomerulus, and a microfluidic bioreactor containing renal tubule epithelial cells, the BioCatridge that 

recapitulates the functions of the tubules[113]. Manufacture of the HemoCartridge has been enabled by 

advances in micromachining and microfabrication techniques utilized in the development of 

microelectromechanical systems (MEMS). The HemoCartridge contains silicon nanopore membranes with 

slit-shaped pores and coated with polymers to prevent biofouling demonstrated in hemocompatibility and 

implantation studies[114-120]. The superior slit-pore geometry has been empirically- and computationally-

validated for ultrafiltration[121-123], and the membranes have also been evaluated for use in hemodialysis 

applications (though requiring a few design changes)[124, 125]. For the BioCartridge, renal tubular epithelial 

cells may be cultured on the same silicon nanopore membranes and form confluent monolayers with tight 

junctions[126], although more recent bioreactor designs have utilized optically-transparent polycarbonate 

membranes for more facile imaging[127-129]. As an implantable device, the IAK comes with new challenges 

including maintenance of cell phenotype and other failure assessments over extended periods, but the IAK 

as the potential to truly revolutionize current artificial RRTs.  

1.2.3. Biological and Biomedical Microelectromechanical Systems (BioMEMS) 

Microelectromechanical systems (MEMS) refer to devices manufactured using similar 

microfabrication and micromachining techniques traditionally employed for integrated circuits. MEMS 

technologies convert real-world signals from one form of energy to another thus enabling construction of 

sensors, actuators, and other systems but scaled down to the micro-scale to increase performance and 

reduce costs[130]. BioMEMS is therefore the application of MEMS to biological and biomedical 

applications[131], including the “delivery, manipulation, analysis, or construction of biological and chemical 
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entities”[132]. BioMEMS broadly encompasses systems of similar principles that are sometimes referred to 

by other names, including microfluidic devices[133], micro total analysis systems (µTAS)[134], lab-on-a-chip[135] 

or organs-on-chips[136], and microphysiological systems[137]. Applications of BioMEMS are numerous and 

range from diagnostic applications and toxicity testing to drug delivery systems and medical devices[131, 132], 

including the IAK discussed in the previous section. 

BioMEMS technology has found itself in a variety of applications related to kidney research and 

bioengineering. For example, the nephron may be conceptualized as a single albeit somewhat complex 

microfluidic system, and this has actually been designed and computationally modelled in a system 

incorporating cells[138] and in a system utilizing a smart membrane without cells[139]. In practice, 

recapitulating the filtration function of the glomerulus is much simpler than recapitulating the transport 

functions of the tubules, and this is exemplified by current artificial RRTs available. BioMEMS may achieve 

the separation of solutes by employing the unique diffusive transport that occurs across microfluidic 

channels[140] or convective or diffusive transport across semipermeable membranes such as in the IAK[114, 

124, 125].  

However, BioMEMS and kidney-on-a-chip technologies have demonstrated the potential to 

transform how researchers study biological systems by incorporating physiologically-relevant fluid flow 

which imparts a shear stress on cells that may be cultured within these systems[141]. Furthermore, these 

technologies may be scaled for greater throughput, include multi-compartmental setups, or in the future 

incorporate patient-derived cells for development of therapeutics or nephrotoxicity testing[142-144]. Towards 

this goal, a number of investigators have developed systems with human cells for modeling specific 

segments of the nephron, including the glomerular filtration barrier[145, 146], the proximal tubule[127, 147-152], 

and the peritubular capillaries[153, 154]. Investigators have also delved into multi-compartmental setups for 

modeling interactions across multiple segments of the nephron, including glomerular-tubular interactions[155] 

and tubular-vascular interactions[156], as well as across multiple organ systems[157-159]. Beyond traditional 

BioMEMS fabrication techniques, investigators have begun to apply additive manufacturing technologies 

such as 3D printing for BioMEMS fabrication[160, 161] and modeling of the proximal tubule[162] and tubular-

vascular interactions[163]. Despite rapid and exciting advances in the field, BioMEMS still face challenges 
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that must be addressed for future translational applications and commercialization. Biological challenges 

include the need for superior biocompatible materials, validation of assays, and in vitro to in vivo 

extrapolation[142], whereas engineering challenges include systems integration, standardization, and the 

overall economics of the proposed application[164]. 

1.2.4. Whole-Kidney Decellularization and Bioengineering 

 In contrast to BioMEMS technologies and the miniaturization of systems, the goal of whole-organ 

decellularization and bioengineering is to preserve the extracellular matrix (ECM) in its native architecture 

for use as a biologic scaffold[165-167]. Composed of proteins, polysaccharides, and other biological molecules 

secreted by resident cells, the ECM presents biophysical and biochemical signaling cues that results in 

dynamic and reciprocal interactions between the ECM and cells, thus regulating the development and 

maintenance of tissues and organs[168, 169] (Figure 1-3 A). Tissue- and organ-specific ECM may be isolated 

through a process known as decellularization in which the tissue or organ of interest is treated with physical 

processes (e.g., freeze-thaw), chemical agents (e.g., detergents), or biological agents (e.g., enzymes) to 

remove the native cells[170-172]. For the purposes of whole-organ bioengineering, solid organs such as the 

kidney are perfused through the native vasculature with the desired decellularization agents in order to 

preserve the 3D structure and architecture of the ECM[171, 172]. The resulting decellularized ECM (dECM) 

scaffold may then be recellularized or repopulated with the desired cells and maintained in a bioreactor to 

enhance maturation. This process has been successfully demonstrated in a number of organs, including 

hearts from rats[173] and pigs[174], livers from rats[175, 176] and pigs[177], and lungs from rats[178, 179] and 

humans[180]. 

This strategy is thought to be particularly appropriate for the kidney due to the spatial heterogeneity 

and specific structural features of the organ[181]. A number of investigations have focused on establishing 

optimal perfusion decellularization protocols to produce kidney dECM scaffolds from rodents[182, 183], pigs[184-

188], and humans (specifically discarded kidneys deemed unsuitable for transplant purposes)[189, 190]. 

Additional investigations have demonstrated recellularization of scaffolds with various cell types with some 

evidence of kidney function, including: human umbilical vein endothelial cells and rat neonatal kidney cells 
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in rat-derived scaffolds[191], induced-pluripotent stem cell-derived endothelial cells or Madin-Darby canine 

kidney cells in rat-derived scaffolds[182], rat primary renal cells and mesenchymal stromal cells in rat-derived 

scaffolds[183], and primary porcine renal cells in pig-derived scaffolds[192]. There is also significant interest in 

understanding how kidney dECM scaffolds may influence the response and differentiation of pluripotent 

stem cells and renal or nephron progenitor cells, and examples of such investigations include mouse 

embryonic stem cells in rat-derived scaffolds[193-196] and human renal progenitor cells in mouse-derived 

scaffolds[197]. However, challenges regarding whole-organ bioengineering still remain before these 

strategies can be translated to clinical applications. Some outstanding questions include organ source and 

immunogenicity, standardization of decellularization protocols and scaffolds, identification and expansion 

of cells (and of various types), and complete recellularization or repopulation of scaffolds including 

endothelial lining of the vasculature to prevent a thrombogenic response after implantation[165-167]. 

1.2.5. Kidney Organoids 

 The term organoid first gained popularity from 1965 to 1985 when it was used to describe classic 

cell dissociation and reaggregation experiments towards understanding organogenesis and developmental 

biology[198]. The word has recently made a resurgence in scientific literature, although it now refers to a 3D 

structure derived exclusively from stem cells that 1.) consists of multiple, organ-specific cell types, 2.) is 

capable of self-organization resembling said organ, and 3.) exhibits some functional capacity of that 

organ[198-200]. The self-renewable stem cells employed may either be pluripotent stem cells (PSCs), which 

include embryonic stem cells (ESCs) and induced-pluripotent stem cells (iPSCs) that can give rise to all 

lineages of the body (i.e., endoderm, mesoderm, and ectoderm)[201], or multipotent adult stem cells that can 

give rise to multiple cell types of one lineage[198]. Differentiation of stem cells and generation of organoids 

generally involves driving stem cell fate towards the desired lineage through exposure with specific soluble 

signals as informed by developmental biology and then further specification with additional soluble signals 

and often 3D culture strategies in a matrix environment (e.g., Matrigel) to promote self-organization[198-200]. 

Organoid cultures for numerous tissues and organs have recently been developed, but the most notable 

examples include gut and intestinal[202, 203], brain[204], and retinal[205, 206] organoids. 
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 Researchers were quick to apply these strategies towards the development of kidney organoids, 

and multiple groups have described the differentiation of pluripotent stem cells into nephron progenitor cells 

of metanephric mesenchyme origin[207, 208] and ureteric bud-committed progenitor cells[209] that give rise to 

the tubules and collecting duct, respectively. However, Takasato et al., were able to successfully induce 

both metanephric mesenchyme and ureteric bud progenitor populations simultaneously and generate 

kidney organoids with both tubular and collecting duct structures[210-212]. Currently, many researchers refer 

to aggregates of metanephric mesenchyme-derived nephron progenitor cells that result in the formation of 

tubular structures expressing markers for podocytes, proximal tubules, and distal tubules as “kidney 

organoids”, despite the lack of expression for ureteric bud-derived cell markers, i.e., collecting duct 

markers[213, 214]; however, for the purposes of this review, this distinction will disregarded. Interestingly, it 

has been shown that co-culture of independently differentiated metanephric mesenchyme-derived nephron 

progenitor cells and ureteric bud-committed progenitor cells results in self-organized kidney organoids with 

a branching collecting duct system[215]. Since the establishment of kidney organoid differentiation protocols, 

several investigations have been published demonstrating the potential of kidney organoids in modeling 

kidney injury and disease[216-219]. More recently, there have been efforts to scale-up the production of kidney 

organoids to facilitate high-throughput screening processes and production of kidney cell types for other 

biomedical applications[220, 221]. Future challenges in kidney organoid research include vascularization of 

organoids, necessary for filtration function as well as supplying nutrients to thicker and denser organoids, 

and coalescence of collecting ducts into a single ureter for drainage[222]. On the issue of vascularization, a 

few investigations have demonstrated the ability of kidney organoids to induce invasion of host vasculature 

when implanted beneath mouse kidney capsules[223] or into chick chorioallantoic membranes[224]. Additional 

investigations have revealed the importance of fluid flow and shear stress in promoting vascularization and 

maturation of kidney organoids using a millifluidic system[225]. These results suggest that in moving forward 

bioengineering strategies may be pivotal in translation of kidney organoid technologies into patient 

therapies. 



 

 

44 

1.3. Hydrogels as Extracellular Matrix Mimics for Bioengineered Kidney Tissues 

 Although examples of hydrogels may be found in many different fields and applications, there is 

particular interest in hydrogels for biomedical applications[226], including regenerative engineering[227-229] and 

drug delivery[230, 231]. 

 

 

Figure 1-3: Schematics of the extracellular matrix (ECM) and hydrogel crosslinking. 
(A) The ECM is composed of a variety of proteins, polysaccharides, and other molecules secreted by cells. 
While ECM composition varies widely throughout the body, typical components include collagens, 
fibronectins, laminins, and proteoglycans. The ECM may also bind to and sequester growth factors and 
other signaling molecules that can influence cell response. (B) Crosslinking of polymer solution results in 
the formation of a swollen hydrogel network. Possible crosslinking stimuli include temperature, pH, light, 
small molecules or enzymes, etc. 
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1.3.1. Properties of Hydrogels 

 Hydrogels are crosslinked or interconnected polymer networks with the ability to absorb generous 

amounts of water, generally 70% or greater by weight (Figure 1-3 B). The swelling behavior and stiffness 

of a hydrogel are influenced by its network structure, which may be quantitatively described by structural or 

molecular parameters, specifically: the polymer volume fraction in the swollen state (!",$), the average 

molecular weight between crosslinks (%&''''), and the correlation length (() or the related measure of distance 

between crosslinks (i.e., mesh or pore size)[232]. These structural parameters may be tuned during polymer 

synthesis or crosslinking, thus allowing for tight control of the resulting hydrogel properties. In addition, the 

highly-hydrated environment of hydrogels enables facile transport of nutrients and waste throughout the 

network, making hydrogels the only materials permissible for cell encapsulation[233]. Furthermore, hydrogels 

may be specifically designed and engineered to mimic the native ECM by tailoring the network’s physical 

and chemical properties[234-236]. And with continued advances in chemistry, materials science, and 

engineering, there will be a continued movement towards the development of hydrogels able to truly 

recapitulate the dynamic nature of the ECM[237, 238]. 

1.3.2. Crosslinking Methods for Hydrogel Network Formation 

 Crosslinking methods for formation of hydrogels may be broadly categorized into physical and 

chemical methods. Physically-crosslinked hydrogels rely on physical interactions between polymer chains 

that result in network formation. These physical interactions may include polymer chain entanglements, 

ionic interactions, hydrogen bonds, or hydrophobic interactions[239]. Shear-thinning and self-healing 

hydrogels are examples of hydrogels that rely on physical interactions for their unique behavior [240]. These 

types of hydrogels are particularly useful for specific applications such as injectable systems or direct 

extrusion-based 3D printing[240-242]. Furthermore, physically-crosslinked hydrogels generally do not require 

chemical modifications or addition of crosslinking initiators in situ. However, it is difficult to tune hydrogel 

properties such as gelation time, network structure, stiffness, and degradation rate independently, and 

degradation rates of physically-crosslinked hydrogels are often much more rapid due to the nature of 

transient physical interactions[231]. 
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 Chemically-crosslinked hydrogels, on the other hand, rely on covalent interactions between 

polymer chains resulting in a more permanent network structure. In the past, formation of chemical 

crosslinks have relied on the use of small molecules or enzymes to catalyze reactions between available 

side groups, radical polymerization reactions, or reactions between pre-functionalized polymer chains[231, 

239]. While these methods of crosslinking enable greater tunability in hydrogel design and properties in 

comparison to physically-crosslinked hydrogels, they are often detrimental to cell viability or result in toxic 

byproducts that must be removed[231], thus limiting their versatility in application. However, with the rapid 

expansion and utilization of click chemistries, there has been a push towards engineering truly 

bioorthogonal hydrogel systems[243-246]. Of course, hydrogel networks are not limited to physical or chemical 

crosslinks only, and a combination of crosslinking methods are often desirable and may depend on the 

materials and applications. 

1.3.3. Materials for Hydrogels 

 Biocompatible materials, or biomaterials, for hydrogels may be broadly categorized into natural and 

synthetic materials based on their source of origin. Natural materials are derived from renewable resources 

found in nature, including animals and plants, or may be produced recombinantly. The use of natural 

materials for hydrogels is befitting because many natural materials are components of the native ECM, 

which means that they are biocompatible, biodegradable, and bioactive (i.e., inherently promote cell 

interactions such as binding and degradation). Natural materials also present functional groups for 

additional chemical modifications, if desired, and many natural materials may be crosslinked through 

physical interactions which are generally cytocompatible[228, 247]. Natural materials commonly utilized for 

hydrogels may be further subdivided into proteins and polysaccharides. Proteins may be considered 

polymer chains composed of amino acids, and example proteins for hydrogels include collagen[248] and its 

derivative gelatin[249], fibrin/fibrinogen[250], elastin[251], keratin[252], silk fibroin[253], and soy[254] and other plant-

based proteins[255]. Polysaccharides are polymeric carbohydrate structures, and example polysaccharides 

for hydrogels include alginate[256], agarose[257], chitosan/chitin[258], dextran[259], hyaluronic 

acid/hyaluronan[260] and other glycosaminoglycans[261], cellulose[262], and starch[263]. In addition to purified 
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materials, methods have also been developed to process tissue- and organ-specific dECM into hydrogels 

containing a combination of proteins, polysaccharides, and other molecules present in the native ECM[264]. 

While there are numerous options available for natural material-based hydrogels, they face disadvantages 

such as possible batch-to-batch variability based on the source, limitations in processing (due to possible 

denaturation or degradation), and the inability to independently control hydrogel stiffness and degradation 

for those that rely on physical crosslinking mechanisms[247]. 

 In contrast to natural materials, synthetic materials can be synthesized reproducibly and with 

controlled molecular structures (e.g., molecular weight, copolymers, linear versus multi-arm versus grafted 

structures). This allows for greater tunability of the resulting network and hydrogel properties, such as 

mechanical properties, rate of degradation, and the ability for biofunctionalization[228, 247]. A variety of 

synthetic materials have been developed and utilized for hydrogels, and some examples include 

poly(ethylene oxide) or poly(ethylene glycol), poly(acrylic acid) and polyacrylamide, and poly(vinyl 

alcohol)[226-229, 247]. However, due to their inherent lack of bioactive sites for cell interaction, it is technically 

challenging to replicate the complexity of the native ECM through the use of only synthetic materials[247]. 

Semi-synthetic hydrogels produced through molecular or protein engineering systems[234], semi-synthetic 

hydrogels composed of or including natural materials but produced through synthetic processes such as 

peptide- or polypeptide-based hydrogels[265], self-assembling peptide amphiphile hydrogels[266], and nucleic 

acid-based hydrogels[267], and natural-synthetic hydrogel blends[268] are promising methods to bridge this 

gap[247]. 

1.3.4. Review of Hydrogel Platforms for Modeling Kidney Function Towards Engineered Kidney 

Tissues 

 Hydrogels exhibit ideal properties that mimic the nature of the native ECM, and with the variety of 

methods for crosslinking, materials available, and capacity for modifications and tailorability, hydrogel 

platforms have been readily employed in a number of regenerative engineering and modeling applications, 

including those focused on the kidney. For example, because of these properties, White and Deen 

investigated the permeability of agarose-dextran hydrogels as analogs of the glomerular basement 
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membrane[269]. But in order to better design hydrogel platforms for engineering kidney tissue models, it is 

important to understand hydrogel biophysical and biochemical properties that influence cell response. In 

particular, it has become well established that substrate stiffness contributes to the regulation of cell 

adhesion and spreading[270] and even stem cell differentiation[271]. Recent studies have demonstrated that 

this is no exception for cell types of the kidneys. Human renal proximal tubular epithelial cells exhibited 

increased spreading and proliferation when cultured on type IV collagen-conjugated poly(ethylene glycol) 

diacrylate hydrogel substrates of increasing stiffness[272], although human renal epithelial cells showed 

increased expression of key transporters when cultured on softer, Geltrex-coated polyacrylamide hydrogel 

substrates for extended periods[273]. Similarly, human podocytes exhibited enhanced gene and protein 

expression when cultured on transglutaminase-crosslinked gelatin hydrogel substrates of an optimal 

stiffness[274]. In addition, it was recently demonstrated that kidney organoids undergo enhanced 

differentiation when cultured on softer, vitronectin-coated polyacrylamide hydrogel substrates[224]. These 

investigations may inform future ones, especially in applications in which hydrogels are utilized as 

substrates for cell culture. 

 Hydrogel substrates may serve as models of the basement membrane[36], and specifically Matrigel 

or Geltrex are often employed as a commercially-available basement membrane matrix source[275]. As an 

example, Kitahara et al. utilized Matrigel as a substrate to investigate the influence of human mesangial 

cells on capillary-like network formation by human umbilical vein endothelial cells[276]. However, as a natural 

material derived from murine carcinoma, Matrigel is limited by its complex and poorly-defined composition 

as well as its lack of tunability. Furthermore, even within the kidney, basement membrane structures may 

vary in composition and properties based on the overlying cell populations[277], which highlights the 

importance of targeted hydrogel design. For example, O’Neill et al. demonstrated that regional specificity 

(i.e., cortical, medullary, papillary) of kidney dECM hydrogel substrates regulated mouse kidney papilla-

derived stem cell growth and metabolism[278]. Magno et al. further illustrated that the fibrillar architecture of 

kidney dECM hydrogels may be modulated through incorporation of macromolecular crowders, leading to 

changes in morphogenesis by human umbilical vein endothelial cells and by mouse kidney papilla-derived 

stem cells[279]. A more recent investigation by Su et al. demonstrated that conjugation of bioactive peptides 
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to poly(ethylene glycol)-crosslinked gelatin hydrogel substrates influenced gene expression of both human 

umbilical vein endothelial cells as well as GEnCs, although the responses of these endothelial cell types 

was distinctly different from each other[280]. Bruggeman et al. specifically designed hydrogel membranes by 

horseradish peroxidase-catalyzed crosslinking of tyramine-substituted gelatin for mimicking capillary walls 

and demonstrated coculture of mouse GEnCs and podocytes as a model of the glomerular filtration 

barrier[281]. 

Hydrogel substrates have also become more common for the construction of BioMEMS as 

researchers move from the traditional polydimethylsiloxane-based devices. Construction of these devices 

have included injection of type I collagen into polydimethylsiloxane chambers and subsequent collagen 

polymerization[149-151], molding of type I collagen and kidney cortical dECM hydrogels[154, 156, 282], and casting 

of a fibrinogen-gelatin thrombin- and transglutaminase-crosslinked hydrogels for modeling proximal tubules 

and tubular-vasculature interactions[162, 163]. Interestingly, additional studies verified that the fibrinogen-

gelatin thrombin- and transglutaminase-crosslinked hydrogel formulation promoted the desired adhesion of 

immature kidney organoids for construction of a millifluidic chip whereas glass, tissue culture polystyrene, 

fibrin hydrogels, and fibrin-type I collagen hydrogels were deemed unsuitable[225]. 

 As mentioned previously, hydrogels are the only class of materials permissible to cell 

encapsulation. These truly three-dimensional microenvironments can alter cell behavior and function, 

resulting in cell responses not observed in traditional 2D cultures. For example, there have been numerous 

investigations surrounding epithelial and endothelial cell morphogenesis within type I collagen hydrogels, 

such as the formation of cysts by Madin-Darby canine kidney cells[283] and capillary-like structures by human 

umbilical vein endothelial cells[284]. Because hydrogels recapitulate the nature of the native ECM, these 3D 

cultures represent superior models for investigations of developmental and cell biology and further advance 

the path towards engineering complex tissues and organs[235]. Beyond investigations utilizing readily-

available Madin-Darby canine kidney cells, Astashkina et al. established a kidney tubule-based model from 

primary mouse proximal tubule epithelial cells encapsulated within hyaluronic acid-poly(ethylene glycol) 

diacrylate hydrogels for toxicity assays of nephrotoxic agents[285] and dendrimer and gold nanoparticles[286]. 

Similarly, DesRochers et al. developed a kidney tissue model for nephrotoxicity evaluation using 
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immortalized human renal cortical epithelial cells encapsulated within combination hydrogels of Matrigel 

and type I collagen[287]. On the other side focusing on the glomerulus, Su et al. investigated the response 

of human GEnCs to encapsulation within hydrogels and interestingly observed superior gene expression 

by cells encapsulated in control type I collagen hydrogels in comparison to cells encapsulated in kidney 

dECM hydrogels[288]. Towards understanding disease progression, Waters et al. developed a tri-culture 

system including human glomerular endothelial cells, mesangial cells, and podocytes encapsulated within 

type I collagen hydrogels to model glomerulosclerosis[289]. These studies are compelling but are still limited 

in modeling truly functional kidney tissues. Future studies will certainly follow that continue to advance 

hydrogel design and development towards engineering complex kidney tissues. 

1.4. Conclusion 

 Research and development within the interdisciplinary field of biological and biomedical 

engineering offer potential solutions to develop superior renal replacement therapies, treatments to prevent 

or even reverse disease progression, and hopefully eliminate the donor kidney shortage and transplant 

waitlist. However, to reach such a significant goal will require the coalescence of well-defined and 

characterized cell populations, advanced biomaterials, and microenvironmental signaling cues to promote 

and maintain desired cell phenotypes. Future advanced biomaterials, including biomaterial hydrogel 

systems or platforms, will likely include bioorthogonal and stimuli-responsive strategies for comprehensive 

and dynamic tunability to enable precise spatial and temporal control of biophysical and biochemical 

signaling cues. Concurrent cell-based studies will reveal cell-material or cell-matrix and cell-cell 

interactions, thus informing future design needs and parameters for modulating cell response. Finally, in 

combination with advances in stem cell technologies and increasing adoption of advanced 

biomanufacturing techniques, there will be the progression towards dense, multicellular constructs 

fabricated with controlled structures and architectures. Future obstacles will then include proper maturation 

of engineered constructs, if necessary, and evaluation of engineered tissue or organ function. Although 

challenges still remain, research investigations and discoveries over the past several decades have created 
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a strong foundation and expansive toolkit for engineering of complex and functional tissues and organs, 

including the kidney.  
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CHAPTER II:  

Development and Characterization of Kidney Decellularized Extracellular Matrix Hydrogels 

and Evaluation as a Platform for Glomerular Endothelial Cell Culture and Encapsulation 
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 Chapter 2, in part, has been published elsewhere: [288] Su J, Satchell SC, Shah RN, and Wertheim 

JA. "Kidney decellularized extracellular matrix hydrogels: Rheological characterization and human 

glomerular endothelial cell response to encapsulation." Journal of Biomedical Materials Research Part A 

106A (2018): 2448-2462. 

2.1. Introduction 

 Approximately 15% of the adult population in the United States is affected by chronic kidney 

disease[290], and this percentage is expected to increase both in the United States and worldwide, especially 

in countries with aging populations and increasing prevalence of hypertension and diabetes mellitus[291]. 

Current approaches to modeling kidney development and disease progression include cell culture, animal 

models, and stem cell-derived organoids[72]. Traditional cell culture using two-dimensional (2D), monolayer 

systems are still widely utilized though they lack critical structural signaling cues found in the native three-

dimensional (3D) microenvironment[292, 293]. In comparison, animal models, specifically transgenic mouse 

models, enable superior correlation between genotype and phenotype with the added capacity to directly 

measure renal function[294-296]; however, animal models lack utility in efficient, high-throughput drug 

screening and have inherent limitations in recapitulating human disease[297]. More recently, advances in 

stem cell research have led to the development of organoids for a variety of organ systems[198-200], including 

the kidney[208, 211, 213]. However, organoid research is still evolving and additional investigation is required 

before organoids reach translational potential. Therefore, there is a compelling need for bioengineered 

kidney tissues as models of development, disease progression, or drug discovery to better understand and 

prevent the onset of chronic kidney disease and the progression to end-stage renal disease. 

 Traditional tissue engineering strategies rely on biocompatible materials processed into porous 

scaffolds for cell seeding and attachment[298-300]; however, many of the early materials utilized such as poly-

lactic-co-glycolic acid or poly-ε-caprolactone only provide mechanical support and structure for cell-seeded 

constructs[301]. Within the in vivo physiological environment, cells are surrounded by cell-secreted products 

collectively referred to as the extracellular matrix (ECM). The ECM is well-known for its role as a support 

structure and imparting mechanical integrity to tissues and organs; however, the ECM also presents 
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bioactive signals to cells that regulate development and maintenance[168, 302, 303]. By design, the ECM acts 

as a natural, inductive scaffold that in many ways is analogous to a composite and stimulus-responsive 

hydrogel[235, 236]. 

 Hydrogels are crosslinked networks of polymers that have demonstrated considerable potential as 

a 3D cell culture platform[226-228, 235, 236]. The polymeric network and highly hydrated environment of 

hydrogels mimic the microstructure and mechanical properties of ECM and enable diffusion of oxygen, 

nutrients, and waste through the network[235, 236]. Furthermore, many hydrogels can be formed under mild, 

cytocompatible conditions amenable to cell encapsulation[227, 228]. Hydrogels derived from isolated 

components of the ECM such as collagen or gelatin are utilized in drug delivery, cell transplantation, and 

tissue engineering applications[304, 305]. These single- or even multi-component hydrogels, however, lack the 

full biochemical complexity of the entire ECM milieu. As research regarding tissue- and organ-derived 

decellularized ECM (dECM) has gained popularity, investigators have developed methods to process a 

variety of dECM materials into hydrogels for cell culture applications and minimally-invasive injectable 

therapies[264]. While dECM hydrogels derived from some tissue and organ systems, such as the heart[306-

309], liver[310-312], and skeletal muscle[308, 313-315] have been the focus of several publications, other tissues 

and organs, for example the kidney, have received little investigation.  

 The objective of this study was to develop kidney dECM hydrogels as a cell culture platform for 

bioengineered kidney tissue models and compare cell response to traditional biomaterials such as collagen 

hydrogels. Here, we present a method to process kidney dECM into physically crosslinked hydrogels as a 

substrate for cell culture or a 3D matrix for cell encapsulation. Routine histology (hematoxylin and eosin 

staining) and DNA quantification demonstrated the efficacy of the kidney decellularization process while 

immunofluorescence staining revealed retention of key ECM proteins. Rheological characterization of the 

hydrogels illustrated the time to gelation and measured the plateau shear moduli.  

 To evaluate the utility of these kidney dECM hydrogels for studies employing kidney-specific cell 

populations, we investigated the cell response of conditionally-immortalized glomerular endothelial cells 

(GEnCs) cultured on top of and encapsulated within hydrogels. The conditionally-immortalized GEnCs are 

a cell line generated from endothelial cells specifically isolated from kidney glomeruli[316]. These endothelial 
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cells form the capillary loops through which blood flows and is filtered, forming the first layer of the 

glomerular filtration barrier responsible for the filtering function of the kidney[11]. Primary GEnCs are difficult 

to isolate and expand in culture due to the loss of important phenotypic features with increasing passage 

number[316]. However, the conditionally-immortalized cell line utilized in this study combines the advantage 

of continuous cell expansion and passaging when cultured at the permissive temperature while retaining 

the ability to acquire a mature phenotype when thermoswitched to the non-permissive temperature. 

 Culture of GEnCs on top of hydrogel substrates confirmed favorable cell viability and proliferation 

over a twelve-day culture period. Encapsulation of GEnCs within these hydrogel matrices, which has not 

been previously investigated by others, resulted in favorable cell viability and proliferation during a week in 

culture, but evaluation of gene expression demonstrated lower fold-change expression for cells 

encapsulated in kidney dECM hydrogels compared to type I collagen hydrogels. 

2.2. Materials & Methods 

2.2.1. Kidney Decellularization 

 Female Yorkshire pig (3-4 months in age) kidneys were obtained fresh from Northwestern 

Simulation (Northwestern University Feinberg School of Medicine) following approval by the Northwestern 

Institutional Animal Care and Use Committee (IACUC) and stored at -80 °C until decellularization. Prior to 

decellularization, kidneys were thawed for several hours in warm water and then minced into pieces 

approximately 0.5 cm × 0.5 cm × 0.25 cm in size with a clean razor blade. During this process, the majority 

of the renal pelvis and perirenal fat was removed. Kidney tissue pieces were then rinsed with deionized 

H2O under constant stirring for one day at room temperature with intermittent H2O changes. After rinsing, 

kidney pieces were treated with 0.1% (m/v) sodium dodecyl sulfate (Sigma-Aldrich, #L3771) under constant 

stirring for two days. Afterwards, decellularized kidney pieces were rinsed with deionized H2O under 

constant stirring for one day with intermittent H2O changes to ensure removal of residual detergent from 

the tissue. The resulting kidney dECM was frozen at -80 °C until further processing. 
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2.2.2. Evaluation and Characterization of Decellularized Kidney Tissues 

 Histological Analysis. Fresh native and decellularized kidney tissues were fixed in 10% neutral-

buffered formalin (Thermo Scientific, #5701) for at least 48 hours before paraffin embedding and sectioning. 

For histological analysis, sections were deparaffinized in xylene (Fisher Scientific, #X3P) and rehydrated 

prior to staining with Mayer’s hematoxylin solution (Sigma-Aldrich, #MHS) and eoson Y solution (Sigma-

Aldrich, #HT110132) (H&E). After staining, #1 glass coverslips (Fisher Scientific, #12-542B or #12-545D) 

were mounted with Richard-Allan Scientific Cytoseal XYL (Thermo Scientific, #8312-4). Slides were imaged 

on a Zeiss Axioskop upright microscope mounted with a Zeiss AxioCam MRc5 camera using AxioVision 

4.8.3 software.  

 DNA Quantification. Native and decellularized kidney tissue pieces were lyophilized for at least two 

days on a VirTis advantage Plus EL-85, and the dry weight of samples was recorded. Tissue samples were 

digested with Proteinase K (Sigma-Aldrich, #P2308) in digestion buffer composed of 0.05 M Tris base 

(Sigma-Aldrich, T#1503), 1 mM CaCl2 (Sigma-Aldrich, #C5670), pH 8 at 60 °C overnight. DNA was 

quantified with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, #P7589) following the manufacturer’s 

protocol and a dsDNA standard included in the kit to generate a standard curve. Fluorescence was 

measured on a BioTek Cytation 3 Cell-Imaging Multi-Mode Reader with an excitation wavelength of 480 

nm and emission wavelength of 520 nm. Biological replicates were run in triplicate (n = 3) with technical 

replicates in triplicate. DNA content was normalized to the dry weight of the sample, and data is presented 

as a percentage of native kidney tissue DNA content.  

 Immunofluorescence Staining. Paraffin-embedded sections were deparaffinized and rehydrated 

before antigen retrieval in a BioCare Medical Decloaking ChamberTM NxGen (model no. DC2012) at 95 °C 

for 40 min. with antigen retrieval buffer (Abcam, #ab94674). Sections were rinsed with 1× Phosphate-

Buffered Saline (PBS, Mediatech, #21-040), permeabilized with 0.05% TWEEN-20 (Sigma-Aldrich, 

#P9416) for 10 min., and then blocked with SEA BLOCK Blocking Buffer (Thermo Scientific, #37527) for 

30 min. before incubation with primary antibodies. Primary antibodies were diluted in blocking buffer as 

follows: rabbit anti-collagen I at 1:100 (Abcam, #ab34710), rabbit anti-collagen IV at 1:500 (Abcam, 

#ab6586), and rabbit anti-laminin at 1:200 (Abcam, #ab11575). Sections were incubated with primary 
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antibodies for 1 h at room temperature, rinsed, and then incubated with secondary antibodies for 1 h at 

37 °C (goat anti-rabbit Alexa Fluor 488, Invitrogen, #A-11034, diluted 1:300 in blocking buffer). After 

secondary antibody incubation, sections were rinsed and coverslips were mounted with Mowiol mounting 

medium composed of Mowiol 4-88 Reagent (Calbiochem, #475904), glycerol (EMD Millipore, #137028), 

and 0.2 M Tris buffer (pH 8.5, Fisher Scientific, #BP152) containing 4’,6-diamidino-2-phenylindole (DAPI, 

Invitrogen, #D1306) to stain for cell nuclei. Slides were imaged on a Nikon A1 Confocal Laser Microscope 

System. 

 Sulfated Glycosaminoglycan Quantification. Sulfated glycosaminoglycan (sGAG) content was 

quantified using the 1,9-dimethyl-methylene blue (DMMB) dye assay. Tissue samples were digested with 

Proteinase K as described previously in section 2.2.2. – DNA Quantification. DMMB dye solution was 

prepared by dissolving 8.0 mg DMMB dye (Sigma-Aldrich, #341088), 1.52 g glycine (Sigma-Aldrich, #G-

8898), and 1.19 g NaCl (Fisher Scientific, #S642) in 500 mL ultrapure water and adjusting the pH to 3.0. 

Samples were diluted as necessary in 1× Tris-EDTA buffer (Invitrogen, #T1493), and 20 µL of sample was 

mixed with 200 µL of DMMB dye solution in clear, 96-well plates. Absorbance was measured on a BioTek 

Cytation 3 Cell-Imaging Multi-Mode Reader at 530 nm (A530). Biological replicates were run in triplicate (n 

= 3) with technical replicates in duplicates, compared to a standard curve of chondroitin sulfate (Biocolor, 

#B1010), and normalized to dry weight of samples.  

2.2.3. Preparation and Characterization of Hydrogels from Kidney Decellularized Extracellular 

Matrix 

 Preparation of Kidney dECM Hydrogels. Kidney dECM hydrogels were prepared similarly to 

previously described protocols for other decellularized tissues[317]. Briefly, frozen kidney dECM was 

lyophilized for two days, snap frozen, and milled with a Thomas Wiley Mini-Mill Cutting Mill. Milled dECM 

was enzymatically digested at 10 mg/mL kidney dECM, 1 mg/mL pepsin (Sigma-Aldrich, #P7000), and 0.01 

M HCl (Sigma-Aldrich, #H9892) for 48 h. The resulting pepsin digest was aliquoted and frozen at -80 °C. 

Aliquots were thawed overnight at 4 °C as needed for experiments. Hydrogel precursor polymer solutions 

were prepared by neutralizing the pepsin digest with one-hundredth the volume of 1.0 M NaOH (Sigma-



 

 

58 

Aldrich, #S2770), adding one-tenth of the total volume desired of 10× phosphate-buffered saline (PBS, 

Mediatech, #46-013-CM) to achieve a final concentration of 1×, and diluting the mixture with sterile MilliQ 

H2O. The final hydrogel was formed after incubating the precursor polymer solution at 37 °C for at least one 

hour. Collagen hydrogels were prepared similarly from purified porcine type I atelo-collagen (Advanced 

BioMatrix, #5169-100ML) as controls for experimental studies. 

 Rheological Characterization. Rheological characterization of hydrogels was performed following 

a protocol suggested for hydrogels for tissue engineering applications[318].  Testing was performed using an 

Anton Paar MCR 302 rheometer with a 25-mm parallel-plate fixture under strain-controlled conditions. All 

samples were prepared fresh, and the lower Peltier cell was set to 4 °C for sample loading. After the 

hydrogel precursor polymer solution was loaded onto the instrument, the measuring system was lowered, 

and mineral oil (Amresco, #J217) was applied to the edges of the sample and fixture, and the system was 

enclosed within a solvent trap to prevent sample dehydration. For frequency and strain sweeps, samples 

were incubated on the instrument stage at 37 °C for 30-45 min to allow hydrogel formation before testing. 

Final time sweeps were performed for 120 min at 37 °C, 0.1% strain, and 10 rad/s. All sweeps were run in 

triplicate (n = 3). 

 Scanning Electron Microscopy (SEM). Hydrogels were fixed in 2% (v/v) glutaraldehyde (Sigma-

Aldrich, #G5882) and 3% (m/v) sucrose (Sigma-Aldrich, #S7903) in MilliQ H2O for 1 h. Samples were 

dehydrated in a graded ethanol series (30-100% in MilliQ H2O, Decon Laboratories, #2701) of 15 min 

intervals, critical-point dried in a Tousimis SAMDRI-790 Critical Point Dryer, sputter coated with ~5 nm of 

Au using a Baltec MED-020 Coating System, and imaged on a JEOL NeoScope JCM-6000PLUS. 

2.2.4. Cell Culture and Cell Experimental Studies 

 Cell Culture. Human conditionally-immortalized GEnCs were cultured as described previously[316]. 

These are primary cells that have been transfected with a temperature-sensitive SV40-T antigen and the 

essential catalytic subunit of human telomerase (hTERT) to avoid replicative senescence[319]. When 

cultured at the permissive temperature of 33 °C at which expression of these transgenes is active, the cells 

maintain an immature state and are able to proliferate. When thermoswitched to the non-permissive 
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temperature of 37 °C, the cells become quiescent and adopt a more mature phenotype that is comparable 

to freshly isolated GEnCs. Conditionally-immortalized GEnCs were cultured in Microvascular Endothelial 

Growth Medium 2 (EGM-2 MV BulletKit, Lonza, #CC-3202) containing 5% fetal bovine serum (FBS) and 

growth factors as supplied with the exception of vascular endothelial growth factor (VEGF). Growth factor 

supplements: epidermal growth factor, R3-insulin-like growth factor-1, fibroblast growth factor b, ascorbic 

acid, hydrocortisone, and gentamicin and amphotericin-B. Media was exchanged every other day for 

GEnCs, and cells were used at passage 30 or below. GEnCs were cultured for at least five days after 

thermoswitching to the non-permissive temperature to ensure complete inactivation of the transgenes.  

 Culture on Hydrogel Substrates. Hydrogel precursor polymer solutions were mixed, cast into well-

plates, and incubated at 37 °C for 1 h. Cells were then prepared for cell seeding: the cells were rinsed once 

with 1× Dulbecco’s Phosphate-Buffered Saline (DPBS, Mediatech, #21-030), incubated with TrypLE 

Express (Gibco, #12605-028) for 5 min at 33 °C, collected and counted via the trypan blue exclusion method 

using Trypan Blue solution (Sigma-Aldrich, #T8154), centrifuged at 1100 RPM for 5 min, and resuspended 

at a concentration of 50,000 cells/mL. Cells were then seeded on top of hydrogel substrates and cultured 

for one week at 33 °C plus an additional five days at 37 °C.  

 Cell Encapsulation Within Hydrogels. Well-plates were coated with poly(2-

hydroxyethylmethacrylate) (poly(2-HEMA); Sigma-Aldrich, #P3932) at least one day prior following 

established protocols to prevent cell attachment to the well-plate surface[320, 321]. Briefly, poly(2-HEMA) was 

added to 95% (v/v) ethanol at a concentration of 30 mg/mL at 40-60 °C under constant stirring until 

dissolved and then sterile filtered through a polyethersulfone mesh with a pore size of 0.22 μm (EMD 

Millipore, #SCGP00525). Sufficient volume of the poly(2-HEMA) solution was added to cover the well 

surface, and the solution was allowed to evaporate overnight in a biosafety cabinet. To encapsulate cells, 

cells were dissociated as described previously and counted. The appropriate volume of cell suspension 

was aliquoted to obtain the necessary number of cells for encapsulation at the desired cell density or 

concentration. The cell suspension was then centrifuged, and pellets were resuspended in a minimal 

volume of media. Hydrogel precursor polymer solutions were then prepared and mixed, and concentrated 

cell suspensions were added and mixed in with the precursor polymer solutions to achieve the desired final 
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concentration. Solutions with encapsulated cells were then cast into well-plates and incubated at 37 °C for 

at least 1 h before media was added on top of hydrogels and plates were transferred to 33 °C. GEnCs 

encapsulated at an initial concentration of 1 million cells/mL were cultured in complete EGM-2 MV media 

with the exception of the VEGF supplement whereas cells encapsulated at 5 million cells/mL were cultured 

in Endothelial Basal Medium 2 (EBM-2, Lonza, #CC-3156) supplemented with 5% FBS, gentamicin, and 

amphotericin-B. 

2.2.5. Cell Viability and Proliferation 

 Cell Viability Imaging. Cell viability was assessed with the LIVE/DEAD Assay Viability/Cytotoxicity 

Kit for Mammalian Cells (Molecular Probes, #L3224) following the manufacturer’s protocol. Briefly, samples 

were rinsed once with 1× DPBS and incubated with 4.0 µM ethidium homodimer and 2.0 µM calcein in 1× 

DPBS for 30 min at 33 or 37 °C. Samples were rinsed once more with 1× DPBS and immediately imaged 

on a Nikon A1R+ Confocal Laser Microscope System.  

 Quantification of Cell Viability. Live/dead images were separated by channel and images were 

analyzed in MATLAB R2017a (Mathworks) to quantify cell viability. Image pairs were loaded into the 

software and converted to grayscale, and objects in the images were counted using a fast two-dimensional 

peak finder function available on the Mathworks File Exchange website (fastpeakfind.m) that locates local 

maxima in arrays after applying a threshold. Quantification of cell viability was calculated as follows: 

%	viable cells = live cell count
(live cell count) + (dead cell count) ∗ 100% 

Four independent samples (n = 4) were stained for each experimental group and time point, and three 

fields-of-view were imaged per sample for a total of twelve images per experimental group per time point. 

 Cell Proliferation. Samples were digested with Proteinase K digestion buffer as described 

previously in section 2.2.2. – DNA Quantification. DNA was quantified with the Quant-iT PicoGreen dsDNA 

Assay Kit (Invitrogen, #P7589) following the manufacturer’s protocol and a dsDNA standard included in the 

kit to generate a standard curve. Samples for cell proliferation studies were run in quadruplicate (n = 4). 

Double-stranded DNA content was quantified from cell pellets of 50,000 cells as counted using the trypan 
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blue exclusion method to determine the amount of dsDNA per cell (n = 3) to calculate the total cell number 

from dsDNA content. Proliferation is presented as the total cell number and cell number normalized to the 

number of cells initially seeded or encapsulated. 

2.2.6. Histological, Transmission Electron Microscopy (TEM), and Gene Expression Analysis and 

Immunofluorescence Staining 

 Histology. Samples were fixed, sectioned, stained, and mounted as described previously in section 

2.2.2. – Histological Analysis. Slides were imaged on a Zeiss Axioskop upright microscope mounted with a 

CRi Nuance camera using CRi Nuance 3.0.0 software. 

 Transmission Electron Microscopy (TEM). Samples were fixed in 2.5% (v/v) glutaraldehyde 

(Sigma-Aldrich, #G7776) and 1.6% (v/v) paraformaldehyde (Alfa Aesar, #43368) in 0.1 M cacodylate buffer 

(Ted Pella, #18851), pH 7.4 for several days at 4 °C. Samples were subsequently post-fixed with 1% 

osmium tetroxide for 1 h then 1% uranyl acetate in maleate buffer for 1 h, dehydrated in a graded ethanol 

and propylene oxide series, and embedded in Epon (polymerized at 60 °C for 48 hours). Ultrathin sections 

were visualized with a FEI Tecnai Spirit G2 TEM. 

 Gene Expression Analysis. RNA was isolated from samples and cell pellets using TRIzol Reagent 

(Invitrogen, #15596018) following the manufacturer’s protocol, and isolated RNA wwas treated with DNA-

free DNA Removal Kit (Ambion, #AM1906) to remove contaminating genomic DNA from samples. RNA 

concentration was measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific). Reverse 

transcription and cDNA synthesis was performed using iScript Reverse Transcription Supermix for RT-

qPCR (Bio-Rad, #170-8841) with an Applied Biosystems GeneAMP PCR System 9700 following the 

manufacturer’s protocol. Quantitative real-time polymerase chain reaction was performed using 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, #170-5270) with 300 nM each of forward and 

reverse primers and 0.10 ng/µL cDNA on an Applied Biosystems QuantStudio 7 Flex Real-Time PCR 

System. Primer sequences for genes of interest are listed in Table 2-1. The thermal profile used included 

an initial polymerase activation step at 95 °C for 30 sec, followed by 40 amplification cycles of denaturation 

at 95 °C for 15 sec and annealing and extension at 60 °C for 60 sec.  Expression of each gene of interest 
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was normalized to expression of the housekeeping gene cyclophilin A (PPIA), and the relative degree of 

gene amplification was calculated using the ΔΔCT method: 2[(CT gene 2 – CT PPIA 2) - (CT gene 1 – CT PPIA 1)]. “CT gene 

1” represents the threshold cycle (CT) of the target gene of the reference population, cells cultured on tissue 

culture polystyrene, and “CT gene 2” the target gene of the sample of interest. Biological replicates were 

run in quadruplicate (n = 4) with technical replicates in triplicate. 

 

Table 2-1: Primer sequences for gene expression analysis via quantitative real-time polymerase 
chain reaction (qPCR). 

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

PPIA CCC ACC GTG TTC TTC GAC ATT GGA CCC GTA TGC TTT AGG ATG A 
PECAM1 TAT GAT GCC CAG TTT GAG GT GAA TAC CGC AGG ATC ATT TG 
CDH5 TTG GAA CCA GAT GCA CAT TGA T TCT TGC GAC TCA CGC TTG AC 
ICAM2 CGG ATG AGA AGG TAT TCG AGG T CAC CCA CTT CAG GCT GGT TAC 
MMP14 CAT CTG TGA CGG GAA CTT TGA GGC AGT GTT GAT GGA CGC A 
KDR GTG ATC GGA AAT GAC ACT GGA G CAT GTT GGT CAC TAA CAG AAG CA 
TEK TCC GCT GGA AGT TAC TCA AGA GAA CTC GCC CTT CAC AGA AAT AA 
TIE1 AAG CAG ACA GAC GTG ATC TGG GCA CGA TGA GCC GAA AGA AG 
PTPRB GGG CTC ACC CTG TAA CTT TAG C TCT ATC CGA AAG GTA GGG CAC 
VWF TGC CTC CAA AGG GCT GTA TC CAC CAC TGT TCT CCA CTG CTC 
PLVAP CTC TTC ATG GTC TAT GGC AAC G GCG AGC ATT CAG CCA CAT C 
EHD3 TGC TCT TCG ATG CCC ACA AA CTT GTC CTC GTG GTT CTT GAG 
EHD4 CCT TCA TCG CCG TGA TGT ATG AGC GAC TGA GCT TTC TAA ACG 
ITGA3 GGA GCG AGA TCC CTC CAA AAT GGC TGT TGT CAT ACT TCT CAT GG 
ITGB1 CCC ACC GTG TTC TTC GAC ATT GGA CCC GTA TGC TTT AGG ATG A 

 

 Immunofluorescence Staining. Fixed and paraffin-embedded sections were processed as 

described previously in section 2.2.2 – Immunofluorescence Staining. Primary antibodies were diluted in 

blocking buffer as follows: mouse anti-PECAM-1 at 1:100 (Abcam, #ab187377) and rabbit anti-collagen I 

at 1:100 (Abcam, #ab24710). Secondary antibodies were diluted in blocking buffer as follows: goat anti-

mouse Alexa Fluor 488 at 1:500 (Invitrogen, #A-11029) and goat anti-rabbit Alexa Fluor 555 at 1:500 

(Invitrogen, #A-21429). Slides were mounted with Mowiol mounting medium containing DAPI to stain for 

cell nuclei and imaged on a Nikon A1 Confocal Laser Microscope System.  
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2.2.7. Statistical Analysis 

 All quantitative data is represented as the mean ± standard error of the mean. Statistical 

significance was determined using an unpaired, two-tailed Student’s t-test assuming equal variance with 

Microsoft Excel (Microsoft). Significance for all statistical analyses was defined as p < 0.05.  

2.3. Results 

 

 

Figure 2-1: Process to form kidney decellularized extracellular matrix hydrogels. 
The native porcine kidney is minced into pieces approximately 0.5 cm × 0.5 cm × 0.25 cm in size and 
treated with 0.1% (w/v) sodium dodecyl sulfate to remove all of the cellular material. The resulting 
decellularized extracellular matrix is lyophilized and milled into a fine powder before being subjected to a 
pepsin digestion at acidic pH (0.01 M HCl) to disrupt collagen fibril aggregates and solubilize the material. 
To form a hydrogel, the pepsin digest is kept on ice, neutralized with 1.0 M NaOH, buffered to pH 7.4, and 
incubated at 37 °C for about one hour. 
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2.3.1. Kidney Decellularization 

 Minced kidney tissue began to lose color during the initial rinse step with deionized H2O as blood 

was removed. After several hours in detergent, the edges of tissue pieces became white, and after two 

days, all kidney tissue acquired a blanched appearance (Figure 2-1). After decellularization, hematoxylin 

and eosin staining revealed removal of cell nuclei as evidenced by the lack of dark hematoxylin nucleic 

counterstain present, and glomerular and tubular ECM structures remained identifiable (Figure 2-2 A). 

Quantification of the amount of double-stranded DNA present within native and decellularized tissues 

demonstrated that ≥98% of the DNA content (by dry weight) was removed during the decellularization 

process (Figure 2-2 B). Immunofluorescence staining for key ECM proteins including type I collagen, type 

IV collagen, and laminin revealed the presence of these proteins in decellularized tissues, particularly in 

glomerular structures for type IV collagen and laminin (Figure 2-2C). In addition, results from the DMMB 

dye assay indicated retention of approximately half of the sGAG content in decellularized tissues in 

comparison to native tissues when normalized to the lyophilized masses of the samples (Figure 2-2 D). 

2.3.2. Macroscopic and Ultrastructural Characterization of Hydrogels 

 Kidney dECM hydrogels formed at concentrations of 2.5 mg/mL and 5.0 mg/mL retained the 

cylindrical shape of the mold in which they were cast and were robust enough to be handled with a spatula. 

Kidney dECM hydrogels at 1.0 mg/mL and collagen hydrogels 2.5 mg/mL concentrations retained the 

circular shape but did not meet the height of the original mold. The reduced volume of these hydrogels was 

likely due to the greater exclusion of water during hydrogel formation which necessitated careful handling 

of these fragile hydrogels (Figure 2-3 A-D, insets). Ultrastructural imaging via scanning electron 

microscopy revealed fibrous morphologies of all hydrogels with randomly-oriented fibrils and interconnected 

pores (Figure 2-3 A-D). 
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Figure 2-2: Evaluation and characterization of decellularized kidney tissues. 
(A) Routine hematoxylin and eosin staining of native and decellularized kidney sections demonstrating 
removal of cellular nuclei (dark spots) and preservation of the ECM architecture, including glomeruli (*) and 
tubule structures. (B) Quantification of double-stranded DNA content in native and decellularized kidney 
tissue. DNA content was normalized to the dry weight of each sample, and data is presented as a 
percentage of native kidney tissue DNA content (n = 3). (C) Immunofluorescence staining of native and 
decellularized kidney sections demonstrating retention of type I collagen I, type IV collagen, and laminin in 
decellularized tissues; glomerular structures indicated by (*). (D) Quantification of sulfated 
glycosaminoglycan content in native and decellularized kidney tissue. sGAG content was normalized to the 
dry mass of each sample with samples run in triplicate (n = 3). 
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Figure 2-3: Scanning electron micrographs, macroscopic images, and rheological time sweeps of 
hydrogels.  
SEM and macroscopic images (insets) of (A) collagen hydrogel at 2.5 mg/mL, (B) kidney dECM hydrogel 
at 1.0 mg/mL, (C) kidney dECM hydrogel at 2.5 mg/mL, and (D) kidney dECM hydrogel at 5.0 mg/mL. 
Rheological characterization of hydrogel formation over time with measured shear moduli plotted on a 
logarithmic scale of (E) collagen hydrogels at 2.5 mg/mL, (F) kidney dECM hydrogels at 1.0 mg/mL, (G) 
kidney dECM hydrogels at 2.5 mg/mL, and (H) kidney dECM hydrogels at 5.0 mg/mL. 



 

 

67 

2.3.3. Rheological Characterization of Hydrogels 

 Rheological testing was performed to measure the change in shear moduli (G’, G’’) over time and 

rate of gelation, and values are reported in Table 2-2. The gelation point is reported as the time at which 

the shear moduli are equal in value[318]. The time to plateau is reported as the time at which the storage 

modulus (G’) is approximately an order of magnitude larger than the loss modulus (G’’) and both moduli 

have reached the plateau phase indicating that a stable hydrogel has formed. The shear moduli of all 

hydrogels (Figure 2-3 E-H) were characterized by sigmoidal curves with rapid onset of gelation upon 

ramping the temperature up to 37 °C. Collagen hydrogels (2.5 mg/mL, Figure 2-3 E) presented the longest 

time to plateau at 25 min. with an equilibrium G’ value of 15 Pa. The G’ continued to increase to 60 Pa after 

120 min. Kidney dECM hydrogels at 1.0 mg/mL (Figure 2-3 F) formed stable hydrogels much more rapidly 

with the time to plateau being 3.5 min. and an equilibrium G’ value of 2.0-7.5 Pa. Kidney dECM hydrogels 

at 2.5 mg/mL and 5.0 mg/mL (Figure 2-3 G, H) formed stable hydrogels after just 3 min. with equilibrium 

G’ values of 22-26 Pa and 110-130 Pa, respectively. To confirm formation of a hydrogel, samples were 

subject to frequency (Figure 2-4 A-D) and strain (Figure 2-4 E-H) sweeps. The G’ of all samples was 

independent at frequencies of 25 rad/s and below, and the angular frequency value used for time sweeps 

was verified to be in the low-frequency plateau region for all samples. Strain sweeps demonstrated the 

presence of a linear viscoelastic region for all samples, confirming the formation of hydrogels, and the strain 

value used for time sweeps was within the linear viscoelastic region for all samples. Additionally, all samples 

exhibited decreasing G’ values after approximately 70% strain with catastrophic failure occurring within the 

range of 300-500% strain. 

 



 

Figure 2-4: Rheological frequency and strain sweeps of hydrogels.  
Shear moduli versus angular frequency plotted on logarithmic axes for (A) collagen hydrogels at 2.5 mg/mL, (B) kidney dECM hydrogels at 
1.0 mg/mL, (C) kidney dECM hydrogels at 2.5 mg/mL, and (D) kidney dECM hydrogels at 5.0 mg/mL. Dashed lines represent the angular 
frequency at which time sweeps were performed: 10 rad/s. Shear moduli versus strain plotted on logarithmic axes for (E) collagen hydrogels 
at 2.5 mg/mL, (F) kidney dECM hydrogels at 1.0 mg/mL, (G) kidney dECM hydrogels at 2.5 mg/mL, and (H) kidney dECM hydrogels at 5.0 
mg/mL. Dashed lines represent the strain percent at which time sweeps were performed: 0.1% strain. 
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Table 2-2: Rheological characterization of hydrogels. 

 Type I Collagen 
Hydrogels Kidney dECM Hydrogels 

Concentration (mg/mL) 2.5 1.0 2.5 5.0 

Gelation Point (min) 5.0 1.0 2.0 1.5 

Time to Plateau Phase (min) 25.0 3.5 3.0 3.0 

Equilibrium Storage Modulus, 
G’ (Pa) 15.0-60.0 2.0-7.5 22.0-26.0 110.0-130.0 

Average Strain Range of 
Strain Stiffening Behavior 25.0-70.0% 12.5-25.0% 5.0-15.0% 5.0-10.0% 

 

2.3.4. Cell Viability and Proliferation on Hydrogel Substrates 

 Live/dead staining and image analysis revealed high viability (85-98%) of human conditionally-

immortalized GEnCs cultured on type I collagen hydrogels (2.5 mg/mL) and kidney dECM hydrogels (2.5 

mg/mL) substrates at days 1 and 12 (Figure 2-5 A, B). Quantification of DNA content of samples over time 

indicated proliferation of GEnCs cultured on both collagen and kidney dECM hydrogels with cells increasing 

over six-fold in number during the seven-day culture period at the permissive temperature. Cell proliferation 

after thermoswitching and culture at the non-permissive temperature between days 7 and 12 decreased, 

as expected (Figure 2-5 C).  
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Figure 2-5: Viability and proliferation of GEnCs cultured hydrogel substrates or encapsulated within 
hydrogels.  
(A) Live/dead staining and confocal imaging of GEnCs cultured on collagen I hydrogels or kidney dECM 
hydrogels at days 1 and 12. (B) Quantification of viability of cells cultured on top of hydrogel substrates 
presented as the percentage live cells from image analysis. (C) Quantification of cultured GEnC proliferation 
over twelve days using a Quant-iT PicoGreen dsDNA Assay Kit. Normalized values (right axis) were 
normalized to the number of cells seeded per sample on day 0. Samples initially seeded with 12,500 cells 
per sample (50,000 cells/mL). Number of independent measurements, n = 4. (D) Live/dead staining and 
confocal imaging of GEnCs encapsulated within collagen hydrogels or kidney dECM hydrogels at days 1 
and 12. (E) Quantification of viability of cells encapsulated within hydrogels presented as the percentage 
live cells from image analysis. (F) Quantification of encapsulated GEnC proliferation over twelve days using 
a Quant-iT PicoGreen dsDNA Assay Kit. Normalized values (right axis) were normalized to the number of 
cells encapsulated per sample on day 0. Samples initially seeded with 150,000 cells per sample (1 million 
cells/mL). Number of independent measurements: n = 4. *** p < 0.005. 
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2.3.5. Cellular Encapsulation Within Hydrogels 

 Live/dead staining and image analysis revealed high cell viability of GEnCs encapsulated within 

both collagen hydrogels (2.5 mg/mL) and kidney dECM hydrogels (2.5 mg/mL) at days 1 (92-94%) and 12 

(86-88%) (Figure 2-5 D, E). Hydrogels encapsulating cells began to contract after three days in culture and 

resembled compacted disks after twelve days. Encapsulated GEnCs proliferated during the first seven days 

when cultured at the permissive temperature, approximately tripling in number for both experimental 

groups. The cell number was significantly greater (p < 0.005) for cells encapsulated in kidney dECM 

hydrogels than cells encapsulated in collagen hydrogels on day 1 with 100,000 more cells present in kidney 

dECM hydrogels; however, there was no significant difference in cell number between the groups at time 

points beyond day 1 (Figure 2-5 F). Histological analysis of encapsulated GEnCs at an initial concentration 

of 1 million cells/mL cultured for 7 (Figure 2-6) and 12 days (Figure 2-7) showed cell distribution throughout 

hydrogels and settling of cells during hydrogel formation towards the bottom edge of samples. Samples 

from both groups demonstrated some cell spreading between days 7 and 12 but little presence of cell-cell 

contacts and no tube formation, which was also confirmed by TEM (Figure 2-7 C, F). 



 

 

Figure 2-6: Histological analysis of GEnCs encapsulated within hydrogels (1 million cells/mL) after 7 days in culture. 
(A, B) H&E-stained sections of GEnCs encapsulated within collagen hydrogels. (C, D) H&E-stained sections of GEnCs encapsulated within 
kidney dECM hydrogels. 
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Figure 2-7: Histological analysis and TEM of GEnCs encapsulated within hydrogels (1 million cells/mL) after 12 days in culture. 
(A, B) H&E-stained sections and (C) TEM micrograph of GEnCs encapsulated within collagen hydrogels. (D, E) H&E-stained sections and 
(F) TEM micrograph of GEnCs encapsulated within kidney dECM hydrogels. 
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Figure 2-8: Histological analysis of GEnCs encapsulated within hydrogels (5 million cells/mL). 
(A-C) H&E-stained sections of GEnCs encapsulated within type I collagen hydrogels after 7, 12, and 21 days in culture, respectively. (D-F) 
H&E-stained sections of GEnCs encapsulated within kidney dECM hydrogels after 7, 12, and 21 days in culture, respectively. 
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GEnCs were also encapsulated at a higher initial concentration of 5 million cells/mL, and hydrogels 

began to contract after just one day in culture due to the greater density of cells. Histological analysis of 

collagen hydrogel samples from days 7, 12, and 21 revealed homogeneous cell distribution throughout the 

hydrogels; however, cells retained a rounded morphology at all time points (Figure 2-8 A-C). Kidney dECM 

hydrogel samples revealed similarly homogeneous cell distribution throughout the hydrogels on day 7, but 

fewer cell nuclei were visible on days 12 and 21 (Figure 2-8 D-F). Cells also retained a rounded morphology 

at all time points when encapsulated within kidney dECM hydrogels. 

2.3.6. Gene Expression and Immunofluorescence 

 Gene expression analysis revealed greater expression of relevant genes of interest by GEnCs 

cultured on collagen hydrogel substrates compared to expression by cells cultured on kidney dECM 

hydrogel substrates at almost all time points (Figure 2-9). Specifically, whereas cells cultured on collagen 

hydrogel substrates exhibited upregulation of gene expression when normalized to the reference 

population, cells cultured on kidney dECM hydrogel substrates exhibited reduced upregulation or 

downregulation of gene expression. Genes analyzed are involved in cell-cell interactions (Figure 2-9 A-C: 

PECAM1, CDH5, ICAM2), signaling pathways (Figure 2-9 D, E: KDR, TEK), and endothelial function 

(Figure 2-9 F, G: VWF, PLVAP). 
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Figure 2-9: Gene expression analysis of GEnCs cultured on hydrogel substrates. 
Gene expression analysis of samples after 1, 7, and 12 days in culture. (A) PECAM1 encoding for platelet 
endothelial cell adhesion molecule 1 or CD31. (B) CDH5 encoding for cadherin 5 or vascular endothelial 
cadherin. (C) ICAM2 encoding for intercellular adhesion molecule 2 or CD102. (D) KDR encoding for kinase 
insert domain receptor or vascular endothelial growth factor receptor 2. (E) TEK encoding for tyrosine 
kinase with immunoglobulin-like and EGF-like domains 2 or TIE2. (F) VWF encoding for von Willebrand 
factor. (G) PLVAP encoding for plasmalemma vesicle-associated protein. Values expressed as fold-change 
expression normalized to gene expression of cells cultured on tissue culture polystyrene at day 0 (n = 4). 
Statistical significance denoted by: * p < 0.05, ** p < 0.01, and *** p < 0.001. 
 

 Gene expression analysis of GEnCs encapsulated at an initial concentration of 1 million cells/mL 

(Figure 2-10) revealed higher fold-change expression of cells encapsulated in collagen hydrogels 

compared to cells encapsulated in kidney dECM hydrogels on days 1 and 7 for all of the genes analyzed 

except ITGB1. Genes analyzed included those described previously (Figure 2-9) as well as additional 

genes involved in cell-matrix remodeling (Figure 2-10 D: MMP14), signaling pathways (Figure 2-10 G, H: 

TIE1, PTPRB), endothelial function (Figure 2-10 K, L: EHD3, EHD4), and cell-matrix binding interactions 

(Figure 2-10 M, N: ITGA3, ITGB1). Gene expression for both experimental groups was typically highest on 

day 12, with a few exceptions: PLVAP, TIE1, ITGA3 and ITGB1 for collagen hydrogels and ITGB1 for kidney 

dECM hydrogels.  
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Figure 2-10: Gene expression analysis of GEnCs encapsulated within hydrogels (1 million cells/mL). 
Gene expression analysis of samples after 1, 7, and 12 days in culture. (A) PECAM1 encoding for platelet 
endothelial cell adhesion molecule or CD31. (B) CDH5 encoding for cadherin 5 or vascular endothelial 
cadherin. (C) ICAM2 encoding for intercellular adhesion molecule 2 or CD102. (D) MMP14 encoding for 
matrix metalloproteinase 14 or MT1-MMP. (E) KDR encoding for kinase insert domain receptor or vascular 
endothelial growth factor receptor 2. (F) TEK encoding for tyrosine kinase with immunoglobulin-like and 
EGF-like domains 2 or TIE2. (G) TIE1 encoding for tyrosine kinase with immunoglobulin-like and EGF-like 
domains 1 or TIE1. (H) PTPRB encoding for receptor-type tyrosine-protein phosphatase beta or VE-PTP. 
(I) VWF encoding for von Willebrand Factor. (J) PLVAP encoding for plasmalemma vesicle-associated 
protein. (K) EHD3 encoding for Eps15 homology domain-containing protein 3. (L) EHD4 encoding for EH 
domain-containing protein 4. (M) ITGA3 encoding for integrin subunit alpha 3. (N) ITGB1 encoding for 
integrin subunit beta 1. Values expressed as fold-change expression normalized to gene expression of cells 
cultured on tissue culture polystyrene at day 0 (n = 4). Statistical significance denoted by: * p < 0.05, ** p < 
0.01, and *** p < 0.001. 
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Similar trends in gene expression were observed for GEnCs encapsulated at a higher initial 

concentration of 5 million cells/mL (Figures 2-11 and 2-12). Interestingly, this increased cell density 

seemed to extend the disparity in gene expression such that cells encapsulated within collagen hydrogels 

continued to exhibit higher fold-change expression than cells encapsulated within kidney dECM hydrogels 

at day 12 (Figures 2-11 and 2-12). However, for a subset of genes additionally analyzed at day 21 (Figure 

2-11), expression between experimental groups were similar as expression by GEnCs encapsulated within 

collagen hydrogels decreased.  

 

 

Figure 2-11: Gene expression analysis of GEnCs encapsulated within hydrogels (5 million cells/mL). 
Gene expression analysis of samples after 1, 7, 12, and 21 days in culture. (A) PECAM1 encoding for 
platelet endothelial cell adhesion molecule 1 or CD31. (B) CDH5 encoding for cadherin 5 or vascular 
endothelial cadherin. (C) ICAM2 encoding for intercellular adhesion molecule 2 or CD102. (D) KDR 
encoding for kinase insert domain receptor or vascular endothelial growth factor receptor 2. (E) TEK 
encoding for tyrosine kinase with immunoglobulin-like and EGF-like domains 2 or TIE2. (F) VWF encoding 
for von Willebrand factor. (G) PLVAP encoding for plasmalemma vesicle-associated protein. Values 
expressed as fold-change expression normalized to gene expression of cells cultured on tissue culture 
polystyrene at day 0 (n = 4). Statistical significance denoted by: * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2-12: Additional gene expression analysis of GEnCs encapsulated within hydrogels (5 million 
cells/mL.  
Gene expression analysis of samples after 1, 7, and 12 days in culture. (A) TIE1 encoding for tyrosine 
kinase with immunoglobulin-like and EGF-like domains 1 or TIE1. (B) PTPRB encoding for receptor-type 
tyrosine-protein phosphatase beta or VE-PTP. (C) EHD3 encoding for Eps15 homology domain-containing 
protein 3. (D) EHD4 encoding for EH domain-containing protein 4. (E) MMP14 encoding for matrix 
metalloproteinase 14 or MT1-MMP. (F) ITGA3 encoding for integrin subunit α 3. (G) ITGB1 encoding for 
integrin subunit β 1. Values expressed as fold-change expression normalized to gene expression of cells 
cultured on tissue culture polystyrene at day 0 (n = 4). Statistical significance denoted by: * p < 0.05, ** p < 
0.01, and *** p < 0.001. 
 
 

Finally, immunofluorescence staining confirmed expression of platelet endothelial cell adhesion molecule 

(PECAM-1 or CD31 encoded by PECAM1) by GEnCs encapsulated within either collagen hydrogels or 

kidney dECM hydrogels on days 7 and 12 (Figure 2-13). 



 

 

Figure 2-13: Immunofluorescence staining for PECAM-1 in GEnCs encapsulated within hydrogels. 
Platelet endothelial cell adhesion molecule 1 (PECAM-1) expression by GEnCs encapsulated within type I collagen or kidney dECM 
hydrogels at an initial concentration of 1 million cells/mL after 7 or 12 days in culture. Merged images: DAPI (blue), PECAM-1 (green), and 
type I collagen (red). 
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2.4. Discussion 

 Decellularized ECM is a versatile material that has been utilized in a number of applications over 

the years ranging from biological wound dressings[322] to coatings for cell culture[323, 324]. Although the native 

architecture of the dECM is lost during processing to form hydrogels, the complex tissue- and organ-specific 

biochemical signals of the native source are thought to be retained[264]. As a result, hydrogels derived from 

dECM, as opposed to those derived from synthetic or purified natural sources, have inherent cell-interactive 

motifs and bioactive factors. We have demonstrated that porcine kidney dECM can be solubilized and 

processed to form a mechanically stable hydrogel that supports cell viability and proliferation. Kidney dECM 

hydrogels were evaluated by rheological characterization and in vitro studies were performed for 

comparison with purified type I collagen hydrogels. 

 The enzymatic digestion method adopted in this study allows for the solubilization of dECM material 

without additional purification steps that may result in the removal of desired biochemical components[317]. 

The digestion occurs as pepsin, an enzyme that is active only at very acidic pH, cleaves collagen telopeptide 

bonds and disrupts collagen fibril aggregates[325]. Once the digest is neutralized, thus inactivating the 

enzyme, and brought to physiological temperature and salt concentration, the collagen and other matrix 

peptides self-assemble in an entropy-driven process[325, 326]. The resulting kidney dECM hydrogels possess 

a loosely organized fibrous organization with an interconnected pore structure as visualized under SEM 

(Figure 2-3 A-D) that is comparable to collagen hydrogels and various dECM hydrogels characterized by 

other groups[264].  

 Gelation kinetics and shear moduli (G’, G’’) of kidney dECM hydrogels were analyzed by parallel-

plate rheology. Time sweeps revealed that kidney dECM hydrogels at all the concentrations tested exhibited 

a decreased lag phase (time of nucleation) and an increased rate of self-assembly in comparison to 

collagen hydrogels (Figure 2-3 E-H). This observation agrees with previous time-lapse confocal reflection 

microscopy studies, which reinforces the idea that additional components present in dECM, such as 

proteoglycans and glycosaminoglycans, increase the polymerization kinetics of collagen self-assembly[327]. 

Evaluation of steady-state G’ values of kidney dECM hydrogels also revealed that increasing dECM 
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concentration led to an increase in G’ value or hydrogel stiffness. This observation agrees with rheological 

or mechanical characterization of various dECM hydrogels investigated by other groups[264], such as liver[311] 

and skeletal muscle[314].  

 Strain sweeps demonstrated that the hydrogels undergo a strain-stiffening behavior (Figure 2-4 E-

H). This nonlinear elastic property is common among biological materials such as fibrin and is thought to 

prevent damage to tissues caused by large deformations[328]. Kidney dECM hydrogels of all concentrations 

tested exhibited strain-stiffening behavior anywhere between 5-25% strain; however, strain stiffening was 

much more apparent in lower concentration kidney dECM hydrogels (1.0 and 2.5 mg/mL) as opposed to 

5.0 mg/mL hydrogels. Type I collagen hydrogels, on the other hand, exhibited strain-stiffening behavior 

between 25-70% strain. Strain-stiffening behavior is correlated with a material’s network structure[329]. For 

physically crosslinked networks, such as the hydrogels examined in this work, strain stiffening is dependent 

on the flexibility of the polymers or protein filaments. More flexible filaments result in networks that stiffen 

at higher strains whereas less flexible filaments result in networks that stiffen at lower strains[328]. This 

suggests that the collagen fibrils present in the kidney dECM hydrogels are less flexible than those present 

in the purified type I collagen hydrogels. This may be a result of the processing procedure (i.e., pepsin 

digestion) in combination with the presence of other ECM components that may alter collagen fibril stiffness 

and overall network structure. 

 The network structure and overall matrix stiffness act in concert with the matrix components to 

influence the response of cells exposed to the matrix microenvironment[168, 271, 330, 331]. Kidney dECM and 

collagen hydrogels of similar concentration (2.5 mg/mL) exhibited similar G’ values based on rheological 

characterization and were thus employed in cell studies to avoid introducing hydrogel stiffness as a 

confounding variable during analysis. The concentration for collagen hydrogels was limited to a maximum 

of 2.5 mg/mL due to the low concentration of the material supplied by the vendor (a solution of 2.9 mg/mL). 

 Human conditionally-immortalized GEnCs were employed as a model cell type for investigating the 

cell response to interactions with kidney dECM hydrogels. This cell line is derived from endothelial cells 

isolated from kidney glomeruli. Unlike primary cells that are difficult to expand in culture and lose important 

phenotypic characteristics over time, the conditionally-immortalized GEnCs maintain the capacity to be 
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expanded in culture when cultured at the permissive temperature, but when thermoswitched to the non-

permissive temperature become quiescent and adopt a progressively mature phenotype. The in vitro cell 

studies presented here demonstrate that kidney dECM hydrogels may serve as a biocompatible substrate 

to support attachment, viability, and proliferation of human GEnCs with results similar to those of collagen 

hydrogels (Figure 2-5 A-C). In addition, because these hydrogels are formed under mild conditions and at 

physiological temperature, they are permissive for cell encapsulation. The cell encapsulation studies 

presented here demonstrate that human GEnCs exhibit high viability when encapsulated within kidney 

dECM hydrogels (Figure 2-5 D, E). However, as the cells began to exert contractile forces on the relatively 

weak mechanical properties of the collagen and kidney dECM hydrogels in an effort to spread or 

migrate[270], the hydrogels contracted. Moreover, despite increasing gene expression over the twelve-day 

culture period of cell-cell interaction proteins PECAM1, CDH5, and ICAM2 (Figure 2-10 A-C and 2-11 A-

C) as well as MMP14 (Figure 2-10 D and 2-12 G) involved in ECM breakdown[332], strong cell-cell 

interactions were not observed in H&E-stained sections (Figures 2-6 to 2-8).  

 In addition to the weak mechanical properties of the hydrogels, it is possible that the biochemical 

composition of the kidney dECM hydrogels developed in this investigation were not ideal for encapsulation 

of the GEnCs utilized. Biochemical characterization of decellularized kidney tissues presented in this work 

was performed, demonstrating retention of key ECM proteins such as type I collagen, type IV collagen, 

laminin, and sulfated GAGs. However, decellularized ECM hydrogels are complex and may contain any 

combination of proteins, cryptic peptides and bioactive motifs, sequestered growth factors, cytokines, 

chemokines, and even matrix-bound nanovesicles[264]. Any of these additional bioactive components may 

present negative or undesired signaling cues to specific cell types. Alternatively, despite increasing gene 

expression of several growth factor receptors over the culture period, including KDR, TEK, TIE1, and 

PTPRB (Figures 2-10 E-H, 2-11 D-E, and 2-12 A-B), critical bioactive factors may be lost or rendered 

inactive during decellularization or hydrogel processing[170], resulting in poor cell response. For example, 

VEGF was deliberately excluded from the culture media in these studies following previous investigations 

utilizing this conditionally-immortalized cell line[316, 333, 334]; however, the lack of active and bioavailable 

VEGF may explain the deficiency of cell-cell contacts formed. Similar trends in gene expression by cells 
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cultured on hydrogel substrates (Figure 2-9) further support the possibility that the biochemical composition 

of kidney dECM hydrogels was suboptimal in comparison to control collagen hydrogels. Future studies will 

aim to tune the hydrogel mechanical properties and composition by modifying the processing procedures 

to include covalent crosslinking methods and strategies to restore critical signaling cues thought to be lost. 

 The work presented here is the first to explore the use of kidney dECM hydrogels for direct 

encapsulation of GEnCs; however, this is not the first study to investigate the potential of kidney dECM 

hydrogels in general. O’Neill, et al. explored the regional specificity of kidney dECM in solubilized, hydrogel, 

and sheet forms on modulating mouse papilla-derived kidney stem cell growth and metabolism[278]. The 

rheological or mechanical properties of the region-specific kidney dECM hydrogels were not investigated 

in the O’Neill, et al. study; however, the authors demonstrated that kidney stem cells adopted a significantly 

more proliferative and metabolically active phenotype when cultured in the presence of kidney dECM as 

opposed to heart or bladder dECM. Furthermore, they also demonstrated that kidney stem cells cultured in 

the presence of kidney papillae-derived dECM in any form resulted in lower cell proliferation, higher 

metabolic activity, and altered cell morphology in comparison to cortex- and medulla-derived dECM[278]. It 

is thought that the renal papilla represents the native kidney stem cell niche[335, 336], therefore, it follows that 

dECM derived from the papillae would maintain a stem cell phenotype as suggested by the results. 

Furthermore, the authors propose that cortical- and medullary-derived dECM may show potential in 

directing differentiation of kidney stem cells towards specific renal lineages[278]. 

 Nagao, et al. examined the influence of human kidney cortex-derived dECM hydrogels on human 

kidney peritubular microvascular endothelial cell (HKMEC) phenotype[282]. Proteomics analysis of the 

decellularized kidney cortex revealed that type IV collagen was present in the highest abundance; however, 

rheological testing indicated that the complex modulus of the corresponding hydrogel at a concentration of 

7.5 mg/mL only reached 15 Pa. This is much weaker than the 110-130 Pa measured for the kidney dECM 

hydrogels at a concentration of 5.0 mg/mL presented in this study. Nagao, et al. further demonstrated that 

HKMECs cultured on these hydrogel substrates exhibited a more quiescent and mature phenotype. The 

addition of type I collagen to increase the hydrogel mechanical properties (up to 250 Pa) led to a more 

activated HKMEC state[282]. The data presented by the authors coincides with in vivo evidence that an 
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increased collagen content in the kidney ECM is associated with fibrosclerosis and the development of 

chronic kidney disease[337-339]. 

 Most recently, Magno, et al. investigated the ability to utilize macromolecular crowding as a method 

for tailoring the fibrillar architecture of kidney dECM hydrogels[279]. The incorporation of increasing 

concentrations of a macromolecular crowder, Ficoll400, resulted in faster rates of fibrillogenesis as 

measured by turbidimetric analysis, generation of thicker fibrils and greater fibril alignment, and reduced 

hydrogel stiffness. Interestingly, this effect is the opposite of those previously observed for pure type I 

collagen hydrogels where increasing concentrations of macromolecular crowders resulted in a decrease in 

fibril thickness and reduced fiber alignment[340]. In addition, the researchers found that the inclusion of 

Ficoll400 resulted in greater network formation by human umbilical vein endothelial cells (in the presence 

of VEGF) and morphogenesis of mouse kidney stem cells when cultured on kidney dECM hydrogels[279]. 

 Together, this and previous studies demonstrate that kidney-derived dECM hydrogels are able to 

support cell attachment, viability, and proliferation. Furthermore, region-specific kidney-derived dECM 

hydrogel substrates have already been shown to modulate cell response and either maintain an immature, 

stem cell-like phenotype[278] or a more mature, quiescent phenotype[282]. Future studies may thoroughly 

investigate region-specific kidney-derived dECM composition or the ability to tailor such hydrogels with 

additives, the corresponding gelation kinetics, and the ultrastructure and rheological characteristics of the 

resulting hydrogel. Such investigations will continue to delineate some of the factors that influence the 

response of different cell types or stem cells directly encapsulated within tissue- and organ-specific 3D cell 

culture microenvironments. 

2.5. Conclusion 

 Kidney dECM can be digested and processed to form hydrogels that retain biochemical signaling 

cues of the kidney dECM microenvironment. The kidney dECM hydrogels presented in this study exhibit 

fibrous ultrastructural networks similar to other dECM hydrogels previously presented by others but unique 

rheological characteristics from other tissue- and organ-derived dECM hydrogels and from purified type I 

collagen hydrogels. These kidney dECM hydrogels may act as a substrate for cell culture or for 
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encapsulation of cells as a 3D cell culture microenvironment. While only human glomerular endothelial cells 

were presented in this study, it is anticipated that the hydrogels may serve as a culture environment for any 

cell type, kidney-specific, stem cell, or otherwise with potential in developing a kidney tissue model for 

developmental studies and pharmaceutical screening applications.  
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CHAPTER III:  

Poly(Ethylene Glycol)-Crosslinked Gelatin Hydrogel Substrates 

with Conjugated Bioactive Peptides Influence Endothelial Behavior 
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 Chapter 3, in part, has been published elsewhere: [280] Su J, Satchell SC, Wertheim JA, and Shah 

RN. "Poly(ethylene glycol)-crosslinked gelatin hydrogel substrates with conjugated bioactive peptides 

influence endothelial cell behavior." Biomaterials 201 (2019): 99-112. 

3.1. Introduction 

 The extracellular matrix (ECM) is composed of proteins, polysaccharides, and other biological 

molecules secreted by resident cells. These components together act as a natural scaffolding material that 

imparts mechanical integrity to tissues and organs as well as presents bioactive signals essential for cell 

and tissue development and maintenance[169, 303]. The ECM is a dynamic and highly-hydrated network akin 

to a stimulus-responsive hydrogel that is tailored to the microenvironmental needs of the inhabiting cells[235, 

236]. In particular, the basement membrane (BM) is a specialized ECM substrate that lies beneath epithelial 

and endothelial cell populations and provides structural support, spatial organization, and bioactive 

signaling cues to the overlying cells[31]. Despite the popularity of naturally-derived materials such as 

basement membrane extracts (e.g., Matrigel) for studying complex cell-cell and cell-matrix interactions, 

often times these materials are limited by lot-to-lot variability and the inability to precisely tune material 

properties[36]. 

 The objective of this investigation was to engineer a hydrogel substrate capable of mimicking 

properties of the BM specifically to explore endothelial cell-cell and cell-matrix interactions. To accomplish 

this, we employed a versatile approach for generating hydrogels from both synthetic and natural polymer 

sources with tunable stiffness, termed the PEGX method[341]. The method utilizes a poly(ethylene glycol) 

(PEG) crosslinker, or PEGX, to form covalent crosslinks between available reactive groups on the polymers 

resulting in a stable network and hydrogel formation. Hydrogel stiffness may be modulated by varying the 

polymer concentration or the amount of crosslinker added, and the crosslinking method can be extended 

to a variety of different physical and chemical PEGX variants[341].  

 Gelatin was chosen as the base polymer for the hydrogels. Though not generally considered a BM 

component, gelatin is an accessible and economical biomaterial that has been employed in numerous 

biomedical applications, such as vehicles for drug delivery, scaffolds for tissue engineering, and hydrogels 
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for 3D matrix cultures[305, 342, 343]. Because gelatin is derived from collagen, it retains key bioactive peptide 

sequences such as cell-binding sites (e.g., RGD) and matrix metalloproteinase-sensitive degradation 

motifs. To specifically tailor the bioactivity of these hydrogel substrates to better mimic the BM of endothelial 

cells, we sought to incorporate peptide sequences known to modulate endothelial cell behavior. We further 

hypothesized that the desired peptides could be conjugated to the gelatin polymer through the use of 

additional PEGX, resulting in a covalent link that would lead to prolonged residence time, as opposed to 

simple encapsulation of the peptides within the hydrogels, and therefore extend availability for signaling 

pathway activation. Two peptides of significant interest for examining the effects on endothelial cells are 

the laminin-derived YIGSR peptide and the vascular endothelial growth factor (VEGF)-mimetic QK peptide. 

 The YIGSR peptide is derived from the b1 chain of laminin, a major component of the BM[31], and 

was discovered to mediate cell adhesion and migration through binding of the 67-kDa laminin receptor[344, 

345]. Research by other groups demonstrated that modification of polyurethaneurea films and scaffolds with 

YIGSR peptides enhanced endothelial attachment and reduced platelet adhesion[346-348]. Interestingly, in 

combination with RGD peptides, YIGSR peptides inhibited endothelial growth on self-assembled peptide 

hydrogels[349]. However, additional investigations showed that covalent attachment of RGD and YIGSR 

peptides to PEG acrylate/diacrylate hydrogels enhanced endothelial cell migration[350] and 

tubulogenesis[351]. 

 The QK peptide is a VEGF-mimetic peptide first designed by D’Andrea, et al. and confirmed to bind 

and activate VEGF Receptor 1 (VEGFR1 or Flt-1) and VEGF Receptor 2 (VEGFR2 or KDR)[352]. VEGF 

signaling is important in a variety of physiological contexts, but it is especially critical in the development of 

new blood vessels and maintenance of healthy vasculature and endothelial function[353]. Furthermore, 

heparan sulfate proteoglycans, another major component of the BM, are known to bind and sequester 

growth factors including specific VEGF isoforms[31]. However, in contrast to large growth factors such as 

recombinant VEGF, the use of short, bioactive peptide mimetics is advantageous due to their smaller size, 

decreased chemical complexity, and reduced production costs[354]. The QK peptide consists of 15 natural 

amino acids and is likely named for the first and last residues that constitute the peptide’s helical region 

(the sequence between residues 4 and 12 of the peptide) and correspond to the a-helix region of VEGF[352]. 
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Research by other groups demonstrated that the QK peptide stimulated endothelial growth when tethered 

to elastin-like peptide hydrogels[355], promoted endothelial network formation when incorporated into type I 

collagen coatings[356], and enhanced endothelial tube-like structure formation when conjugated to PEG 

diacrylate[357] and gelatin methacrylate[358] hydrogels. 

 In this work, we developed crosslinked gelatin hydrogels with conjugated YIGSR and QK peptides 

using the PEGX method and evaluated these hydrogels as BM-like substrates for endothelial cell culture. 

Successful crosslinking of the gelatin polymers and conjugation of the YIGSR and QK peptides was 

determined by measuring the available reactive groups remaining after the crosslinking reaction. Rheology 

was performed to observe hydrogel crosslinking kinetics and measure the rheological properties (i.e., shear 

moduli) of the hydrogels. Scanning electron microscopy and swelling analysis revealed the ultrastructural 

and swelling characteristics of the hydrogels, respectively. For cell culture studies, we employed human 

umbilical vein endothelial cells (HUVECs) and conditionally-immortalized human glomerular endothelial 

cells (GEnCs). Intracellular levels of phosphorylated VEGFR2 in response to treatment with soluble QK 

peptide or culture on QK-conjugated hydrogels was measured to assess the bioactivity of the peptide. 

Finally, gene expression of cells cultured on hydrogel substrates was evaluated at multiple timepoints. 

3.2. Material & Methods 

3.2.1. Peptide Synthesis and Determination of Peptide Concentrations for Experiments 

QK, YIGSR, and RYGSI (scrambled YIGSR peptide control) peptides were purchased through 

custom peptide synthesis from ABI Scientific and confirmed to have a purity of >95% by high-performance 

liquid chromatography. Peptide sequences are listed in Table 3-1. Lysine ε-amino groups were acetylated 

to prevent cross-reactivity with the amine-reactive PEGX. C-termini of peptides were amidated to enhance 

stability, but N-termini were left unmodified. Peptides were solubilized in 1× phosphate-buffered saline 

solution (PBS, pH 7.4, Gibco, #10010) as concentrated stock solutions and frozen in aliquots at -20 °C. 

Aliquots were thawed and diluted as necessary for hydrogel preparation. Hydrogel formulations containing 

a range of peptide concentrations (QK and/or YIGSR) were devised based on evaluations of literature 

investigations. Previous studies exploring the bioactivity of the QK peptide and incorporation of the QK 
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peptide into other hydrogel systems tested concentrations ranging from 1 µM to 100 µM and greater[352, 356-

358]. Therefore, we selected QK peptide concentrations of 0, 1, 10, and 100 µM to evaluate its effect on 

endothelial cells when conjugated to hydrogels using the PEGX method. A study investigating conjugation 

of the YIGSR peptide into PEG diacrylate hydrogels used a concentration of 3.5 mM[351]. Another study 

incorporating the YIGSR peptide into self-assembling peptide hydrogels found optimal HUVEC growth at a 

concentration of 6 mM[349]. Therefore, we selected YIGSR concentrations of 0, 3, 6, and 12 mM to evaluate 

its effect on endothelial cells when conjugated to hydrogels using the PEGX method. 

 

Table 3-1: Peptide sequences. 

Peptide Sequence (N-terminal to C-terminal) Theoretical MW 
(g/mol) 

QK (K-Ac)LTWQELYQL(K-Ac)Y(K-Ac)GI 
where (K-Ac) indicates acetylation of the lysine ε-amino group 2036.31 

YIGSR YIGSR 593.68 
RYGSI RYGSI 593.68 

 

3.2.2. Preparation of Hydrogels and Phase Analysis 

The general strategy for the preparation of PEG-crosslinked gelatin hydrogels with conjugated 

peptides is outlined in Figure3-1. Gelatin type A (Sigma-Aldrich, #G1890) was solubilized in PBS at 37 °C 

at a stock concentration of 10% (m/v). Hydrogel precursor polymer solutions were prepared by mixing the 

following in order: PBS for dilution, 1 M NaOH (Sigma-Aldrich, #S2770) to buffer solutions to an 

approximate final pH of 6 for optimal crosslinking kinetics, peptides (if desired), and gelatin stock solution. 

Polymer solutions were held at 37 °C prior to crosslinking to ensure solution phase and thoroughly vortexed 

before the addition of crosslinker. Homobifunctional poly(ethylene glycol) succinimidyl valerate (SVA) (MW 

5000 g/mol, Laysan Bio), referred to as simply PEG crosslinker or PEGX, was prepared as a concentrated 

stock solution at 40 mM in PBS just prior to crosslinking of polymer solutions. Immediately after adding 

PEGX to hydrogel precursor polymer solutions, solutions were vortexed, pipetted into well plates or molds 

as necessary, and incubated at 37 °C for 2 hrs. Main hydrogel formulations investigated are listed in Table 

3-2. For phase analysis and phase plot generation, hydrogel formulations were prepared in microcentrifuge 
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tubes. After the 2 h incubation period, phase of formulations, either solution (sol) or hydrogel (gel), was 

determined by tube inversion, and those determined to be gel phase were manipulated with a spatula to 

qualitatively gauge hydrogel stiffness. Hydrogels that could be easily spread were designated as “soft”, and 

those that retained their shape were designated as “robust”[341]. 

 

Table 3-2: Main hydrogel formulations tested. 

Sample No Peptides QK YIGSR YIGSR/QK 
RYGSI 
(Scrambled 
YIGSR Control) 

Gelatin, % (m/v) 5.0 5.0 5.0 5.0 5.0 
QK (µM) 0.0 100.0 0.0 100.0 0.0 
YIGSR (mM) 0.0 0.0 12.0 12.0 0.0 
RYGSI (mM) 0.0 0.0 0.0 0.0 12.0 
PEGX (mM) 1.55 1.60 7.95 8.00 7.95 
PEGX:Gelatin (m:m) 0.155 0.160 0.795 0.800 0.795 
 

3.2.3.Quantification of Free Amine Content 

 Free amine content of hydrogel precursor polymer solutions and crosslinked hydrogels were 

quantified by the 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay and performed according to previously 

published studies[341, 359, 360]. TNBS working solution was prepared fresh by diluting stock solution 

(picrylsulfonic acid solution, Sigma-Aldrich, #P2297) to a concentration of 0.01 M with a 4% (m/v) sodium 

bicarbonate solution (Sigma-Aldrich, #S5761), pH 8.5 prepared in deionized H2O. A volume of 500 µL TNBS 

working solution was added to freshly-prepared 50-µL hydrogel precursor polymer solutions and 

crosslinked hydrogels, and samples were incubated at 37 °C for 2 h. To stop reactions, 500 µL of 10% 

(m/v) sodium dodecyl sulfate (Sigma-Aldrich, #L3771) prepared in deionized H2O and 250 µL of 1 M HCl 

(Sigma-Aldrich, #H9892) were added to samples. Samples were then allowed to hydrolyze overnight at 

37 °C. Samples were diluted as necessary in deionized H2O, and 200 µL per sample was transferred to a 

clear 96-well plate. Absorbance at 335 nm (A335) was measured on a BioTek Cytation 3 Cell-Imaging Multi-

Mode Reader. Samples were tested in triplicate (n = 3) with technical replicates in duplicate, compared to 
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a standard curve of L-leucine (Sigma-Aldrich, #L8000), and normalized to the uncrosslinked control group 

of 5% (m/v) gelatin solution with no peptides. 

3.2.4. Rheological Characterization and pH Measurement 

 Rheological characterization of hydrogels was performed following a recommended protocol for 

hydrogels for tissue engineering applications[318]. Testing was performed using an Anton Paar MCR 302 

rheometer with a 25-mm 2°-angle cone-plate fixture under strain-controlled conditions. The lower Peltier 

cell was set to 37 °C and allowed to equilibrate prior to sample loading. All samples were prepared fresh 

and immediately loaded onto the rheometer stage. Once the measuring system was lowered, mineral oil 

(Amresco, #J217) was applied to the edges of the fixture and sample, and the entire system was enclosed 

within a solvent trap to prevent sample dehydration. Time sweeps were performed for 2 h at 37 °C, 1% 

strain, and 10 rad/s. Frequency and strain sweeps were performed immediately following under the same 

conditions. After sample loading, the pH of excess sample volume remaining was measured using a VWR 

sympHony SB70P pH meter with a Thermo Scientific Orion PerpHecT ROSS Combination pH Micro 

Electrode. All samples were tested in triplicate (n = 3). 

3.2.5. Scanning Electron Microscopy (SEM) 

 Hydrogels were fixed in 2% (v/v) glutaraldehyde (Sigma-Aldrich, #G7776) and 3% (m/v) sucrose 

(J. T. Baker, #4072) in 1× PBS, pH 7.4 for 1 h at 4 °C. Samples were dehydrated in a graded ethanol series 

(30-100% in MilliQ H2O, Decon Laboratories, #2701) of 15 min intervals and critical-point dried in a Tousimis 

SAMDRI-790 Critical Point Dryer. For low-magnification SEM, samples were sputter coated with ~10 nm of 

Au using a Baltec MED-020 Coating System and imaged on a JEOL NeoScope JCM-6000PLUS. For high-

magnification SEM, samples were coated with ~9 nm of Os using an SPI Supplies Osmium Plasma Coater 

OPC-60A and imaged on a Hitachi S-4800 Type II field emission SEM. 

3.2.6. Swelling Analysis 

 Hydrogel precursor polymer solutions plus PEGX were prepared, and 100 µL of polymer solution 

was cast into 8-mm diameter cylindrical silicone molds (Grace Bio-Labs). After the 2 h incubation period, 
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crosslinked hydrogels were carefully removed from molds, and the initial weights (Winitial) of samples were 

recorded. Samples were then allowed to equilibrate in 3 mL PBS per sample for 24 h at 37 °C. After 

equilibration, samples were removed from PBS, lightly blotted with filter paper, and weighed. The new 

equilibrated or swollen wet weights (Wwet) of samples were recorded. Samples were then frozen at -80 °C 

and lyophilized overnight on a VirTis adVantage Plus EL-85, and the dry weights (Wdry) of samples were 

recorded. The percent weight increase and swelling ratio of hydrogels were calculated as follows: 

%	#$%&ℎ(	%)*+$,-$	 = 	/012 	−	/4542467
/4542467

∗ 100% 

-#$;;%)&	+,(%<, >? =
/012
/@AB

 

All samples were weighed on a Mettler Toledo XP105DR Excellence Plus analytical balance, and the 

sample size was six hydrogels for each group (n = 6). 

3.2.7. Cell Culture 

 Human umbilical vein endothelial cells (HUVECs) were purchased from Lifeline Cell Technology 

(normal primary, #FC-0003) and cultured in Endothelial Growth Medium-2 (EGM-2 BulletKit, Lonza, #CC-

3162) containing 2% fetal bovine serum (FBS) and growth factors as supplied with the exception of VEGF. 

Growth factor supplements: epidermal growth factor, fibroblast growth factor β, R3-insulin-like growth 

factor-1, ascorbic acid, hydrocortisone, heparin, and gentamicin and amphotericin-B. Cells were cultured 

at 37 °C and 5% CO2, media was exchanged every other day, and cells were used between passages 3 

and 5 for experimental studies. Conditionally-immortalized human glomerular endothelial cells (GEnCs) 

were cultured as described previously[316]. These are primary cells that have been transfected with a 

temperature-sensitive SV40-T antigen and the essential catalytic subunit of human telomerase (hTERT) to 

prevent replicative senescence[316, 319]. Culture at the permissive temperature of 33 °C results in active 

expression of the transgenes to maintain an immature cell state and allow proliferation of the cells. 

Thermoswitching to the non-permissive temperature of 37 °C results in inactivation of the transgenes, 

causing the cells to become quiescent and adopt a more mature phenotype that is comparable to freshly 

isolated GEnCs[316]. GEnCs were cultured in Microvascular Endothelial Growth Medium-2 (EGM-2 MV 
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BulletKit, Lonza, #CC-3202) containing 5% FBS and growth factors as supplied with the exception of VEGF. 

Growth factor supplements: epidermal growth factor, fibroblast growth factor β, R3-insulin-like growth 

factor-1, ascorbic acid, hydrocortisone, and gentamicin and amphotericin-B. Media was exchanged every 

other day, and cells were used at passage 30 or below for experimental studies. 

3.2.8. Cell Experimental Studies 

 Experimental studies involving cell culture on hydrogel substrates were performed in a similar 

manner as previously-established endothelial cell tube formation assays[361, 362]. Hydrogel precursor 

polymer solutions plus PEGX were prepared and cast in well plates, 165 µL/cm2, and allowed to incubate 

for 2 h at 37 °C prior to plating of cells. Matrigel Basement Membrane Matrix (Phenol Red-Free, Corning, 

#356237) served as an additional control for cell experimental studies. Matrigel was thawed on ice, cast in 

well plates, and incubated alongside experimental groups. Cells were then prepared for plating: cells were 

rinsed once with 1× Dulbecco’s phosphate-buffered saline (DPBS, Mediatech, #21-030), lifted with TrypLE 

Express (Gibco, #12605) at 37 °C, collected and counted via the trypan blue exclusion method using Trypan 

Blue solution (Sigma-Aldrich, #T8154), centrifuged at 1100 RPM for 5 min, and resuspended in complete 

media. Cells were plated on substrates at an approximate final density of 48,000 cells/cm2, and well plates 

were transferred to a 37 °C incubator at 5% CO2. At designated time points, photomicrographs of samples 

were captured on a Lumenera INFINITY1-3C microscopy camera mounted on a Nikon Eclipse TS100 using 

Lumenera INFINITY ANALYZE 6.5 software. 

3.2.9. VEGFR2/KDR Phosphorylation Assay 

 Phosphorylated VEGFR2 was quantified with the Human Phospho-VEGF R2/KDR DuoSet IC 

ELISA (R&D Systems, #DYC1766) kit. GEnCs were expanded at 33 °C, plated on culture substrates three 

days prior to treatment, and cultured at 37 °C after plating. HUVECs were plated on culture substrates two 

days prior to treatment and cultured at 37 °C. Both HUVECs and GEnCs were fully confluent prior to 

treatment and sample collection. Cells were serum deprived overnight in Endothelial Basal Medium-2 

(EBM-2, Lonza, #CC-3156) plus 1% FBS (Gibco, #16000) and 1% penicillin-streptomycin (Gibco, #15140) 

prior to treatment and then serum starved in EBM-2 plus 1% penicillin-streptomycin for 5 h prior to 
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treatment. Cells were treated with one of the following soluble factors for 5 min at 37 °C: no treatment 

(negative control), 100 ng/mL recombinant human VEGF-165 (~5.2 µM, R&D Systems, #293-VE-010/CF) 

(positive control), 1 µM soluble QK peptide, or no treatment for cells cultured on QK hydrogels (hydrogels 

conjugated with 100 µM of QK peptide). After treatment, cells were rinsed twice with DPBS and collected 

with Lysis Buffer #9 composed of Sample Diluent Concentrate 2 (R&D Systems, #DYC002), 10 µg/mL 

aprotinin (Tocris, #4139), and 10 µg/mL leupeptin (Tocris, #1167) following the kit recommendations. Cell 

lysates were frozen at -80 °C until assayed following the manufacturer’s protocol, and sample absorbance 

at 450 nm (A450) corrected by absorbance at 540 nm (A540) was measured on a BioTek Synergy 2 Multi-

Mode Microplate Reader. Biological replicates were tested in quadruplicate (n = 4) with technical replicates 

in duplicate. Samples were compared to a standard curve of Human Phospho-VEGF R2/KDR Control 

provided by the manufacturer and normalized to negative (no treatment, tissue culture polystyrene 

substrates) control groups for each cell type. 

3.2.10. Gene Expression Analysis 

 RNA was isolated from samples and cell pellets using TRIzol Reagent (Invitrogen, #15596) 

following the manufacturer’s protocol. Isolated RNA was treated with DNA-free DNA Removal Kit (Ambion, 

#1906) to remove contaminating genomic DNA from samples. RNA concentration was measured using a 

NanoDrop 1000 Spectrophotometer (Thermo Scientific). Reverse transcription and cDNA synthesis was 

performed using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, #170-8841) with an 

Applied Biosystems GeneAMP PCR System 9700 following the manufacturer’s protocol. Quantitative real-

time polymerase chain reaction was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-

Rad, #170-5270) with 300 nM each of forward and reverse primers and 0.10 ng/µL DNA on an Applied 

Biosystems QuantStudio 7 Flex Real-Time PCR System. Primer sequences for genes of interest are listed 

in Table 3-3. The thermal profile used included an initial polymerase activation step at 95 °C for 30 sec 

followed by 40 amplification cycles of denaturation at 95 °C for 15 sec and annealing and extension at 60 °C 

for 60 sec. The expression of each gene of interest was normalized to expression of the housekeeping 

gene cyclophilin A (PPIA), and the relative degree of gene amplification was calculated using the ΔΔCT 
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method: 2[(CT GOI 2 - CT PPIA 2) - (CT GOI 1 - CT PPIA 1)]. “CT GOI 1” represents the threshold cycle (CT) of the gene of 

interest of the reference population, and “CT GOI 2” represents the gene of interest of the experimental 

sample. Day 0 HUVECs cultured on tissue culture polystyrene served as the reference population for 

HUVEC samples, and day 0 GEnCs cultured on tissue culture polystyrene served as the reference 

population for GEnC samples. Biological replicates were tested in quadruplicate (n = 4) with technical 

replicates in triplicate. 

 

Table 3-3: Primer sequences for gene expression analysis via quantitative real-time polymerase 
chain reaction (qPCR). 
Gene Forward Primer (5' to 3') Reverse Primer (5' to 3') 
PPIA TCG CTC TCT GCT CCT CCT GTT CGA GGC GCC CAA TAC GAC CAA ATC C 
PECAM1 TAT GAT GCC CAG TTT GAG GT GAA TAC CGC AGG ATC ATT TG 
CDH5 TTG GAA CCA GAT GCA CAT TGA T TCT TGC GAC TCA CGC TTG AC 
ITGB1 CCC ACC GTG TTC TTC GAC ATT GGA CCC GTA TGC TTT AGG ATG A 
ITGB3 GTG ACC TGA AGG AGA ATC TGC CCG GAG TGC AAT CCT CTG G 
KDR GTG ATC GGA AAT GAC ACT GGA G CAT GTT GGT CAC TAA CAG AAG CA 
TEK TCC GCT GGA AGT TAC TCA AGA GAA CTC GCC CTT CAC AGA AAT AA 
VWF TGC CTC CAA AGG GCT GTA TC CAC CAC TGT TCT CCA CTG CTC 
NOS3 TGA TGG CGA AGC GAG TGA AG ACT CAT CCA TAC ACA GGA CCC 
PLVAP CTC TTC ATG GTC TAT GGC AAC G GCG AGC ATT CAG CCA CAT C 
 

3.2.11. Immunofluorescence Staining 

 Samples were rinsed once with DPBS and fixed with 4% paraformaldehyde (Alfa Aesar, #43368) 

in DPBS for 12 min at room temperature after which fixative was replaced with fresh DPBS, and samples 

were stored at 4 °C until staining. To perform whole-mount immunofluorescence staining, fixed samples 

were carefully removed from well plates and transferred to microcentrifuge tubes. Samples were rinsed 

once with PBS, permeabilized with 0.1% Triton X-100 (Amresco, #0694) in PBS (PBST) for 10 min., and 

then blocked with SEA BLOCK Blocking Buffer (Thermo Scientific, #37527) for 30 min to 1 h. Primary 

antibodies were diluted in blocking buffer as follows: mouse anti-PECAM-1 at 1:100 (Abcam, #ab187377) 

and rabbit anti-VEGF Receptor 2 at 1:200 (Cell Signaling Technology, #2479). Samples were incubated 

with primary antibodies for 1 h at room temperature, rinsed three times with PBST, blocked with blocking 
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buffer for an additional 5 min, and then incubated with secondary antibodies for 1 h at 37 °C. Secondary 

antibodies were diluted in blocking buffer as follows: goat anti-mouse Alexa Fluor 488 at 1:300 (Invitrogen, 

#A-11029) and goat anti-rabbit Alexa Fluor 555 at 1:300 (Invitrogen, #A-21429). After secondary antibody 

incubation, samples were rinsed three times with PBST, rinsed once with PBS, and mounted between #1.0 

glass coverslips (Fisher Scientific, #12-542-B) with Mowiol mounting medium composed of Mowiol 4-88 

Reagent (Calbiochem, #475904), glycerol (EMD Millipore, #137028), and 0.2 M Tris buffer (pH 8.5, Fisher 

Scientific, #BP152) containing 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, #D1306) to stain for cell 

nuclei. Whole-mount samples were imaged on a Nikon A1 Confocal Laser Microscope System. 

3.2.12. Statistical Analysis 

 All quantitative data is represented as the mean ± standard error of the mean. Statistical 

significance was determined using an unpaired, two-tailed Student’s t-test assuming equal variance with 

Microsoft Excel (Microsoft). Significance for all statistical analyses was defined as p < 0.05. 
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3.3. Results 

 

 

Figure 3-1: Preparation of PEG-crosslinked gelatin hydrogels and conjugation of peptides. 
Gelatin possesses inherent cell-binding sites and free amine reactive groups. When PEGX is added to a 
gelatin solution, the SVA functional groups react with the free amines, forming crosslinks between gelatin 
polymers that results in hydrogel formation. Bioactive peptides presenting free amines, such as the YIGSR 
and QK peptides, can be added to the precursor polymer solution and with additional PEGX become 
conjugated to the gelatin polymers during hydrogel formation. 
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3.3.1. Optimization of Peptide and PEGX Concentrations 

 A higher concentration of PEGX was required to adequately conjugate YIGSR peptides to the 

gelatin polymers at millimolar concentrations and ensure formation of stable hydrogel substrates that would 

not rapidly degrade in cell culture conditions. Phase analysis of formulations and the resulting phase plot 

depicts the necessary PEGX concentrations to generate increasingly stiffer hydrogels with conjugated 

YIGSR concentrations of interest (Figure 3-2). Rheological characterization of specific formulations aided 

in selecting precise PEGX concentrations to generate robust hydrogels of similar stiffness. Hydrogel 

formulations selected for the following initial cell experiment possessed final storage moduli of ~200-250 

Pa. 

 Hydrogel substrates with varying combinations and concentrations of YIGSR and QK peptides 

(total of sixteen combinations) were prepared for cell culture to determine optimal peptide concentrations 

that elicited a discernible cell response. Matrigel was included as an additional group for comparison. 

GEnCs were plated on hydrogel substrates, and cells were observed in culture over time by optical 

microscopy. Cells cultured on hydrogels conjugated with 12 mM YIGSR peptide began to form cord-like 

structures after several hours. After 24 h in culture, cells cultured on YIGSR-conjugated hydrogels exhibited 

cord-like structure formation with branching structures occurring more frequently on hydrogels conjugated 

with 6 or 12 mM YIGSR peptide (Figure 3-3). At the same time, GEnCs also formed smaller yet distinctively 

apparent cord-like structures on hydrogels conjugated with 10 and 100 µM QK peptide with consistently 

larger structures forming on hydrogels conjugated with 100 µM QK peptide in comparison to those 

conjugated with only 10 µM QK peptide (Figure 3-3). Therefore, in subsequent investigations, the maximum 

tested peptide concentrations were chosen, that is 100 µM QK peptide and 12 mM YIGSR peptide (Table 

3-2), as these concentrations elicited the greatest and most rapid cell response in this initial experiment. 
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Figure 3-2: Phase plot of varying YIGSR peptide concentrations with varying PEGX concentration. 
The gelatin concentration is held constant at 5% (m/v). Values in boxes are the final storage moduli (in Pa) 
of indicated formulations as measured by two-hour time sweeps on a rheometer. 
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Figure 3-3: Photomicrographs of GEnCs cultured on hydrogel substrates of varying combinations 
and concentrations of YIGSR and QK peptides. 
Cultures after 24 h. Matrigel was included as an additional control group. 
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3.3.2. Quantification of Free Amine Content  

 

Table 3-4: Free amine content of hydrogel precursor polymer solutions and crosslinked hydrogels. 

Sample No Peptides QK YIGSR YIGSR/QK 
Uncrosslinked     
Normalized Free Amine Content 1.00 ± 0.03 1.03 ± 0.04 1.50 ± 0.03 1.52 ± 0.06 
Plus PEGX     
Normalized Free Amine Content 0.77 ± 0.03 0.79 ± 0.09 0.63 ± 0.02 0.70 ± 0.07 
% Reacted Amines 23.30 ± 3.06 23.52 ± 8.58 57.84 ± 0.49 54.17 ± 4.94 
 

 Quantification of free amine content of hydrogel precursor polymer solutions via the TNBS assay 

demonstrated that, compared to hydrogel formulations with no peptides, addition of 100 µM QK peptide 

resulted in only a slight increase of free amine content whereas addition of 12 mM YIGSR peptide resulted 

in a larger increase of 50% in free amine content (Table 3-4 and Figure 3-4 A). The addition of the amine-

reactive PEGX to crosslink polymer solutions and form hydrogels resulted in a reduction of free amine 

content for all groups. This reduction corresponded to 20-25% reacted amines for hydrogels with no 

peptides and QK hydrogels and 50-60% reacted amines for YIGSR and YIGSR/QK hydrogels (Table 3-4 

and Figure 3-4 A).



 

 

Figure 3-4: Quantification of free amine content and rheological time sweeps of hydrogel formulations. 
 (A) Free amine content of uncrosslinked hydrogel precursor polymer solutions and crosslinked hydrogels quantified by the TNBS assay. 
Sample groups were normalized to the uncrosslinked hydrogel precursor polymer solution with no peptides group (n = 3). Rheological 
characterization of hydrogel formation over time with shear moduli (G’, G’’) plotted on semi-log plots: (B) hydrogels with no peptides, (C) 
QK, (D) YIGSR, and (E) YIGSR/QK hydrogels. Samples run in triplicate (n = 3). 
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3.3.3. Rheological Characterization and pH Measurements 

 

Table 3-5: pH and rheological characterization of hydrogels. 

Sample No Peptides QK YIGSR YIGSR/QK 
pH 6.13 ± 0.01 6.08 ± 0.01 5.87 ± 0.01 5.85 ± 0.01 
G'-G'' Crossover (min) 10.5 ± 0.60 12.3 ± 0.31 6.5 ± 0.18 4.7 ± 0.24 
Storage Modulus, G' at 2 h (Pa) 198.65 ± 3.57 197.68 ± 15.68 201.02 ± 8.36 214.47 ± 28.89 
Loss Modulus, G'' at 2 h (Pa) 1.95 ± 0.05 2.05 ± 0.08 3.00 ± 0.03 2.88 ± 0.09 
Complex Shear Modulus, G at 2 h (Pa) 198.66 ± 3.57 197.69 ± 15.68 201.04 ± 8.36 214.49 ± 28.89 
 

 Rheological characterization revealed changes in shear moduli (G’, G’’) during hydrogel formation. 

Shear moduli measurements are listed in Table 3-5 and include the storage modulus (G’) and loss modulus 

(G’’) crossover point and the storage, loss, and complex shear moduli at 2 h. In addition, pH measurement 

of formulations immediately after addition of PEGX indicate that all formulations fell within a pH range from 

5.85 to 6.15 (Table 3-5). Time sweeps demonstrate sigmoidal gelation profiles for all hydrogel formulations 

(Figure 3-4 B-E) with G’-G’’ crossover points between 4.5 and 12.5 min (Table 3-5) indicating rapid 

formation of hydrogels after the addition of PEGX. Shear moduli began to stabilize around 1 h, and final 

storage and complex shear moduli at 2 h for all hydrogels ranged between 195 and 215 Pa (Table 3-5). 

Frequency sweeps revealed that the G’ of all hydrogels were relatively independent of the frequencies 

tested, and the angular frequency value employed for time sweeps was verified to be in the low-frequency 

plateau region for all formulations (Figure 3-5 A-D). Strain or amplitude sweeps revealed that the shear 

moduli of all hydrogels were independent of strain up until 100% strain (the linear viscoelastic region) after 

which hydrogels exhibited strain-stiffening behavior and catastrophic failure at approximately 1000% strain 

(Figure 3-5 E-H). 



 

 

Figure 3-5: Rheological frequency and strain sweeps of hydrogels. 
Shear moduli (G’, G’’) versus angular frequency plotted on log-log plots: (A) hydrogels with no peptides, (B) QK, (C) YIGSR, and (D) 

YIGSR/QK hydrogels. Dashed lines represent the angular frequency at which time sweeps were performed: 10 rad/s. Shear moduli versus 

strain plotted on log-log plots: (E) hydrogels with no peptides, (F) QK, (G) YIGSR, and (H) YIGSR/QK hydrogels. Dashed lines represent 

the strain percent at which time sweeps were performed: 1% strain. 
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3.3.4. Scanning Electron Micrographs and Swelling Analysis of Hydrogels 

 At low magnifications, scanning electron microscopy revealed relatively flat, homogeneous 

surfaces for all hydrogels (Figure 3-6). At higher magnifications, hydrogels exhibited a porous yet relatively 

unstructured and amorphous ultrastructure (as opposed to a fibrillar one) (Figure 3-7 A-D). Analysis of 

hydrogels between initial and swollen states demonstrated that hydrogels with no peptides and QK 

hydrogels exhibited similar percent weight increases of 115.42 ± 4.94 and 120.98 ± 1.49, respectively, 

whereas YIGSR and YIGSR/QK hydrogels exhibited much greater percent weight increases of 209.30 ± 

5.42 and 220.94 ± 2.18, respectively (Figure 3-7 E). However, analysis of swelling ratios, that is the ratio 

of wet to dry weight of samples, revealed that all of the hydrogels exhibited similar swelling ratios between 

32 and 35 (Figure 3-7 F). 

 

 
Figure 3-6: Low-magnification scanning electron micrographs of hydrogels. 
Scanning electron micrographs of (A) hydrogels with no peptides, (B) QK, (C) YIGSR, and (D) YIGSR/QK 
hydrogels.



 

 
Figure 3-7: Scanning electron micrographs and swelling analysis of hydrogels. 
High-magnification scanning electron micrographs of (A) hydrogels with no peptides, (B) QK, (C) YIGSR, and (D) YIGSR/QK hydrogels. (E) 
Percent weight increases from initial to swollen hydrogel states, and (F) swelling ratios of swollen hydrogels to dry polymer weights (n = 6). 
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3.3.5. QK Peptide Bioactivity and Phosphorylation of VEGFR2 in HUVECs and GEnCs 

 To ensure that the QK peptide was indeed bioactive in the soluble form and that this bioactivity was 

preserved after conjugation, an ELISA specific to phosphorylated VEGFR2 was used to measure cellular 

levels of activated and phosphorylated VEGFR2 in response to the QK peptide. Treatment of HUVECs with 

either soluble VEGF165 or soluble QK peptide resulted in significantly increased levels of phosphorylated 

VEGFR2 relative to untreated controls for HUVECs cultured on tissue culture polystyrene or on hydrogels 

with no peptides (Figure 3-8 A). HUVECs cultured on QK hydrogels also resulted in significantly increased 

levels of phosphorylated VEGFR2 relative to HUVECs cultured on hydrogels with no peptides (Figure 3-8 

A). Surprisingly, treatment of GEnCs with either soluble VEGF165 or soluble QK peptide did not result in 

significant changes in levels of phosphorylated VEGFR2 relative to untreated controls, and this was 

consistent for both GEnCs cultured on tissue culture polystyrene or on hydrogels with no peptides (Figure 

3-8 B). In contrast, however, GEnCs cultured on QK hydrogels resulted in significantly increased levels of 

phosphorylated VEGFR2 relative to GEnCs cultured on hydrogels with no peptides (Figure 3-8 B). 
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Figure 3-8: Cellular levels of phosphorylated VEGFR2 measured by an ELISA. 
Phosphorylated VEGFR2 in (A) HUVECs and (B) GEnCs following treatment with 100 ng/mL VEGF165 
(positive control), no treatment (“Ctrl”, negative control), or treatment with 1 µM soluble QK peptide for cells 
cultured on tissue culture polystyrene or hydrogels with no peptides, or no treatment for cells cultured on 
QK hydrogels. Quantification was normalized to the no treatment groups on tissue culture polystyrene for 
each cell type (n = 4). Statistical significance denoted by: * p < 0.05, ** p < 0.01, and *** p < 0.001. 
 

3.3.6. HUVEC Culture, Gene Expression Analysis, and Immunofluorescence 

 HUVECs were plated on hydrogel substrates and cultured for up to 5 days (Figure 3-9). For cell 

culture experiments, Matrigel served as positive control because it is commonly utilized in endothelial cell 

tube formation and angiogenesis assays[361, 362]. RYGSI hydrogels served as an additional scrambled 

YIGSR peptide control to account for the increased concentration of PEGX necessary in YIGSR and 

YIGSR/QK hydrogel formulations. On Matrigel, HUVECs underwent rapid morphogenesis and formed an 

interconnected network within 6 h that began to regress by 24 h and was completely absent after 3 days 

though cell aggregates could be observed at the sides of wells. On hydrogels with no peptides, HUVECs 

proliferated to form a monolayer approximately 60-70% confluent by 24 h, and cells continued to proliferate 
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resulting in the cord-like structures observed at day 3 and beyond. On QK hydrogels, a similar response 

was observed as HUVECs cultured on hydrogels with no peptides. On YIGSR hydrogels, HUVECs began 

to form cord-like structures by 6 h that increased in size and connections by 24 h, but cells did not form a 

confluent monolayer by day 5, and instead the network formed by the cord-like structures appeared to 

tighten. On YIGSR/QK hydrogels, a similar response was observed as HUVECs cultured on YIGSR 

hydrogels. On RYGSI hydrogels, HUVECs began to form cord-like structures by 6 h in a similar manner as 

on YIGSR and YIGSR/QK hydrogels; however, cells continued to proliferate and formed a confluent 

monolayer by day 3 with cord-like structures still present. 

 Genes of interest included in gene expression analysis are involved in cell-cell interactions 

(PECAM1, CDH5/VE-Cad), cell-matrix interactions via integrins (ITGB1, ITGB3), signaling pathways via 

cell surface receptors (KDR/VEGFR2, TEK/TIE2), and endothelial function (VWF, NOS3, PLVAP) (Figure 

3-10). In general, gene expression analysis revealed highest fold-change expression by HUVECs cultured 

on YIGSR/QK hydrogels at day 5 (Figure 3-10 A-I). This is true for CDH5 (Figure 3-10 B), ITGB3 (Figure 

3-10 D), KDR (Figure 3-10 E), TEK (Figure 5F), VWF (Figure 3-10 G), and NOS3 (Figure 3-10 H). For 

PECAM1 (Figure 3-10 A) and ITGB1 (Figure 3-10 C), HUVECs exhibited greatest upregulation on QK 

hydrogels at 24 h, and for PLVAP (Figure 3-10 I), HUVECs exhibited greatest upregulation on Matrigel at 

24 h. HUVECs cultured on RYGSI hydrogels generally exhibited the lowest fold-change expression of 

genes compared to other groups at all time points. Immunofluorescence staining confirmed the expression 

of platelet endothelial cell adhesion molecule (PECAM-1 or CD31 encoded by PECAM1) and of VEGFR2 

(encoded by KDR) by HUVECs cultured on no peptide, QK, YIGSR, and YIGSR/QK hydrogels at 6 and 24 

h (Figure 3-10 J). 



 

 

 

Figure 3-9: Photomicrographs of HUVECs cultured on hydrogel substrates. 
Photomicrographs at designated time points showing formation of cord-like structures that vary with hydrogel formulations. 
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Figure 3-10: Gene expression analysis and immunofluorescence staining of HUVECs cultured on hydrogel substrates. 
Gene expression analysis of cultures at 6 h, 24 h, and 5 days. (A) PECAM1 encoding for platelet endothelial cell adhesion molecule or 
CD31. (B) CDH5 encoding for cadherin 5 or vascular endothelial cadherin, also known as CD144. (C) ITGB1 encoding for integrin subunit 
β1. (D) ITGB3 encoding for integrin subunit β3. (E) KDR encoding for kinase insert domain receptor or vascular endothelial growth factor 
receptor 2. (F) TEK encoding for tyrosine kinase with immunoglobulin-like and EGF-like domains 2 or TIE2. (G) VWF encoding for von 
Willebrand factor. (H) NOS3 encoding for nitric oxide synthase 3. (I) PLVAP encoding for plasmalemma vesicle-associated protein. Values 
presented as fold-change expression normalized to gene expression of HUVECs cultured on tissue culture polystyrene at day 0 (n = 4). (J) 
Whole-mount immunofluorescence staining of HUVECs cultured on hydrogel substrates at 6 and 24 h. Merged images: PECAM-1 (green), 
VEGFR2 (red), and DAPI (blue). 
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3.3.7. GEnC Culture and Gene Expression Analysis 

 GEnCs were similarly plated on hydrogel substrates and cultured for up to 5 days at the non-

permissive temperature (Figure 3-11). On Matrigel, GEnCs underwent rapid morphogenesis and formed 

an interconnected network within 6 h that rapidly regressed by 24 h, and by 3 days only large cell 

aggregates remained. On hydrogels with no peptides, GEnCs proliferated slowly as the transgenes began 

to degrade resulting in a fully confluent and stable monolayer on days 3 and 5. On QK hydrogels, GEnCs 

proliferated in a similar manner as on hydrogels with no peptides; however, this proliferation resulted in the 

formation of cord-like structures not seen on hydrogels with no peptides at day 5. On YIGSR hydrogels, 

GEnCs began to form cord-like structures by 6 h that continued to form connections over the culture period; 

however, the cells did not form a confluent monolayer by day 5 and appear morphologically distinct 

compared to the cord-like structures formed by HUVECs on the same hydrogels (Figure 3-9). On 

YIGSR/QK hydrogels, a similar response was observed as GEnCs cultured on YIGSR hydrogels. On 

RYGSI hydrogels, GEnCs began to form cord-like structures by 6 h in a similar manner as on YIGSR and 

YIGSR/QK hydrogels; however, cells were not homogeneously distributed across the hydrogel and instead 

clustered towards the center of the well, which resulted in the formation of a confluent monolayer in the 

center of the well by day 5 and cord-like structures that present as denser in appearance. 

 Gene expression analysis results of GEnC cultures were generally more varied than results from 

HUVEC cultures, and fold-change expression by GEnCs was generally lower than by HUVECs (Figure 3-

12). GEnCs exhibited greatest fold-change expression on Matrigel at day 5 for PECAM1 (Figure 3-12 A), 

CDH5 (Figure 3-12 B), KDR (Figure 3-12 E), TEK (Figure 3-12 F), VWF (Figure 3-12 G), and PLVAP 

(Figure 3-12 I). In addition, GEnCs cultured on RYGSI hydrogels exhibited high fold-change expression of 

genes such as PECAM1, CDH5, and ITGB3 (Figure 3-12 D) at day 5 and ITGB1 (Figure 3-12 C) and TEK 

at 6 h. 



 

 

 

Figure 3-11: Photomicrographs of GEnCs cultured on hydrogel substrates. 
Photomicrographs at designated time points showing formation of cord-like structures that vary with hydrogel formulations. 
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Figure 3-12: Gene expression analysis of GEnCs cultured on hydrogel substrates. 
Gene expression analysis of cultures at 6 h, 24 h, and 5 days. (A) PECAM1 encoding for platelet endothelial 
cell adhesion molecule or CD31. (B) CDH5 encoding for cadherin 5 or vascular endothelial cadherin, also 
known as CD144. (C) ITGB1 encoding for integrin subunit β1. (D) ITGB3 encoding for integrin subunit β3. 
(E) KDR encoding for kinase insert domain receptor or vascular endothelial growth factor receptor 2. (F) 
TEK encoding for tyrosine kinase with immunoglobulin-like and EGF-like domains 2 or TIE2. (G) VWF 
encoding for von Willebrand factor. (H) NOS3 encoding for nitric oxide synthase 3. (I) PLVAP encoding for 
plasmalemma vesicle-associated protein. Values presented as fold-change expression normalized to gene 
expression of GEnCs cultured on tissue culture polystyrene at day 0 (n = 4). 
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3.4. Discussion 

 The BM, a structure composed of layered ECM molecules, underlies epithelial and endothelial cell 

populations and provides a dynamic interface between these cells and the surrounding parenchyma[31]. 

Recapitulating the unique properties of the BM using synthetic biomaterial systems such as hydrogel 

matrices requires careful modulation of the system’s physicochemical properties[36]. In this work, we 

employed a versatile chemical crosslinking strategy, the PEGX method, to generate stable gelatin 

hydrogels for cell culture while simultaneously conjugating synthetic peptides to the gelatin polymer 

backbone to impart additional bioactivity. The two peptides of interest for these investigations were the 

laminin-derived YIGSR peptide[344, 345] and the VEGF-mimetic QK peptide[352]. Material characterization of 

the hydrogel formulations included rheological, ultrastructural, and swelling analyses, and in vitro studies 

with HUVECs and GEnCs were performed to evaluate performance of the hydrogels as a BM mimic for 

endothelial cell culture. 

 Hydrogels are highly hydrated, crosslinked networks of polymers. In the current investigation, the 

formation of a hydrogel from a precursor polymer solution occurs when the PEGX SVA functional groups 

react with free amines present on the gelatin polymers resulting in a covalently-crosslinked gelatin network 

(Figure 3-1). Using this system, hydrogels can be additionally functionalized with bioactive molecules 

containing free amine groups such as synthetic peptides. Quantification of the free amine content of 

hydrogel precursor polymer solutions and crosslinked hydrogels via the TNBS assay confirmed that 

crosslinking occurs as a result of the PEGX reacting with free amine groups (Figure 3-4 A). As expected, 

the percentage of reacted amines for the hydrogels with no peptides (Table 3-4) was similar in range to 

results presented in a previously published investigation demonstrating the utility the PEGX method[341]. 

Furthermore, the addition of the YIGSR peptide at a concentration of 12 mM increased the free amine 

content of the respective hydrogel precursor polymer solutions to approximately 1.5 times that of polymer 

solutions with no peptides, and addition of PEGX resulted in normalized free amine content values below 

that of crosslinked hydrogels with no peptides. This indicates that both successful crosslinking between 

gelatin polymers as well as conjugation of the YIGSR peptide to the gelatin polymer network occurred. It is 

possible that other products will result from the crosslinking reaction, such as the reaction of a single PEGX 
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molecule with two peptides; however, we expect these products to occur at a much lower frequency than 

the desired conjugation of peptides to the gelatin polymers due to the greater availability of free amines on 

the gelatin. 

 Successful crosslinking of the hydrogel precursor polymer solutions was further confirmed by 

rheological characterization. Time sweeps and shear moduli measurements revealed rapid crosslinking of 

formulations and G’-G’’ crossovers (that is, the time at which the elastic or solid-like properties matched the 

viscous or liquid-like properties of the sample) within several minutes after the addition of PEGX (Table 3-

5). Shear moduli were mostly stable by 2 h, indicating the crosslinking reaction was nearly complete by this 

time (Figure 3-4 B-E). Final storage and complex shear moduli of hydrogels were of similar magnitudes 

and within the range of 195 to 215 Pa (Table 3-5).  

 This narrow range of storage moduli was intended to eliminate hydrogel stiffness as a possible 

confounding factor that could influence cellular response. It has been well-documented that cells respond 

to the mechanical properties of their microenvironment through mechanotransduction[270, 330]. Substrate 

stiffness will not only influence endothelial cell morphology and actin stress fiber formation[363, 364] but also 

modulate expression of growth factors and receptor proteins[365]. Ultimately, these factors influence 

endothelial morphogenesis and capillary network formation[363, 366-368]. In these investigations, storage 

moduli of approximately 200 Pa were desired as the BM-like archetype Matrigel control has a reported 

storage modulus of 55 to 90 Pa[318, 369]; however, “soft” hydrogel formulations crosslinked via the PEGX 

method (those with storage moduli below 150 Pa) previously were shown to degrade rapidly in cell culture 

conditions[341], so a balance between substrate stiffness and rate of degradation was necessary. 

 Additional frequency and strain sweeps confirmed the formation of elastic hydrogels after 

crosslinking (Figure 3-5). Interestingly, the hydrogels exhibited strain stiffening when exposed to strains 

between 100% and 1000%. Strain stiffening is a common behavior among biological materials, such as 

fibrin, type I collagen, and kidney decellularized extracellular matrix hydrogels, but is typically difficult to 

recapitulate with synthetic polymer networks[288, 328, 329]. Although these hydrogels are formed through 

covalent crosslinks using a synthetic crosslinker, the strain-stiffening behavior suggests that interactions 
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between the gelatin polymers such as physical associations may still influence the resulting network 

structure. 

 Ultrastructural analysis of hydrogel surfaces via SEM did not demonstrate any considerable 

variation across groups (Figure 3-7 A-D). Swelling analysis of hydrogels, however, revealed a distinction 

between hydrogels without conjugated YIGSR peptide and YIGSR-conjugated hydrogels. Investigating the 

percent weight increase between initial and swollen hydrogel states, we found that YIGSR and YIGSR/QK 

hydrogels tripled in weight (~200% increase) whereas hydrogels with no peptides and QK hydrogels only 

doubled in weight (~100% increase) (Figure 3-7 E). However, the swelling ratios between swollen hydrogel 

and dry polymer states was relatively similar across groups (Figure 3-7 F). This indicates that this distinction 

was a result of the increased dry polymer weight of YIGSR-conjugated hydrogels, which not only have the 

addition of the YIGSR peptide but also higher concentrations of PEGX (Table 3-2). To account for this 

additional variable, a scrambled YIGSR peptide control (the RYGSI peptide) previously shown to lack the 

cell-binding activity of the YIGSR peptide[349] was included in later cell studies.  

 The VEGF-mimetic QK peptide has been reported to bind VEGF receptors resulting in activation 

of downstream intracellular signaling pathways in endothelial cells, and in particular pathways downstream 

of VEGFR2[352, 370]. Activation of VEGFR2 leads to dimerization of receptors and autophosphorylation of 

intracellular tyrosine residues[371]. After activation, VEGFR2 is internalized during which signaling continues 

until the receptor is degraded or undergoes desphosphorylation and recycling[372]. Importantly, studies 

suggest that internalization of VEGF itself is not necessary for phosphorylation of VEGFR2 and downstream 

signaling[373]. Therefore, utilizing a commercially-available intracellular ELISA kit, we demonstrated that 

soluble QK peptide indeed resulted in significantly elevated levels of phosphorylated VEGFR2 in HUVECs, 

and this activity was preserved even after conjugation to crosslinked gelatin hydrogel substrates using 

PEGX (Figure 3-8 A). 

 Surprisingly, this activity did not appear to be consistent between cell types as treatment with 

soluble QK peptide did not result in significant changes in levels of phosphorylated VEGFR2 in GEnCs 

(Figure 3-8 B). In addition, although the treatment of HUVECs with soluble VEGF165 resulted in significantly 

elevated levels of phosphorylated VEGFR2 as expected, this was not the case for GEnCs treated for the 
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same duration and with the same concentration of VEGF165. In contrast, GEnCs cultured on QK hydrogels 

exhibited significantly elevated levels of phosphorylated VEGFR2. This is particularly intriguing as matrix-

bound VEGF has been found to preferentially activate VEGFR2 signaling pathways involved in cell 

migration[374] and result in endothelial vessels that are smaller in diameter and contain more branching 

points in a tumor model[375]. As a specialized microvascular endothelial cell population, it is possible that 

the GEnCs are more responsive to matrix-bound VEGF (or in this case, matrix-bound QK peptide) as this 

would result in endothelial structures more reminiscent of microvascular beds. This is further supported by 

knowledge that heparan sulfate proteoglycans within the glomerular basement membrane[35] may sequester 

growth factors with heparin-binding domains, including VEGF165[376, 377]. VEGF165 is the predominant VEGF 

isoform secreted by podocytes[378], the specialized perivascular cells that form the external layer of the 

glomerular filtration barrier, and this VEGF secretion by podocytes is crucial in the formation and 

maintenance of the glomerular filtration barrier[6, 377]. Therefore, these results may help tie together the 

unique physical path and regulation of VEGF within the glomerulus: from secretion by podocytes, to 

sequestration within the glomerular basement membrane, and finally presentation to GEnCs. 

 HUVECs were employed as readily-available and prototypical cells for investigating endothelial cell 

response to culture on our hydrogel substrates (Figure 3-9). HUVECs cultured on Matrigel rapidly 

assembled into multicellular, tube-like networks that later regressed into cell aggregates, as expected[361, 

362]. While HUVECs cultured on hydrogels with no peptides and QK hydrogels formed confluent monolayers, 

HUVECs cultured on YIGSR and YIGSR/QK hydrogels formed cord-like structures that persisted 

throughout the culture period. To our surprise, however, HUVECs cultured on RYGSI hydrogel responded 

in a similar manner forming cord-like structures. This suggests that the cord-like structure formation 

observed was not a result of the bioactivity of the YIGSR peptide but instead due to some other factor. 

Swelling analysis, discussed previously, revealed that YIGSR-conjugated hydrogels exhibited greater 

percent weight increases relative to hydrogels with no peptides and QK hydrogels, which is likely an effect 

of the increased dry polymer content of these formulations (Figure 3-7 E-F and Table 3-2). Therefore, 

when confined to the well dimensions in a cell culture plate, YIGSR-conjugated and similarly RYGSI 

hydrogels swell to a greater extent than hydrogels with no peptides and QK hydrogels, resulting in an 
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uneven culture surface or regions of tension and compression that may influence local cellular adhesion 

and migration. 

 Gene expression analysis of cultures, however, demonstrated that the addition of conjugated 

bioactive peptides led to changes in expression of many genes of interest in HUVECs (Figure 3-10). In 

several instances, these changes were upregulation in comparison to culture on hydrogels with no peptides, 

and ultimately the combined synergistic effects of the peptides in YIGSR/QK hydrogels resulted in the 

highest fold-change expression by day 5. On the other hand, although HUVECs formed similar cord-like 

structures on RYGSI hydrogels, gene expression analysis demonstrated that conjugation of the inactive 

peptide resulted in downregulation of most of the genes of interest. This downregulation was often even 

below expression levels of cells cultured on hydrogels with no peptides, which is likely an effect of the 

increased PEG content of RYGSI hydrogels that would alter both the density of available cell-binding sites 

as well as the swelling properties and thus surface topography of the hydrogel substrates. 

 Conditionally-immortalized human GEnCs were also employed as an additional cell type for 

investigating endothelial cell response to culture on our hydrogel substrates (Figure 3-11). GEnCs cultured 

on hydrogels with no peptides formed confluent monolayers, and addition of conjugated QK peptide 

resulted in some cord-like structure formation by cells. While GEnCs cultured on YIGSR and YIGSR/QK 

hydrogels also seemed to form cord-like structures, these structures appeared less dense than those 

formed by HUVECs on the same hydrogel substrates. Interestingly, structures formed on RYGSI hydrogels 

by GEnCs and HUVECs appear more similar to each other, which again suggests that the bioactivity of the 

YIGSR peptide plays an important role in modulating cell response. 

 Gene expression analysis of cultures likewise demonstrated quite different trends between GEnCs 

and HUVECs (Figure 3-12). For many genes of interest, the conjugation of bioactive peptides did not lead 

to significant changes in gene expression. Instead, GEnCs exhibited the highest fold-change expression 

on Matrigel and RYGSI hydrogels, typically at day 5. Correlating these results with images of the cultures, 

GEnCs seem to prefer extensive cell-cell interactions that form during cell aggregation over cell-matrix 

interactions. This corresponded to upregulation of genes involved in cell-cell interactions such as PECAM1 

and CDH5, cell surface receptors involved in signaling pathways such as KDR and TEK, and endothelial 
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function such as VWF and PVLAP. These results reinforce findings from a previous investigation in which 

GEnCs encapsulated within kidney decellularized extracellular matrix hydrogels exhibited lower fold-

change expression of many of the same genes of interest in comparison to cells encapsulated within type 

I collagen hydrogels in part due to an inability to form strong cell-cell interactions[288].  

 The differences in cell response by HUVECs and GEnCs is ultimately not unexpected. Endothelial 

vessels and vascular beds in the body are phenotypically heterogeneous and occupy a diverse range of 

physiological microenvironments[379, 380]. It is not surprising that when isolated from an in vivo setting and 

cultured in vitro these various cell populations will respond differently. For example, Ligresti, et al. isolated 

human kidney peritubular microvascular endothelial cells (HKMECs) and through functional and molecular 

assays found that these cells lack intrinsic regenerative growth capacity and angiogenic potential, which is 

in contrast to the proliferative nature of HUVECs[154]. Further investigations by the same group additionally 

highlighted the distinct responses HKMECs exhibited in comparison to HUVECs when cells were cultured 

on hydrogel substrates composed of type I collagen, kidney cortex decellularized extracellular matrix, or a 

combination of both materials[282]. Similar to these HKMECs, GEnCs are a specialized microvascular 

endothelial cell population isolated from a specific region of the kidney. Therefore, it follows that the GEnCs 

will invariably respond in a much different manner in comparison to HUVECs as we have seen from our 

results. 

 Altogether, we have demonstrated the use of the PEGX method to generate stable, crosslinked 

gelatin hydrogels suitable for cell culture. Furthermore, this versatile crosslinking method permits the 

additional conjugation of bioactive peptides to the polymer backbone as a strategy to modulate cell 

response.  Several groups have previously demonstrated a variety of methods for generating peptide-

modified PEG hydrogels or PEG-peptide composite hydrogels, including mixed mode thiol-acrylate 

photopolymerization using PEG diacrylate[381], PEG-peptide macromers for subsequent 

photopolymerization using PEG acrylate[382] or PEG diacrylate[383], thiol-ene photocoupling using PEG-

norbornene[384, 385], and self-assembled peptide amphiphile and photopolymerizable PEG dimethacrylate 

composite hydrogels[386]. However, in comparison, the synthetic-natural PEG-gelatin composite hydrogels 

investigated here promote cell adhesion and permit cell-mediated degradation even in the absence of 
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additional peptides. This again demonstrates the versatility of the PEGX method as demonstrated here and 

elsewhere[341]. 

 Furthermore, unlike the above referenced investigations, the PEGX chemistry utilized in this work 

does not require a photo-mediated reaction and thus eliminates the need for a photoinitiator. However, 

using the specific single SVA-PEG-SVA crosslinker explored in this study, polymer crosslinking and 

conjugation of additional bioactive molecules necessitates increasing the total polymer weight of 

formulations depending on the concentrations of the molecules of interest. This can lead to confounding 

variables such as changes in hydrogel swelling and cell-binding ligand densities. Future investigations may 

opt to explore PEGX physical and chemical variants, such as multi-arm PEG crosslinkers[341] or 

bioorthogonal “click” chemistries[245, 246], to crosslink polymers and conjugate multiple bioactive molecules 

using orthogonal reactions for greater control of hydrogel properties. Ultimately, advances in engineering 

BM-like hydrogel substrates will not only enhance physiological understanding of cell-cell and cell-matrix 

interactions but also accelerate the development of tissue models for drug testing and novel strategies for 

regenerative therapies. 

3.5. Conclusion 

 The PEGX method is a versatile crosslinking strategy that, in this study, was used to simultaneously 

generate stable, crosslinked gelatin hydrogels as well as conjugate bioactive peptides onto the gelatin 

polymers. Hydrogels formed from precursor polymer solutions within several minutes after the addition of 

PEGX, but differential swelling properties occurred as a result of adjusting peptide and PEGX 

concentrations. These peptide-conjugated hydrogels were investigated as cell culture substrates for two 

human endothelial cell types, human umbilical vein endothelial cells and human glomerular endothelial 

cells, that exhibited uniquely different cell behavior evaluated by measuring levels of phosphorylated 

VEGFR2 and changes in gene expression. Future investigations may explore additional PEGX variants for 

crosslinking and conjugation reactions, a variety of polymers or bioactive molecules for biofunctionalization, 

or other cells types to evaluate cellular response. Ultimately, these studies contribute to the growing interest 
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in developing basement membrane-like hydrogels for delineating complex epithelial and endothelial cell-

cell and cell-matrix interactions. 
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CHAPTER IV:  

Challenges with In Vitro Cultures of Podocytes 

and Evaluation of Hydrogel Platforms to Preserve or Enhance Mature Podocyte Phenotype 
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4.1. Introduction 

 The glomerular filtration barrier is responsible for selective passage of water and small solutes and 

restriction of large molecules and proteins from the vasculature into the kidney tubules during renal filtration 

[4-6]. This barrier is composed of the glomerular endothelial cells that form the glomerular capillaries, the 

glomerular basement membrane, and the podocytes. Podocytes, also known as visceral epithelial cells, 

constitute the outermost and final component of the glomerular filtration barrier. These terminally 

differentiated cells exhibit a unique morphology with a main cell body and projections that extend and 

envelop the glomerular capillaries before ending in fine foot processes or pedicels. Although the foot 

processes are the only point of contact podocytes maintain with the underlying glomerular basement 

membrane, foot processes of adjacent podocytes interdigitate resulting in an intricate organization[17, 18]. 

Furthermore, the gaps between interdigitating foot processes known as filtration slits are spanned by 

specialized cell-cell junctions known as slit diaphragms, which together form a flexible sieve important in 

maintaining the properties of the glomerular filtration barrier[22].  

 Damage to the glomerular filtration barrier or glomerular disease may present clinically as 

proteinuria or hematuria, increased protein content or presence of blood in the urine, respectively[53]. Often 

this is accompanied by or leads to podocyte injury in the form of foot process effacement or even podocyte 

loss and denudement of the glomerular basement membrane. Continued loss of podocytes beyond a critical 

level results in glomerulosclerosis and reduced filtration function[24, 26]. Loss of podocytes is further 

exacerbated by the post-mitotic state of these singular cells preventing functional replacement of cell 

numbers[17, 387]. Animal models, specifically transgenic mouse models, have enabled fantastic insight into 

the development and progression of kidney diseases and podocyte injury[294]; however, animal models do 

not completely emulate human physiology and disease[297]. Consequently, there is a distinct need for human 

podocyte culture models to advance understanding of podocyte cell biology and response to injury. 

Isolation and primary culture of podocytes from a variety of species was initially described in the 

1970s[388-390]. These protocols involve the dissection of kidney cortical tissue, sieving of the tissue through 

meshes to obtain glomeruli, and enzymatic dissociation of glomeruli to obtain the podocytes or subsequent 

culture of the glomeruli to obtain podocyte outgrowths[391, 392]. While primary cells are thought to be most 
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representative of cells in the in vivo state, standard primary podocyte cultures are limited by their lack of 

proliferative capacity[392] and rapid dedifferentiation from a highly “arborized” morphology to a “cobblestone” 

morphology[391]. Primary podocytes may be immortalized for continual expansion by insertion of the simian 

virus 40 large tumor antigen (SV40-T) via transfection[393]; however, this is expected to alter the natural cell 

state, especially of the terminally-differentiated podocyte[392]. This led researchers to take advantage of the 

Immortomouse and develop temperature-sensitive transgenes for culture of conditionally-immortalized 

mouse and human podocyte cell lines[394-397]. However, while these cell lines are now considered the gold 

standard cell culture models for podocytes, there is significant variation amongst different lines[398] and often 

significantly reduced or lost phenotypic expression [219]. In addition, improper culture technique can result 

in dedifferentiation or non-differentiation sub-populations in cultures, resulting in poor reproducibility[391]. 

Maintaining a differentiated podocyte phenotype in vitro is likely difficult due to the pervasiveness 

of traditional cell culture techniques where cells are cultured on rigid, 2D substrates that in no way or form 

mimic the in vivo microenvironment[399]. In the body, cells not only interact with other cells in a 3D 

environment, but they also produce and are surrounded by extracellular matrix (ECM). The ECM provides 

mechanical support and organization to tissues and organs in addition to presenting biophysical and 

biochemical signaling cues that influence cellular response and behavior[168, 169]. Biomaterial platforms such 

as hydrogels have gained increasing attention as ECM mimics for 3D cell culture and regenerative 

engineering[235, 236]. Hydrogels as water-swollen, crosslinked polymer networks may be tailored or tuned to 

exhibit biophysical and biochemical properties desired for specific applications. 

The objective of these investigations was to evaluate podocyte response to culture on specific 

hydrogel substrates or encapsulation within hydrogel matrices and correlate these results with 

microenvironmental signaling cues necessary for preserving or enhancing podocyte phenotype in vitro. The 

hydrogel platforms surveyed include kidney decellularized extracellular matrix (dECM) hydrogels for cell 

culture and encapsulation investigated in Chapter 2 and elsewhere[288], poly(ethylene glycol) (PEG)-

crosslinked gelatin hydrogel substrates with and without conjugated vascular endothelial growth factor-

mimetic peptides investigated in Chapter 3 and elsewhere[280], and 3D-printed gelatin hydrogel scaffolds 

investigated by others[400, 401]. Response by conditionally-immortalized human podocytes was evaluated by 
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measuring cell proliferation, microscopy and viability staining, and gene expression analysis, when 

available.  

4.2. Materials & Methods 

4.2.1. Culture of Conditionally-Immortalized Human Podocytes 

 Conditionally-immortalized human podocytes were cultured as described previously[396]. These are 

primary cells that have been transfected with a temperature-sensitive SV40-T antigen and the essential 

catalytic subunit of human telomerase (hTERT) to prevent replicative senescence[319, 396]. Culture at the 

permissive temperature of 33 °C results in active expression of the transgenes to maintain an immature 

cell state and allow proliferation of the cells. Thermoswitching to the non-permissive temperature of 37 °C 

results in inactivation of the transgenes, causing the cells to become quiescent and adopt a more mature 

phenotype [2002 Saleem]. Podocytes were expanded in RPMI 1640 (Gibco, #11875) supplemented with 

10% fetal bovine serum (FBS, Gibco, #16000), 1% penicillin-streptomycin (Gibco, #15140), and 1% insulin-

transferrin-sodium selenite (ITS Liquid Media Supplement, Sigma-Aldrich, #I3146) at 33 °C and 5% CO2. 

During experimental studies, cells were thermoswitched as indicated to 37 °C and 5% CO2 in RPMI 1640 

supplemented with 10% FBS and 1% penicillin-streptomycin. Media was exchanged every two to three 

days, and cells were used at passage 24 or below for experimental studies.  

4.2.2. Kidney Decellularization and Preparation of Hydrogels from Kidney Decellularized 

Extracellular Matrix 

 Hydrogels were prepared from kidney dECM as described previously in Chapter 2 and published 

elsewhere[288]. Female Yorkshire pig (3-4 months in age) kidneys were obtained fresh from Northwestern 

Simulation (Northwestern University Feinberg School of Medicine) following approval by the Northwestern 

Institutional Animal Care and Use Committee (IACUC) and stored at -80 °C until decellularization. Prior to 

decellularization, kidneys were thawed for several hours in warm water and then minced into pieces 

approximately 0.5 × 0.5 × 0.25 cm in size with a clean razor blade. During this process, the majority of the 

renal pelvis and perirenal fat was removed. Kidney tissue pieces were then rinsed with deionized H2O under 
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constant stirring for one day at room temperature with intermittent H2O changes. After rinsing, kidney pieces 

were treated with 0.1% (m/v) sodium dodecyl sulfate (Sigma-Aldrich, #L3771) under constant stirring for 

two days. Afterwards, decellularized kidney pieces were rinsed with deionized H2O under constant stirring 

for one day with intermittent H2O changes to ensure removal of residual detergent from the tissue. The 

resulting kidney dECM was frozen at -80 °C until further processing. 

 Kidney dECM hydrogels were prepared similarly to previously described protocols for other 

decellularized tissues[317]. Briefly, frozen kidney dECM was lyophilized for two days using a Labconco 

FreeZone 6 Plus, snap frozen in liquid N2, and milled with a Thomas Wiley Mini-Mill Cutting Mill. Milled 

dECM was enzymatically digested at 10 mg/mL kidney dECM in 1 mg/mL pepsin (Sigma-Aldrich, #P7000) 

and 0.01 M HCl (Sigma-Aldrich, #H9892) for 48 h. The resulting pepsin digest was aliquoted and frozen at 

-80 °C. Aliquots were thawed overnight at 4 °C as needed for experiments. Hydrogel precursor polymer 

solutions were prepared by neutralizing the pepsin digest with one-hundredth the volume of 1.0 M NaOH 

(Sigma-Aldrich, #S2770), adding one-tenth of the total volume desired of 10× PBS (Mediatech, #46-013) 

to achieve a final concentration of 1×, and diluting the mixture with sterile MilliQ H2O. Hydrogels were 

formed after incubation of precursor polymer solutions at 37 °C for at least 1 h. Type I Collagen hydrogels 

were prepared similarly from purified porcine type I atelo-collagen (Advanced BioMatrix, #5169-100ML). 

4.2.3. Preparation of PEG-Crosslinked Gelatin Hydrogels with Conjugated Peptides 

 PEG-crosslinked gelatin hydrogels with conjugated peptides were prepared as described 

previously in Chapter 3 and published elsewhere[280]. Vascular endothelial growth factor-mimetic QK 

peptides were purchased through custom peptide synthesis from ABI Scientific and confirmed to have a 

purity of >95% by high-performance liquid chromatography. QK peptide sequence from N- to C-terminal: 

KLTWQELYQLKYKGI, and a theoretical molecular weight of 2036.31 g/mol[352]. Lysine ε-amino groups 

were acetylated to prevent cross-reactivity with the amine-reactive PEG crosslinker (PEGX). C-termini of 

peptides were amidated to enhance stability, but N-termini were left unmodified. Peptides were solubilized 

in 1× phosphate-buffered saline solution (PBS, pH 7.4, Gibco, #10010) as concentrated stock solutions and 

frozen in aliquots at -20 °C. Aliquots were thawed and diluted as necessary for hydrogel preparation. 
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 Gelatin type A (Sigma-Aldrich, #G1890) was solubilized in PBS at 37 °C at a stock concentration 

of 10% (m/v). Hydrogel precursor polymer solutions were prepared by mixing the following in order: PBS 

for dilution, 1.0 M NaOH to buffer solutions to an approximate final pH of 6 for optimal crosslinking kinetics, 

QK peptide to a final concentration of 100 µM (if desired), and gelatin stock solution to a final concentration 

of 5% (m/v). Polymer solutions were held at 37 °C prior to crosslinking to ensure solution phase and 

thoroughly vortexed before the addition of crosslinker. Homobifunctional poly(ethylene glycol) succinimidyl 

valerate (SVA) (MW 5000 g/mol, Laysan Bio), referred to as simply PEG crosslinker or PEGX, was prepared 

as a concentrated stock solution at 40 mM in PBS just prior to crosslinking of polymer solutions. PEGX was 

added to hydrogel precursor polymer solutions to a final concentration of 1.55 mM for hydrogels with no 

peptides (referred to as “no peptides”) and 1.60 mM for QK-conjugated hydrogels (referred to as “QK”). 

Immediately after addition of PEGX, solutions were vortexed, pipetted into well plates, and incubated at 

37 °C for 2 h. As an additional control group, Matrigel Basement Membrane Matrix (Phenol Red-Free, 

Corning, #356237) was thawed on ice, cast in well plates, and incubated alongside experimental groups. 

4.2.4. Preparation of 3D-Printed Gelatin Hydrogel Scaffolds 

 3D-printed gelatin scaffolds were prepared as described previously[400, 401]. Briefly, gelatin type A 

was solubilized in PBS at a concentration of 10% (m/v) at 37 °C. The gelatin solution was transferred to a 

printer cartridge and 3D printed using a pneumatic-based, piston-driven direct extrusion 3D printer: the 

EnvisionTEC 3D-Bioplotter Manufacturer Series. The gelatin solution was maintained at a constant 

temperature of 30 °C within a high-temperature printhead and extruded through a stainless steel luer lock 

needle tip with an inner diameter of 200 µm and needle length of 2 mm (EnvisionTEC) at pressures between 

1.8 and 2.2 bar. Gelatin was printed at a speed of 10 mm/s onto glass microscope slides placed on the 

print stage cooled to 10 °C. Boxes 15 × 15 mm in length and width were printed with four layers in height. 

Strut spacing and layer slicing were defined as 800 µm and 156 µm, respectively. The advancing angle or 

angle of orientation of printed struts between subsequent layers was adjusted as desired to fabricate 

scaffolds of varying pore geometries. Specifically, scaffolds were fabricated with 30° (0, 30, 60, and 90°), 

60° (0, 60, 120, 180°), and 90° (0, 90, 180, 270°) advancing angles with 90° advancing-angle scaffolds 
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printed with struts offset slightly to avoid scaffold through-pores. Printed scaffolds were kept chilled on ice 

to prevent melting. 

 After printing, scaffolds were immediately crosslinked with a solution of 15 mM N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (Sigma-Aldrich, #E1769) and 6 M N-

hydroxysuccinimide (Sigma-Aldrich, #130672) prepared in sterile MilliQ H2O for 1 h on ice. Scaffolds were 

then rinsed three times with excess sterile MilliQ H2O to remove residual crosslinker, sterilized overnight in 

70% (v/v) ethanol (Decon Laboratories, #2701) at 4 °C followed by irradiation under ultraviolet light for 1 h, 

and stored in PBS supplemented with 1% penicillin-streptomycin at 4 °C until use. Immediately prior to cell 

seeding, scaffolds were removed from glass slides with sterile razor blades and biopsy punched using 6 

mm biopsy punches (Integra Miltex, #33-36) to create circular scaffold disks.  

4.2.5. Cell Experimental Studies 

 Preparation of Cells for Culture or Encapsulation. Cells were rinsed once with 1× Dulbecco’s 

phosphate-buffered saline (DPBS, Mediatech, #21-030) and incubated with TrypLE Express (Gibco, 

#12605) at 33 °C for 5 min to lift cells. TrypLE Express was deactivated with excess cell culture media, and 

detached cells were collected and counted via the trypan blue exclusion method using Trypan Blue solution 

(Sigma-Aldrich, #T8154). Cells were centrifuged at 1200 RPM for 5 min and resuspended in complete 

media at the desired cell concentration. 

 Culture on Hydrogel Substrates. Culture studies on hydrogel substrates were performed in a similar 

manner as previously-established endothelial cell tube formation assays[361, 362]. For type I collagen and 

kidney dECM hydrogel substrates, hydrogel precursor polymer solutions were prepared and cast into well 

plates, 200 µL/cm2, and incubated at 37 °C for 1 h. Cells were seeded on top of hydrogel substrates at a 

final density of 12,500 cells/cm2, and cultures were maintained for one week at 33 °C and 5% CO2 before 

being thermoswitched to 37 °C for the remaining 14 days (21-day culture period total). For Matrigel and 

PEG-crosslinked gelatin hydrogel substrates, hydrogel precursor polymer solutions were prepared and cast 

in well plates, 165 µL/cm2, and incubated at 37 °C for 2 h. Cells were seeded on hydrogel substrates at a 

final density of 48,000 cells/cm2, and cultures were maintained at 37 °C and 5% CO2 for the 14-day culture 
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period. For 3D-printed gelatin scaffolds, scaffolds were carefully placed within wells of custom silicone 

isolators of the same diameter (Grace Bio-Labs) attached to glass microscope slides and autoclaved. 

Concentrated cell suspensions of 50,000 cells/scaffold were seeded onto scaffolds, and cells were allowed 

to attach for 1.5 h before careful addition of additional media. After overnight incubation at 33 °C and 5% 

CO2, scaffolds with cells were carefully transferred to wells of Costar Clear Flat Bottom Ultra-Low 

Attachment 24-Well Plates (Corning, #3473) using a sterile microspatula. Cells were maintained at 33 °C 

and 5% CO2 for three days before being thermoswitched to 37 °C for the remaining 18 days (21-day culture 

period total). 

 Cell Encapsulation within Type I Collagen and Kidney dECM Hydrogels. Well plates were coated 

with poly(2-hydroxyethylmethacrylate) [poly(2-HEMA)] at least one day prior to cell encapsulation within 

hydrogels to prevent cell attachment to well plate surfaces following established protocols[320, 321]. Briefly, 

poly(2-HEMA) (Sigma-Aldrich, #P3932) was dissolved in 95% (v/v) ethanol at a concentration of 30 mg/mL 

under constant stirring at 40-60 °C and then sterile filtered through a polyethersulfone mesh with a pore 

size of 0.22 µm (EMD Millipore, #SCGP00525). Sufficient volume of the poly(2-HEMA) solution was added 

to each well to cover the well surface, and the solution was allowed to evaporate overnight in a biosafety 

cabinet. Cells were counted as described previously and aliquoted to obtain the necessary number of cells 

for encapsulation at the desired concentrations: 1 million cells/mL or 5 million cells/mL. The cell suspension 

was centrifuged, and pellets were resuspended in a minimal volume of complete media. Concentrated cell 

suspensions were added to hydrogel precursor polymer solutions, gently pipetted to mix, and cast into wells 

(200 µL/cm2). Hydrogel precursor polymer solutions with cells were incubated at 37 °C for at least 1 h to 

ensure hydrogel formation and cell encapsulation before complete media was added to wells and plates 

were transferred to 33 °C and 5% CO2. 

4.2.6. Evaluation of Cell Response 

 Cell Proliferation. Samples were collected at designated time points and stored at -80 °C until 

analysis. Samples were digested with Proteinase K (Sigma-Aldrich, #P2308) in digestion buffer composed 

of 0.05 M Tris (Sigma-Aldrich, #T1503) and 1 mM CaCl2 (Sigma-Aldrich, #C5670) in deionized H2O at pH 
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8 at 60 °C overnight. DNA content of digested samples was quantified with the Quant-iT PicoGreen dsDNA 

Assay Kit (Invitrogen, #P7589) following the manufacturer’s protocol and compared to a standard curve 

generated using the dsDNA standard included in the kit. Fluorescence intensity was measured using a 

BioTek Cytation 3 Cell-Imaging Multi-Mode Reader with an excitation wavelength of 480 nm and an 

emission wavelength of 520 nm. Four biological replicates were analyzed at each time point (n = 4). DNA 

content was similarly quantified from cell pellets of counted cells using the Trypan Blue exclusion method 

to determine the amount of DNA per cell (n = 3). Proliferation is presented as the total cell number as well 

as cell number normalized to the number of cells initially seeded or encapsulated. 

 Cell Viability Imaging. Cell viability was evaluated using the LIVE/DEAD Assay Viability/Cytotoxicity 

Kit for Mammalian Cells (Invitrogen, #L3224) following the manufacturer’s protocol. Briefly, samples were 

rinsed once with 1× DPBS, incubated with 4 µM ethidium homodimer and 2 µM calcein in DPBS for 30 min 

at 33 or 37 °C, and then rinsed once more with DPBS before imaging on a Nikon C2+ confocal microscope. 

 Microscopy. Photomicrographs of samples were captured on a Lumenera INFINITY1-3C 

microscopy camera mounted on a Nikon Eclipse TS100 using Lumenera INFINITY ANALYZE 6.5 software. 

For scanning electron microscopy (SEM), samples were fixed in 1.6% paraformaldehyde (Alfa Aesar, 

#43368) and 2.5% glutaraldehyde (Sigma-Aldrich, #G5882) in 0.1 M sodium cacodylate buffer (Ted Pella, 

#18851), pH 7.4 at 4 °C for several days, dehydrated in a graded ethanol series (30-100% in MilliQ H2O), 

critical-point dried in a Tousimis SAMDRI-795 Critical Point Dryer, coated with Os using an SPI Supplies 

Osmium Plasma Coater OPC-60A, and imaged on a Hitachi SU8030 cold-source field emission SEM. 

 Gene Expression Analysis. RNA was isolated from samples using TRIzol Reagent (Invitrogen, 

#15596) following the manufacturer’s protocol, and isolated RNA was treated with DNA-free DNA Removal 

Kit (Ambion, #AM1906) to remove contaminating genomic DNA from samples. RNA concentration was 

measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific). Reverse transcription and 

cDNA synthesis was performed using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, #170-

8841) with an Applied Biosystems GeneAMP PCR System 9700 following the manufacturer’s protocol. 

Real-time quantitative polymerase chain reaction was performed using SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad, #170-5270) with 300 nM each of forward and reverse primers and 0.10 ng/µL 
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cDNA on an Applied Biosystems QuantStudio 7 Flex Real-Time PCR System. Primer sequences for genes 

of interest are listed in Table 4-1. The thermal profile used included an initial polymerase activation step at 

95 °C for 30 sec followed by 40 amplification cycles of denaturation at 95 °C for 15 sec and annealing and 

extension at 60 °C for 60 sec. The expression of each gene of interest was normalized to expression of the 

housekeeping gene cyclophilin A (PPIA), and relative degree of gene amplification was calculated using 

the ΔΔCT method: 2[(CT GOI 2 - CT PPIA 2) - (CT GOI 1 - CT PPIA 1)]. “CT GOI 1” represents the threshold cycle (CT) of the 

gene of interest for the reference population, and “CT GOI 2” represents the CT of the gene of interest for 

the experimental sample. Human kidney total RNA (Invitrogen, #AM7976) served as the reference 

population for gene expression analysis of podocytes cultured on tissue culture polystyrene, and podocytes 

cultured on tissue culture polystyrene at the permissive temperature on day 0 served as the reference 

population for gene expression analysis of hydrogel culture and encapsulation studies. Biological replicates 

were tested in triplicate (n = 3) for podocytes cultured on tissue culture polystyrene or quadruplicate (n = 4) 

for hydrogel culture and encapsulation samples with technical replicates in triplicate. 
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Table 4-1: Primer sequences for gene expression analysis via quantitative real-time polymerase 
chain reaction (qPCR). 

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

PPIA CCC ACC GTG TTC TTC GAC ATT GGA CCC GTA TGC TTT AGG ATG A 
WT1 GGC ATC TGA GAC CAG TGA GAA GAG AGT CAG ACT TGA AAG CAG T 
MAFB GAC GCA GCT CAT TCA GCA G CTC GCA CTT GAC CTT GTA GGC 
TCF21 TCC TGG CTA ACG ACA AAT ACG A TTT CCC GGC CAC CAT AAA GG 
NPHS1 CGC AGG AGG AGG TGT CTT ATT C CGG GTT CCA GAG TGT CCA AG 
NPHS2 GGG AAT CAA AGT GGA GAG AAT AG' CAG AGA CTG AAG GGT GTG GAG 
KIRREL1 GCC ATC TAC TCG TCG TTT AAG GCA CGG TAG TCA GCA TAG AG 
CD2AP TGT GAA ACT TCG GAC AAG AAC A AGT GAC TGT AGG ATT AAG GGC T 
SYNPO GCC CAA CTC CCA TCT AAT GGC GGG ATG AGC GTA GCT TCT CTG 
PODXL TCC CAG AAT GCA ACC CAG AC GGT GAG TCA CTG GAT ACA CCA A 
VEGFA GTC CAA CAT CAC CAT GCA GAT TA GCT GTA GGA AGC TCA TCT CTC 
FLT1 GAA AAC GCA TAA TCT GGG ACA GT GCG TGG TGT GCT TAT TTG GA 
KDR GTG ATC GGA AAT GAC ACT GGA G CAT GTT GGT CAC TAA CAG AAG CA 
FLT4 ATC CGA GGA GCT ACT AGA GGG AGC GCA GAT GCT CGT ACT TG 
COL4A4 GTG CCG TTA AAG GTA TTC AGG G GTG GCT CTA CCA ACA GGG T 
LAMB2 GGA CGA AAA GAA GTG CTT CCT GCA GGG ATA CCA TTC TCT GAC T 
 

4.2.7. Statistical Analysis 

All quantitative data is represented as the mean ± standard error of the mean. Statistical 

significance was determined using an unpaired two-tailed Student’s t-test assuming equal variance with 

Microsoft Excel (Microsoft). Significance for all statistical analyses was defined as p < 0.05. 

4.3. Results 

4.3.1. Gene Expression Analysis of Podocytes Cultured on Conventional Tissue Culture 

Polystyrene 

 As a benchmark for podocyte phenotype in conventional culture conditions, gene expression from 

conditionally-immortalized human podocytes cultured on tissue culture polystyrene at both the permissive 

and non-permissive temperatures was analyzed (Figure 4-1). Several podocyte-specific genes of interest 
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were tested and compared with total RNA isolated from human kidney. The results revealed relatively low 

expression of several genes of interest with expression of some genes not detected at all. These included 

genes encoding transcription factors (WT1, MAFB, TCF21), slit diaphragm proteins (NPHS1, NPHS2), and 

glycocalyx markers (PODXL). The remaining genes encoding secreted growth factors (VEGFA) and slit 

diaphragm and actin-associated proteins (KIRREL1, CD2AP, SYNPO) only exhibited moderate expression. 

Interestingly, most gene expression declined after the recommended two-week culture at the non-

permissive temperature, which is counter to the supposed advantage of conditional immortalization. 

 

 

Figure 4-1: Gene expression analysis of conditionally-immortalized human podocytes cultured on 
conventional tissue culture polystyrene. 
RNA was isolated from cells cultured at the permissive temperature of 33 °C or cells cultured for two weeks 
at the non-permissive temperature of 37 °C. Genes of interest include genes encoding transcription factors 
(WT1 for Wilms tumor protein, MAFB for MAF bZIP transcription factor B, TCF21 for transcription factor 
21), secreted factors (VEGFA for vascular endothelial growth factor A), slit diaphragm and actin-associated 
proteins (NPHS1 for nephrin, NPHS2 for podocin, KIRREL1 for Neph1, CD2AP for CD2-associated protein, 
SYNPO for synaptopodin), and glycocalyx markers (PODXL for podocalyxin). Values presented as fold-
change expression normalized to human kidney total RNA (n = 3). 
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4.3.2. Podocyte Culture on Kidney dECM Hydrogel Substrates and Encapsulation within Kidney 

dECM Hydrogels 

 Podocytes demonstrated moderate proliferation when initially cultured on kidney dECM hydrogels 

for one week at the permissive temperature (Figure 4-2 A). Surprisingly, this proliferation was not observed 

for podocytes cultured on collagen hydrogels under the same conditions. These results correspond with 

live/dead staining indicating high cell viability of cells cultured on either hydrogel substrate at day 1 but 

greater cell viability and substrate coverage of cells cultured on kidney dECM hydrogels on day 7 (Figure 

4-2 B). After thermoswitching cells to the non-permissive temperature, however, cell number continued to 

decrease on both hydrogel substrates over the remaining culture period (Figure 4-2 A), which similarly 

corresponded with live/dead staining indicating reduced cell viability and decreased substrate coverage 

(Figure 4-2 B). 

 Podocytes were successfully encapsulated within collagen and kidney dECM hydrogels of varying 

concentrations (Figure 4-3). Live/dead staining indicated adequate preservation of cell viability after 

encapsulation; however, encapsulation within lower concentration hydrogels resulted in increased settling 

of cells and inhomogeneous cell distribution resulting in the appearance of a monolayer in confocal images. 

As encapsulated cells were maintained in culture, cell viability did not improve and in some cases appeared 

to decline. This decline in cell viability was more pronounced in collagen hydrogels and kidney dECM 

hydrogels of higher concentrations (2.5 and 5.0 mg/mL). In particular, although some cells encapsulated in 

kidney dECM hydrogels of 5.0 mg/mL appeared to adopt more spread morphologies at day 1, by day 7 and 

beyond only rounded cell morphologies were observed. More cells with spread morphologies were apparent 

in collagen hydrogels and kidney dECM hydrogels of 2.5 mg/mL, but many cells still exhibited rounded 

morphologies and compromised cell viability. Cell viability and morphologies appeared best by cells 

encapsulated within kidney dECM hydrogels of 1.0 mg/mL. Notably, contraction of hydrogels was observed 

as early as day 1 with greater contraction apparent in hydrogels of lower concentrations. Similar results 

were observed for podocytes encapsulated within type I collagen and kidney dECM blend hydrogels 

(Figure 4-4), although these samples were only maintained over a shorter 7-day culture. 
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Figure 4-2: Proliferation and viability staining of podocytes cultured on type I collagen hydrogels or 
kidney dECM hydrogels. 
Cells were thermoswitched from the permissive to the non-permissive temperature at day 7. (A) 
Quantification of podocyte proliferation over 21 days. Normalized values (right axis) were normalized to the 
number of cells initially seeded per sample on day 0. Number of biological replicates, n = 3. (B) Live (green) 
and dead (red) viability staining and confocal imaging of podocytes at indicated time points over a 21-day 
culture period. 
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Figure 4-3: Viability staining of podocytes encapsulated within type I collagen hydrogels or kidney 
dECM hydrogels of varying concentration. 
Live (green) and dead (red) viability staining and confocal imaging of podocytes at indicated time points 
over a 21-day culture period. Cells were thermoswitched from the permissive to the non-permissive 
temperature at day 7. 
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Figure 4-4: Viability staining of podocytes encapsulated within type I collagen and kidney dECM 
hydrogel mixtures. 
Live (green) and dead (red) viability staining and confocal imaging of podocytes at indicated time points 
over a seven-day culture period at the permissive temperature. 
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4.3.3. Podocyte Culture on Matrigel and PEG-Crosslinked Gelatin Hydrogel Substrates and Gene 

Expression Analysis 

 Podocytes cultured on Matrigel and PEG-crosslinked gelatin hydrogel substrates were immediately 

thermoswitched to the non-permissive temperature after seeding (Figure 4-5). When cultured on Matrigel, 

podocytes rapidly formed an interconnected network by 6 h that began to regress by 24 h and later resulted 

in cell aggregates. When cultured on PEG-crosslinked gelatin hydrogel substrates with no peptides, 

podocytes attached to the substrate and eventually began to form cord-like structures by day 7 with these 

structures more apparent at day 14, and cells did not form a confluent monolayer on the substrate at any 

point. Similar to podocytes cultured on hydrogels with no peptides, podocytes cultured on QK hydrogels 

resulted in cord-like formation, although clusters of cells on QK hydrogels appeared more distinct than those 

on hydrogels with no peptides. 

 Gene expression by podocytes cultured on Matrigel and PEG-crosslinked gelatin hydrogel 

substrates were analyzed, and genes of interest included those previously tested for with podocytes 

cultured on tissue culture polystyrene as well as additional genes encoding ECM proteins and cell receptors 

(Figure 4-6). In general, culture of podocytes on these hydrogel substrates resulted in an upregulation of 

genes of interest in comparison to culture on conventional tissue culture polystyrene; however, no clear 

trends were discernible from the results that signified one hydrogel substrate as superior over the others. 

For example, podocytes cultured on Matrigel resulted in the greatest upregulation of SYNPO and COL4A4 

at day 7, but podocytes cultured on hydrogels with no peptides resulted in the greatest upregulation of 

MAFB, VEGFA, and KIRREL1 at day 1, whereas podocytes cultured on QK hydrogels resulted in the 

greatest upregulation of PODXL and LAMB2 at day 1 and CD2AP at days 1 and 7. Notably, gene expression 

of important podocyte-specific markers WT1, NPHS1, and NPHS2 were not detected from any samples. 

Interestingly, although differences in podocyte gene expression were observed between cells cultured on 

hydrogels with no peptides and QK hydrogel substrates, gene expression of the prototypical vascular 

endothelial growth factor receptors (FLT1, KDR, FLT4) was not detected from any samples. 
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Figure 4-5: Photomicrographs of podocytes cultured on Matrigel or PEG-crosslinked gelatin 
hydrogel substrates. 
Podocytes cultured on Matrigel (“Matrigel), hydrogels with no peptides (“No Peptides), or QK hydrogel 
(“QK”) substrates. Cell cultures were thermoswitched from the permissive to the non-permissive 
temperature immediately after seeding onto hydrogel substrates. Photomicrographs were taken at indicated 
time points over a 14-day culture period. 
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Figure 4-6: Gene expression analysis of podocytes cultured on Matrigel or PEG-crosslinked gelatin 
hydrogel substrates. 
Podocytes cultured on Matrigel (“Matrigel), hydrogels with no peptides (“No Peptides), or QK hydrogel 
(“QK”) substrates. RNA was isolated from cells cultured at the non-permissive temperature at indicated 
time points. Genes of interest include genes encoding transcription factors (MAFB for MAF bZIP 
transcription factor B, TCF21 for transcription factor 21), secreted factors (VEGFA for vascular endothelial 
growth factor A), glycocalyx markers (PODXL for podocalyxin), slit diaphragm and actin-associated proteins 
(KIRREL1 for Neph1, CD2AP for CD2-associated protein, SYNPO for synaptopodin), and extracellular 
matrix production (COL4A4 for type IV collagen α 4 chain, LAMB2 for laminin subunit β 2). Additional genes 
of interest not detected include WT1 (Wilms tumor protein), NPHS1 (nephrin), NPHS2 (podocin), FLT1 (fms 
related tyrosine kinase 1 or vascular endothelial growth factor receptor 1), KDR (kinase insert domain 
receptor or vascular endothelial growth factor receptor 2), and FLT4 (fms related tyrosine kinase 4 or 
vascular endothelial growth factor receptor 3). Values presented as fold-change expression normalized to 
gene expression of podocytes cultured on tissue culture polystyrene at day 0 (n = 4). Statistical significance 
denoted by: * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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4.3.4. Podocyte Culture on 3D-Printed Gelatin Scaffolds 

 Podocytes were cultured on 3D-printed gelatin scaffolds and demonstrated adhesion at high cell 

densities regardless of pore geometry (Figure 4-7). When cultured at the permissive temperature for one 

week, cells remained attached to scaffolds lining scaffold struts. Once thermoswitched to the non-

permissive temperature, cells began to adopt increasingly spread morphologies both along scaffold struts 

as well as rounding around scaffold pores at intersecting struts. This change in cell morphology over the 

culture and maturation period was also apparent from live/dead staining (Figure 4-8). Live/dead staining 

further revealed high cell viability of cells initially cultured on scaffolds that was largely preserved over the 

21-day culture period. After the culture period, scaffolds with cells were additionally fixed and visualized by 

SEM (Figure 4-9). Low magnification micrographs illustrated scaffold architecture, and high magnification 

micrographs revealed interior pore geometries with cells lining scaffold struts and clustering within pores at 

strut intersections. 
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Figure 4-7: Photomicrographs of podocytes cultured on 3D-printed gelatin scaffolds. 
Scaffolds of varying pore geometries: 30°, 60°, and 90° offset. Cells were thermoswitched from the 
permissive to the non-permissive temperature at day 7. Photomicrographs were taken at indicated time 
points over a 21-day culture period. 
 



 

 

 

Figure 4-8: Viability staining of podocytes cultured on 3D-printed gelatin scaffolds. 
Scaffolds of varying pore geometries: 30°, 60°, and 90° offset. Live (green) and dead (red) viability staining and confocal imaging of 
podocytes at days 1 and 21. Cells were thermoswitched from the permissive to the non-permissive temperature at day 7. 
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Figure 4-9: Scanning electron micrographs of podocytes cultured on 3D-printed gelatin scaffolds. 
Scaffolds of varying pore geometries: 30°, 60°, and 90° offset. Low and high magnification micrographs of cells cultured on scaffolds for 21 
days.  
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4.4. Discussion 

 Podocyte cell culture in vitro, and especially the development of conditionally-immortalized 

podocyte cell lines, has enabled critical research in understanding the molecular mechanisms governing 

podocyte differentiation, function, and injury[391]. However, unless meticulous techniques are practiced, 

these cells may dedifferentiate in culture and lose their mature phenotype, resulting in misleading or 

misrepresented results[391]. Furthermore, conventional cell culture methods typically utilize rigid, 2D tissue 

culture-treated polystyrene substrates, which fail to simulate the in vivo microenvironment[399] and likely 

exacerbates these challenges. This is illustrated by the relatively low gene expression by conditionally-

immortalized human podocytes cultured on tissue culture polystyrene at both the permissive and non-

permissive temperatures of podocyte-specific genes of interest, including genes encoding for critical 

transcription factors, secreted growth factors, slit diaphragm and actin-associated proteins, and glycocalyx 

markers (Figure 4-1) by us and similar genes of interest by others[219, 398]. Here, we sought to evaluate the 

potential of hydrogel matrices to preserve or promote viability and a mature phenotype in conditionally-

immortalized human podocytes. From these investigations, we also hoped to identify microenvironmental 

signaling cues and hydrogel design criteria essential for achieving these goals. 

 In the native microenvironment, cells produce and are surrounded by ECM responsible for 

imparting mechanical integrity to tissues and organs as well as presenting signaling cues to promote and 

maintain cell function[168, 169]. The composition of the ECM varies amongst tissues and organs within the 

body and even within different regions of a single tissue[169]. In many cases, tissue- and organ-specific 

dECM scaffolds and hydrogels have demonstrated equivalent if not superior bioactivity for regenerative 

engineering applications in comparison to standard controls such as collagen[264, 402]. In Chapter 2 and 

published elsewhere[288], we demonstrated that porcine kidney dECM could be processed to form 

physically-crosslinked hydrogels capable of supporting conditionally-immortalized human glomerular 

endothelial cell (GEnC) viability and proliferation in culture and encapsulation studies. As another kidney-

specific cell type and one that intimately interacts with GEnCs in the native microenvironment, we wanted 
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to evaluate podocyte response to culture on kidney dECM hydrogel substrates as well as to encapsulation 

within kidney dECM hydrogels for 3D culture. 

 Podocytes cultured on kidney dECM hydrogel substrates initially showed high cell viability as well 

as proliferation rates greater than those cultured on control collagen hydrogel substrates (Figure 4-2). 

These results were similar to those obtained for GEnCs; however, after extended culture past 7 days, 

reduced podocyte viability and increased cell death was observed for cultures on both hydrogel substrates 

(Figure 4-2). This suggests that these hydrogel substrates are missing a critical signaling cue necessary 

in maintaining podocyte attachment and health during maturation. Because the process of crosslinking 

kidney dECM hydrogels occurs under physiological conditions, these hydrogels are permissive for cell 

encapsulation and 3D culture. Podocytes encapsulated within kidney dECM hydrogels initially showed good 

cell viability at various hydrogel concentrations tested (Figure 4-3 and 4-4), but with continued culture 

periods, higher polymer or protein concentrations appeared to restrict cell spreading. It is well established 

in the biomaterials community that the polymer or protein concentration will influence the mesh size of the 

hydrogel, and increasing concentrations can limit necessary diffusion of molecules and be debilitating to 

cell health[233, 247, 403]. Even at lower concentrations or in collagen hydrogels (Figure 4-3), podocytes 

adopted less spread morphologies and cell viability was compromised to a greater extent than was 

observed for GEnCs encapsulated under similar conditions (see Chapter 2 and [288]). This suggests that 

perhaps podocytes are more sensitive than other cell types to encapsulation within a polymer matrix, even 

within a promoting hydrogel capable of undergoing remodeling by cells. This would be a reasonable 

conclusion given that in the mature glomerulus podocytes are only attached to the glomerular basement 

membrane at their foot processes and are otherwise suspended within the Bowman’s space[4-6]. 

 To glean more information about signaling cues that may play a significant role in maintaining or 

promoting a mature podocyte phenotype, synthetic materials and components for hydrogels enable greater 

tailorability or tunability of hydrogel properties for investigating cell-material interactions. In Chapter 3 and 

published elsewhere[280], we developed hydrogel substrates composed of both natural (i.e., gelatin) and 

synthetic (i.e., PEG) components with additional conjugated bioactive peptides to modulate response of 
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endothelial cells. Culture of GEnCs on these hydrogel substrates resulted in phosphorylation of 

corresponding growth factor receptors and changes in gene expression. 

 Podocytes cultured on control Matrigel substrates exhibited morphogenesis and subsequent 

regression of structures typical of most epithelial and endothelial cell types[275] (Figure 4-5). Podocytes 

cultured on PEG-crosslinked gelatin hydrogel substrates with no peptides or with conjugated QK peptides 

did not initially display unique responses when visualized under an optical microscope, although cell 

aggregation into cord-like structures was observed at later time points (Figure 4-5). This cord-like structure 

formation may have resulted from a combination of podocyte motility[20, 398] on these hydrogel substrates as 

well as hydrogel degradation creating an uneven surface over the two-week period. 

Gene expression analysis at multiple time points revealed upregulation of detected genes of 

interest in podocytes cultured on hydrogel substrates in comparison to the reference population of cells 

cultured on conventional tissue culture polystyrene at the permissive temperature (Figure 4-6). These 

results were encouraging and further supported the hypothesis that culture of these cells on soft hydrogel 

substrates may indeed promote or preserve a mature phenotype; however, no specific trends could be 

discerned from the data with respect to the different hydrogel substrates investigated. Furthermore, the 

hydrogel substrates did not necessarily maintain cell survival as cell numbers appear reduced at later time 

points in photomicrographs (Figure 4-5) and, in some cases, sufficient RNA for gene expression analysis 

could not be isolated (Figure 4-6). In addition, expression of some genes was still lost over the culture 

period, and expression of podocyte-specific WT1, NPHS1, and NPHS2 was not regained when podocytes 

were cultured on hydrogel substrates. It is particularly intriguing that differences in gene expression were 

observed between cells cultured on hydrogels with no peptides and QK hydrogel substrates given that gene 

expression for the family of vascular endothelial growth factor receptors (FLT1, KDR, FLT4) was not 

detected from any samples (Figure 4-6). Previous characterization of these hydrogels demonstrated similar 

hydrogel surface ultrastructures and stiffnesses (see Chapter 3 and [280]), therefore it is unlikely that these 

factors are responsible for the differences in cell response observed. It is possible that podocytes 

maintained protein expression of the necessary receptors at levels below the detectable limit by gene 
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expression analysis or that signal transduction was enhanced by the presence of co-receptors such as 

neuropilins[404]. 

 Although podocytes are not completely surrounded by ECM in the native microenvironment, neither 

do the lie on a completely 2D substrate as the GEnCs form a 3D capillary tuft that the podocytes envelop. 

Hydrogels are additionally versatile in that they may be manipulated and processed into specific patterns 

and structures. Recent advances in additive manufacturing techniques such as 3D printing and bioprinting 

as well as biomaterials development now enable the fabrication of complex hydrogel scaffolds and 

constructs with well-controlled and defined architecture[241]. In particular, researchers have demonstrated 

fabrication of 3D-printed gelatin hydrogel scaffolds with high-fidelity and controlled pore geometries, and 

the scaffold pore geometry influenced survival and function of mouse ovarian follicles[400] and gene and 

protein expression of human hepatocellular carcinoma cells[401]. Although using the same extrusion-based 

3D printing modality it is technically challenging to replicate features of the glomerulus at the same scale, 

3D-printed scaffolds nonetheless provide a means to investigate the role 3D spatial architecture may play 

in maintaining or promoting a mature podocyte phenotype. 

 Podocytes cultured on 3D-printed gelatin hydrogel scaffolds regardless of pore geometry exhibited 

good cell adhesion (Figure 4-7) and high cell viability (Figure 4-8) both after initial seeding on scaffolds 

and after extended culture for 21 days including the maturation period at the non-permissive temperature. 

Notably, after the maturation period at 21 days, cells adopted more spread morphologies that was 

especially apparent at strut intersections where cells were observed rounding the scaffold pores and 

adhering to multiple struts. This was also observed by SEM of samples (Figure 4-9). Remarkably, whereas 

podocytes cultured on the previous hydrogel substrates discussed often experienced cell death especially 

during culture at the non-permissive temperature (Figure 4-2 and 4-5), this was not the case for podocytes 

cultured on 3D-printed gelatin scaffolds (Figure 4-7 and 4-8). This preservation of cell health may arise 

from two factors that set these 3D-printed gelatin hydrogel scaffolds apart from kidney dECM hydrogel and 

PEG-crosslinked gelatin hydrogel substrates: hydrogel stiffness and 3D structure. 

 Rheological characterization was previously performed to measure the flow of hydrogels and 

quantify hydrogel stiffness. Complex shear moduli (G) were measured to be in the range of 15-60 Pa for 
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type I collagen and kidney dECM hydrogels (see Chapter 2 and [288]) and approximately 200 Pa for PEG-

crosslinked gelatin hydrogels (see Chapter 3 and [280]). Matrigel has been reported to have a complex shear 

modulus of 55-90 Pa[318, 369]. The complex shear modulus is related to the storage or elastic modulus (G’) 

and the loss or viscous modulus (G’’) by the following equation:  

! = #(!′)' + (!′′)' 

The relationship between the complex shear modulus and the elastic or Young’s modulus (E) is defined by 

the following equation: 

) = 2!(1 + ,) 

where v represents Poisson’s ratio[405]. Assuming the materials under questions are isotropic and 

incompressible, the above relationship simplifies to the following[406]: 

, = 0.5 and ) = 3! 

With these relationship and simplifications, it is apparent that the kidney dECM, PEG-crosslinked gelatin, 

and Matrigel hydrogel substrates are relatively soft with estimated Young’s moduli of 600 Pa or less. On 

the other hand, the 3D-printed gelatin hydrogel scaffolds were previously measured to have an approximate 

Young’s modulus of 16.8 kPa by compression testing[400]. This difference by orders of magnitude in hydrogel 

stiffness may account for the improved cell adhesion and spreading observed by podocytes cultured on 

these scaffolds as opposed to soft hydrogel substrates. These observations are additionally supported by 

recent results by Hu et al. demonstrating alterations in conditionally-immortalized human podocyte 

phenotype when cultured on transglutaminase-crosslinked gelatin hydrogel substrates of varying 

stiffness[274]. Specifically, the researchers demonstrated that podocytes exhibited upregulation of podocyte-

specific gene and protein expression when cultured on gelatin hydrogel substrates of stiffnesses closest to 

that of healthy glomeruli (Young’s moduli between 2 and 5 kPa) regardless of the extracellular matrix 

coatings[274]. While the hydrogel substrates and scaffolds investigated here are either less or more stiff than 

this optimal window, the chemical crosslinking methods employed in generating PEG-crosslinked gelatin 

hydrogel substrates and 3D-printed gelatin hydrogel scaffolds allow for tuning of crosslink density and thus 

hydrogel stiffness for future studies. 
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Regarding the 3D structure of printed scaffolds, Laronda et al. hypothesized that the open, porous 

structures of the scaffolds would enable ovulation and release of eggs from constructs which otherwise 

would be restricted in encapsulation systems[400]. Their results demonstrated that survival of mouse ovarian 

follicles was dependent on pore geometries that promoted multiple follicle-strut interactions to maintain the 

spherical shape of follicles, and that the 3D structure of scaffolds indeed allowed ovulation[400]. Lewis et al. 

additionally demonstrated that the 3D structure of scaffolds and pore geometry enhanced hepatocyte-

specific functions, including albumin secretion, cytochrome P450 activity, and bile transport[401]. In a similar 

manner but using a different platform, recent investigations by Korolj et al. revealed that conditionally-

immortalized mouse podocytes are sensitive to 3D surface topography and curvature, and culture on 3D 

topographic substrates enhanced mature podocyte gene and protein expression and foot process formation 

and interdigitation[407]. It would reasonably follow then that the structure of these 3D-printed gelatin hydrogel 

scaffolds may also influence podocyte phenotype and function, although future functional studies are 

necessary to confirm this otherwise speculation. 

Altogether, these investigations here and those by others illustrate that hydrogel systems can be 

used to preserve or promote a mature or differentiated podocyte phenotype in culture; however, podocytes 

present a unique challenge and specific microenvironmental factors must be considered when designing 

these biomimetic platforms. Podocytes appear to be particularly sensitive to encapsulation within hydrogel 

matrices, and as a result future encapsulation studies will likely require the development of novel hydrogel 

systems with low polymer fractions that still maintain the necessary mechanical properties. Hydrogel 

substrates for podocyte culture are less technically demanding, but these substrates will still require the 

necessary mechanical properties (i.e., optimal hydrogel stiffness) to maintain cell adhesion and may be 

integrated or fabricated with 3D topography and structure to promote additional maturation of cells. 

Continued advances in biomaterial hydrogel development and fabrication processes will enable superior in 

vitro culture platforms for understanding the exceptional biology of podocytes and their response to injury 

as well as engineered models of the glomerular filtration barrier. 
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4.5. Conclusion 

 Podocytes are remarkable cells that are integral to the function of the glomerular filtration barrier, 

but their highly-differentiated state means that establishing and maintaining in vitro cultures of these cells 

representative of their in vivo state is notoriously challenging. As biomimetic culture platforms, hydrogels 

are a versatile class of biomaterials with the potential to establish a new standard for cell culture beyond 

traditional 2D, rigid tissue culture polystyrene. However, it has become increasingly apparent that specific 

microenvironmental signaling cues and subsequent hydrogel design criteria are necessary to promote and 

maintain podocytes in a differentiated state. Here, we provided evidence that podocytes may be particularly 

sensitive to encapsulation within 3D hydrogel matrices thus requiring special consideration when designing 

hydrogels for these types of investigations. Furthermore, podocyte morphology and maturation when 

cultured on hydrogel substrates is promoted by an optimal window of hydrogel stiffness as well as 3D 

surface topography and structure. Future investigations may explore hydrogel platforms that integrate these 

design criteria, such as 3D-printed hydrogel scaffolds, and critically evaluate podocyte phenotype and 

function through gene and protein expression. Ultimately, the establishment of superior culture systems will 

accelerate research and understanding of podocyte cell biology, response to injury, and possible 

regeneration as well as the development of in vitro models of the glomerular filtration barrier. 
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CHAPTER V:  

Conclusion & Future Directions 
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5.1. Significance & Impact of Findings 

 Hydrogels have garnered increasing attention by the research community over the past few 

decades and in particular by those involved in regenerative engineering[227-229]. This is because hydrogels 

exhibit unique and desirable properties that arise from their structure as water-swollen, crosslinked polymer 

networks[226]. Specific structural parameters may be controlled during polymer synthesis or network 

formation to tailor or tune the necessary hydrogel properties, both biophysical and biochemical, for its 

intended applications. As a result, hydrogels are especially appealing as extracellular matrix (ECM) 

substitutes or mimics[234-236]. However, despite the clear clinical need for engineered kidney tissue models[57, 

72] and the potential advances hydrogels may enable in such research, there have been relatively few 

investigations regarding hydrogel development and application specifically towards kidney-specific cell 

response and bioengineering strategies (of which have been reviewed previously in Chapter 1). The 

investigations presented within this dissertation thus sought to bridge this gap and examine the influence 

of microenvironmental signaling cues as presented by hydrogel platforms on kidney cell response with a 

specific focus on the components of the glomerular filtration barrier. 

 With this goal in mind, in Chapter 2 and published elsewhere[288], we presented a method for 

generating hydrogels from kidney decellularized extracellular matrix (dECM). Researchers from numerous 

other groups have previously developed and characterized hydrogels from various tissues and organs[264] 

including the kidney[278, 279, 282]. However, although several other tissue- and organ-specific dECM hydrogels 

have undergone thorough characterization, this was previously not the case for dECM hydrogels derived 

from the entire kidney. Our results demonstrated that kidney dECM could be processed to form hydrogels 

with fibrillar architectures and interconnected pores similar to type I collagen hydrogels. In addition, 

rheological characterization revealed rapid gelation kinetics of hydrogels. Furthermore, final hydrogel 

stiffness could be modulated by adjusting the polymer or protein concentration of the hydrogel across 

several orders of magnitude, although it is important to note that changing the polymer or protein 

concentration for these hydrogels also alters the concentration of bioactive sites for cell interactions. Finally, 

these hydrogels, when employed as culture substrates, supported glomerular endothelial cell (GEnC) 

viability and proliferation. 
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 Although other researchers previously evaluated response of cells cultured on kidney dECM 

hydrogel substrates of varying fibrillar architectures as altered by macromolecular crowding[279] or of kidney 

regional specificity[278, 282], our investigation was the first to evaluate the response of cells encapsulated 

within kidney dECM hydrogels, and the results were unexpected. While high cell viability of GEnCs was 

maintained after encapsulation and after extended culture, proliferation appeared to be hindered after 

reaching a critical point. Histological analysis and transmission electron micrographs illustrated the 

occurrence of cell settling during the encapsulation process as well as the failure of fully encapsulated cells 

to form robust cell-cell interactions. Most surprisingly, however, GEnCs encapsulated within collagen 

hydrogels exhibited greater upregulation in gene expression of several genes of interest in comparison to 

cells encapsulated within kidney dECM hydrogels. These results were the opposite of our original 

hypothesis, yet additional gene expression analysis of GEnCs cultured on hydrogel substrates or 

encapsulated in hydrogels at greater cell densities yielded similar outcomes. Despite retention of key ECM 

components after decellularization, including type I collagen, type IV collagen, laminin, and sulfated 

glycosaminoglycans, kidney dECM hydrogels were inferior to type I collagen hydrogels in achieving the 

desired response by GEnCs. 

The results from this investigation are in significant contrast from much of the published literature 

that validate dECM scaffolds[303] and hydrogels[264] for tissue- and organ-specific regenerative engineering 

applications. Only a few other investigations obtained similar observations, specifically in which 

photocrosslinked blends of cartilage, meniscus, or tendon with gelatin methacryloyl compromised 

maturation of encapsulated chondrocytes in comparison to cells encapsulated in gelatin methacryloyl 

alone[408] or physically-crosslinked or photocrosslinked cartilage or tendon hydrogels compromised 

chondrogenic differentiation of encapsulated human mesenchymal stem cells in comparison to cells 

encapsulated in gelatin methacryloyl[409]. Together, it is important to stress that ultimately these outcomes 

are application dependent and influenced by the experimental design, source of cells (if any), source of 

material, and processing procedures as there is considerable variability amongst decellularization and 

solubilization protocols[170, 171].  
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 Because dECM is inherently complex, it is difficult to precisely determine specific necessary 

biochemical components that may have been lost or disadvantageous components that may have been 

present in affecting the cell response. Therefore, in Chapter 3 and published elsewhere[280], we presented 

a method for generating hydrogels with gelatin as the base material and imparting additional bioactivity 

through the conjugation of synthetic peptides. Employing the extremely versatile PEGX method[341], which 

utilizes a reactive poly(ethylene glycol) (PEG) chemical crosslinker (PEGX), we demonstrated that natural-

synthetic hydrogel substrates with tunable stiffness and presentation of bioactive signaling cues influenced 

endothelial cell behavior in culture. In developing and characterizing the resulting hydrogels, we identified 

pH as a critical parameter in regulating the crosslinking reaction and kinetics with the specific PEGX 

chemistry utilized—the succinimidyl valerate ester. Furthermore, as the PEG becomes part of the polymer 

network, increasing peptide concentrations require additional crosslinker concentrations, which ultimately 

influences the swelling properties of the hydrogel. 

Although other researchers have previously demonstrated that conjugation of bioactive cell-binding 

and signaling peptides to hydrogels enhances endothelial cell morphogenesis and function[350, 351, 355, 357, 

358], this is the first investigation to utilize the PEGX method for simultaneous conjugation of peptides to a 

gelatin polymer network as well as the first to specifically examine the combination of laminin-derived 

YIGSR and vascular endothelial growth factor (VEGF)-mimetic QK peptides. Importantly, these peptides 

retained their bioactive signaling properties after conjugation, and we discovered that human umbilical vein 

endothelial cells (HUVECs) exhibited the greatest upregulation in gene expression for several genes of 

interest when cultured on dual peptide-conjugated gelatin hydrogel substrates at five days. These results 

were encouraging, however, when GEnCs were cultured under the same conditions, we observed 

drastically different trends. Whereas HUVECs generally tended towards upregulation of gene expression, 

GEnCs almost equally displayed upregulation and downregulation for the genes of interest and time points 

tested. Interestingly, this is the first investigation, to the best of the author’s knowledge, to demonstrate 

enhanced signaling of these conditionally-immortalized human GEnCs in response to conjugated or 

tethered QK peptides in comparison to relatively little signaling to free QK peptide or human recombinant 

VEGF presented in solution. Together these results underscore the phenotypic heterogeneity of endothelial 
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cells isolated from different blood vessels and vascular beds in the body[379, 380], which additionally 

influences cell response to engineered microenvironments as illustrated here and by others [154, 282, 410]. 

While GEnCs form the capillary loops of the glomerulus, podocytes envelop these capillaries 

forming the external layer of the glomerular filtration barrier. Podocytes as a terminally differentiated cell 

population are particularly challenging to maintain in culture and study in vitro as they are typically non-

proliferating and rapidly dedifferentiate under standard cell culture conditions[391, 392]. While conditional 

immortalization techniques have enabled more eloquent cell biology-based studies of podocytes[396], these 

cultures still require careful maintenance and suffer from significant variation amongst different lines[398] or 

reduced or lost phenotypic expression[219]. But until recently, there have been few investigations exploring 

the application of hydrogel platforms for promoting or maintaining mature podocyte phenotypes in cultures. 

With the knowledge that response to engineered microenvironments is often cell dependent, in 

Chapter 4 we presented results from investigations evaluating conditionally-immortalized human podocyte 

response to the hydrogel platforms discussed in Chapters 2 and 3 in addition to 3D-printed gelatin hydrogel 

scaffolds. In particular, it appears from viability staining and cell morphologies that podocytes are less 

amenable to encapsulation within hydrogels, specifically type I collagen hydrogels or kidney dECM 

hydrogels, than GEnCs. Although podocytes cultured on Matrigel or soft, PEG-crosslinked gelatin hydrogel 

substrates with or without conjugated QK peptides tended towards upregulation in gene expression of 

several podocyte-specific genes of interest in comparison to the reference population of cells cultured on 

tissue culture polystyrene, no specific trends could be distinguished amongst experimental groups. 

Furthermore, when cultured on these soft hydrogel substrates or on similarly soft collagen or kidney dECM 

hydrogel substrates, podocyte cell numbers often appeared reduced with more cells adopting rounded 

morphologies. In contrast, podocytes cultured on stiffer, 3D-printed gelatin scaffolds maintained good cell 

viability, adhesion, and larger cell morphologies after culture at the non-permissive temperature for an 

extended period. These results suggest that podocytes additionally may respond to substrate mechanical 

properties as well as 3D structure or architecture. In fact, recent investigations by others provide similar 

evidence for these specific microenvironmental signaling cues: Hu et al. demonstrated enhanced gene and 

protein expression by conditionally-immortalized human podocytes cultured on gelatin hydrogel substrates 
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of optimal stiffnesses closest to that of healthy glomeruli[274] and Korolj et al. demonstrated enhanced gene 

and protein expression by conditionally-immortalized mouse podocytes cultured on substrates with 3D 

topography and curvature[407]. Together, these investigations clearly illustrate the potential engineered 

microenvironments and hydrogels provide for improving current in vitro cultures towards models of more 

mature and functional podocytes and of the glomerular filtration barrier. 

5.2. Future Directions 

5.2.1. Kidney Decellularized Extracellular Matrix Hydrogels for Cell Culture and Encapsulation 

 Although kidney dECM hydrogels promoted cell adhesion and proliferation as a 2D substrate and 

permitted cell encapsulation under mild conditions, the gene expression analysis results of encapsulated 

GEnCs present many questions for potentially optimizing and evaluating the system. As has been 

mentioned numerous times throughout this dissertation, the kidney is structurally heterogeneous[1, 3], which 

reasonably results in a heterogeneous distribution of ECM components throughout the organ (i.e., vascular 

basement membrane, tubular basement membrane, stroma)[277]. However, the kidney can be broadly 

divided into the outer cortical region and the inner medullary region, each which contain different segments 

of the nephron. In particular, the glomeruli and many of the tubular structures reside in the kidney cortex 

whereas the remaining tubular structures and collecting ducts occupy reside in the medulla[1, 3]. and the 

glomeruli specifically reside in the outer cortical region of the kidney as opposed to the inner medullary 

region. By selectively isolating dECM from these regions, it would theoretically be possible to obtain a 

composition more similar or favorable towards specific kidney cell types of interest, such as GEnCs and 

podocytes. Others have previously demonstrated the influence of region-specific kidney dECM hydrogels 

on mouse kidney papilla-derived stem cell growth and metabolism[278] and developed kidney cortex dECM 

hydrogels that promoted maturation of human kidney peritubular microvascular cells[282]. However, a 

thorough characterization of region-specific kidney dECM hydrogels (i.e., cortex versus medulla) with 

regard to biochemical composition and the resulting ultrastructure as well as rheological properties is still 

necessary. 
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Defining the biochemical composition of the ECM, both of native and decellularized tissues and 

organs, is technically challenging even with mass spectrometry-based proteomics[411]. Due to the inherent 

diversity of analytes present and the specific biochemical properties of these molecules, proteomics 

analysis of the ECM requires optimized workflows to avoid sample loss or bias and becomes even more 

difficult when quantification of analytes is desired[411]. However, researchers have published proteomics 

analysis using relative quantification of the ECM from the human glomerular compartment[412] as well as 

human kidney cortex dECM[282]. More eloquent methods have also been developed for absolute 

quantification of specific ECM molecules in native and decellularized rat lung[413]. To advance understanding 

of kidney matrix biology, define the ECM in both healthy and diseased states, and thus better inform the 

design of engineered microenvironments will require future investigations applying increasingly superior 

proteomics techniques to the kidney. 

Beyond optimizing or altering the natural biochemical composition of kidney dECM hydrogels, 

additional studies may focus on biophysical properties of the hydrogels as well as evaluation of cell 

response. The results presented in this dissertation only examined relatively soft kidney dECM hydrogels 

(G ~ 1-100 Pa) crosslinked through physical interactions, but stiffer or more robust hydrogels may be 

necessary to promote the desired cell phenotypes. Biophysical properties of dECM hydrogels such as 

hydrogel stiffness may be tuned independently of the polymer or protein concentration by employing 

chemical crosslinking methods[239]. Furthermore, our investigations only evaluated response by two cell 

types: GEnCs and podocytes, both conditionally-immortalized human cell lines. Other kidney cell types, 

such as tubular epithelial cells or stromal cells, or adult or pluripotent stem cells may exhibit drastically 

different responses when cultured on kidney dECM hydrogel substrates or encapsulated within kidney 

dECM hydrogels. Additional bioactive factors may also be included, whether in soluble form as media 

components or incorporated within the hydrogels, to enhance cell response. For example, VEGF, which 

has been established as an important growth factor for endothelial cell signaling[404] and specifically 

GEnCs[316, 377], was purposefully omitted from the GEnC culture media in these investigations but may be a 

critical signaling factor in promoting formation of cell-cell interactions and mature function under these 

contexts. Application of pharmacologic agents and the effects on cell function may similarly be examined 
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for the purposes of evaluating samples as engineered kidney tissue models for toxicity or therapeutic 

screening[414]. 

5.2.2. Poly(Ethylene Glycol)-Crosslinked Hydrogels With Conjugated Peptides to Enhance 

Bioactivity 

 The PEGX method was originally developed as a multimaterial, cell-compatible method for 3D 

printing of hydrogels for scaffold fabrication as well as 3D bioprinting[341], therefore, a variety of logical future 

investigations regarding additional conjugation of bioactive peptides to PEG-crosslinked hydrogels may be 

pursued. Specifically, for the YIGSR- and QK-conjugated PEG-crosslinked gelatin hydrogels presented in 

this dissertation, “soft” hydrogel formulations with ideal properties for 3D printing were identified. These 

partially-crosslinked hydrogel inks may be prepared and loaded into an appropriate cartridge and printhead 

for extrusion-based 3D printing[341]. The resulting hydrogel scaffolds may then be treated post-printing with 

additional PEGX as a secondary crosslinking step to both tailor hydrogel stiffness as well as stabilize 

scaffolds for cell culture. These 3D-printed hydrogel scaffolds with enhanced bioactivity would enable 

studies exploring the significance of 3D structure and architecture on endothelial cell behavior. In particular, 

our previous results suggest that GEnCs may actually prefer culture systems that promote cell aggregation 

over monolayer culture, and others have demonstrated that specific pore geometries as defined by 3D 

printing technologies encourage increased cell-cell interactions[400, 401]. 

 Researchers for several years have utilized cell-encapsulating hydrogels such as collagen and 

fibrin for studying endothelial cell biology and lumen formation[284], and engineers have additionally 

contributed to these studies by developing superior hydrogel systems for inducing in vitro formation of 

microvasculature by endothelial cells[415]. Furthermore, 3D printing and bioprinting technologies naturally 

lend themselves to the engineering of vascular networks and microvasculature with controlled spatial 

organization and architectures[416]. The PEGX method is also amenable to cell encapsulation for 3D 

bioprinting of cell-laden constructs[341]. Additional investigations may then evaluate endothelial cell 

response to encapsulation within the YIGSR- and QK-conjugated PEG-crosslinked gelatin hydrogels 

presented here. Assuming positive results that provide evidence of vascular network formation, 3D 
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bioprinting of endothelial cell-laden constructs may explore the potential for directing network formation and 

fabrication of engineered vascularized tissue models. This would also be particularly interesting for a 

number of coculture studies including those towards modeling the glomerular filtration barrier, which will be 

discussed further in the proceeding section. 

 Although the current published PEGX chemistry and that utilized in the investigations presented 

here is cell compatible, because the succinimidyl valerate ester reacts with free amine groups which are 

also present on molecules presented by cells, it is not truly bioorthogonal. In addition, because increasing 

peptide concentrations requires increasing concentrations of PEGX, these formulations may be further 

detrimental to cell encapsulation. Therefore, future work may explore friendlier chemistries such as thiol-

based reactions (e.g., thiol-Michael additions) and bioorthogonal chemistries (e.g., strain-promoted azide-

alkyne cycloaddition, inverse-electron demand Diels-Alder reaction)[245, 246, 417]. Beyond traditional 

irreversible covalent interactions, application of dynamic interactions (e.g., host-guest, photoswitches) 

would additionally enable reversible hydrogel mechanics or biofunctionalization[237, 238, 418]. However, 

whichever interactions employed will likely require additional characterization for optimal reaction kinetics 

under cell compatible conditions (i.e., 37 °C and pH 7.4). Beyond chemical variants, it is also straightforward 

to conceptualize employing physical variants as well such as multi-arm PEG. Together, examples of PEGX 

variants include hetero- or homofunctional linear or multi-arm PEGs of varying lengths or molecular 

weights[341]. Heterofunctional PEGX would be particularly interesting in these applications as different 

chemistries may be exploited for crosslinking and conjugation reactions, which would enable greater control 

of hydrogel properties and peptide concentrations independently (Figure 5-1). Such versatility in the PEGX 

method permits experimentation with various polymers and blends, as previously described[341], and 

combinations of multiple bioactive peptides for engineering hydrogels to better mimic the ECM 

microenvironment. 



 

 

 

Figure 5-1: Schematics of heterofunctional PEGX reactions for independent crosslinking of polymers and conjugation of peptides. 
 (A) Peptide conjugation to polymers using heterobifunctional linear PEGX followed by polymer crosslinking and hydrogel formation using 
homobifunctional linear PEGX. Example chemistries include amide formation via amine and ester reactivity and thiol-Michael addition 
reactions. (B) Peptide conjugation to polymers and polymer crosslinking using heterofunctional 4-arm PEGX. Example chemistries include 
inverse-electron demand Diels-Alder reactions and strain-promoted azide-alkyne cycloadditions. 
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5.2.3. Hydrogel Platforms to Preserve or Enhance Podocyte Phenotype in In Vitro Culture Towards 

a Model of the Glomerular Filtration Barrier 

 The investigations presented within the scope of this dissertation only provide a cursory 

understanding of in vitro microenvironmental signaling cues that preserve or enhance podocyte phenotype 

and function. The results discussed and published by others[274, 407] necessitate future studies evaluating 

the combinatorial effects of substrate stiffness and 3D structure or topography on podocyte response. 

Towards this end, 2D gelatin hydrogel substrates and 3D-printed gelatin hydrogel scaffolds may be 

prepared with varying hydrogel stiffnesses by adjusting crosslinking times or crosslinker concentrations. In 

addition, phenotypic or functional characterization of podocytes cultured on 3D-printed scaffolds was not 

previously performed and is necessary for rigorously evaluating podocyte response beyond adhesion and 

overall morphology. This is somewhat challenging for podocytes in particular due to their specialized nature 

in forming a physical barrier or sieve to regulate filtration. Measurements of gene and protein expression 

are useful for assessing proper transcriptional regulation, secretion of signaling factors, and ECM 

production[5, 17, 18]; however, these methods only provide a surrogate for true assembly of slit diaphragms 

and barrier function. More technically challenging techniques, often made even more challenging when 

applied to hydrogel-based cultures, such as electron microscopy are necessary for visualizing foot process 

interdigitation and normal slit diaphragms[419-421] and specialized setups are often required for measuring 

barrier function[145, 281, 333, 334, 407, 422]. 

 Ultimately, many in vitro podocyte investigations such as those measuring barrier function seek to 

establish a model of the glomerular filtration barrier, which necessitates coculture with endothelial cells such 

as GEnCs. As alluded to in the previous section, 3D printing and bioprinting is particularly useful for 

controlled spatial architectures and organization of cell populations, which is especially important for the 

function of the glomerular filtration barrier. Therefore, future investigations may explore 3D bioprinting of 

endothelial cell-laden hydrogels promoting formation of microvasculature with subsequent culture of 

podocytes around the exterior of printed structures (Figure 5-2A). This type of model would enable studies 

focused on the influence of podocytes on glomerular microvasculature formation and stabilization as well 



 

 

166 

as podocyte and GEnC crosstalk; however, it would not be a simple task to introduce fluid flow into this 

model unless special microperfusion techniques are applied[423]. Fluid flow is, of course, present in the 

native physiological microenvironment of the glomerulus, and researchers have illustrated that both 

endothelial cells[424, 425] and podocytes[145, 426] are sensitive to fluid flow and shear stress in vitro. Another 

possible coculture model may take use of unique coaxial nozzle or core-shell printing technologies for 

fabrication of directly-perfusable conduits[427-429]. One could imagine printing a single conduit into a simple 

but 3D structure through which endothelial cells would be seeded forming a lumenized vascular channel 

and subsequent culture of podocytes around the exterior of the printed structure (Figure 5-2B). This model 

would be organized in a manner more similar to the native glomerulus and further allows the introduction 

of physiologically-relevant fluid flow, although a particular challenge with coaxial nozzle printing is choosing 

suitable hydrogel biomaterials that are both printable and capable of maintaining this inner lumen structure 

without compromising the desired bioactive properties. Additional future investigations may integrate 

mesangial cells in a triculture model of the glomerulus. 

 Finally, beyond the development of targeted biomaterials and specifically hydrogel platforms, 

alternative sources for podocytes are currently being pursued. A number of groups have published 

protocols for directed differentiation of pluripotent stem cells into cells with podocyte-like characteristics [145, 

146, 430, 431], but often only a few of the known podocyte-specific markers are tested and cells are typically 

cultured on rigid, 2D tissue culture polystyrene. Hale et al. demonstrated that glomerular structures and 

podocytes may instead be isolated from differentiated kidney organoids, although current strategies 

suggest that the podocytes are still immature in nature and similar in stage to podocytes in the developing 

human fetal kidney[219]. Similarly, Yoshimura et al. demonstrated selective induction of podocytes in an 

organoid-like culture with evidence of interdigitating processes and formation of slit diaphragm 

precursors[432], although to what degree of maturation these podocytes have reached has yet to be 

determined. Many researchers hypothesize that specific interactions with endothelial cells and introduction 

of fluid flow are necessary to enhance stem cell-derived podocyte maturation[223]. Therefore, through the 

strategies presented in this dissertation and investigations by others discussed here, we will likely continue 
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to see advances in engineered hydrogel platforms and integrated systems to promote podocyte and kidney 

organoid differentiation. 



 

 

 

 

Figure 5-2: Potential in vitro models of the glomerular filtration barrier enabled by 3D printing and bioprinting technologies. 
 (A) Endothelial cells are bioprinted within a bioink into a 3D structure with subsequent seeding and culture of podocytes around the exterior 
of the printed structure. An optimal bioink would promote directed microvascular network formation by endothelial cells in a spatially-
controlled manner while maintaining printing fidelity. (B) A perfusable channel or conduit is printed using a coaxial or core-shell nozzle into 
a 3D structure with a single flow inlet and outlet. Note that in the figure, the channel appears to intersect with itself, but this is not intended 
and is simply due to limitations of the schematic. Endothelial cells are perfused through and seeded within the lumen of the channel, and 
podocytes are cultured on the exterior of the printed structure. While more technically challenging to prepare, this model would enable fluid 
flow and shear stress that is physiologically similar to that of the native glomerulus. 168 
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6.1. Appendix A: Dose-Dependent Cytotoxicity of Gentamicin and Cisplatin on Madin-Darby 

Canine Kidney (MDCK) Cells Measured by the Resazurin Reduction Assay 

6.1.1. Introduction 

 It is estimated that the nephrotoxic, or kidney damaging, side effects of drugs cause 20-30% of 

acute kidney injury cases for hospitalized patients in intensive care units[433]. The mechanisms by which 

nephrotoxicity occurs varies considerably, but in many instances, drugs must pass through the kidneys in 

order to be excreted and thus exert direct toxic effects on the kidney tubules[434]. Several drugs have been 

identified that may potentially cause patient nephrotoxic side effects[435], including the aminoglycoside 

antibiotic gentamicin[436]  and the chemotherapeutic cisplatin[437]. Towards developing superior in vitro 

models for understanding and evaluating nephrotoxicity, it is necessary to establish baseline toxicity of 

known nephrotoxic agents on kidney cells. Here, we investigated the dose-dependent cytotoxic effects of 

gentamicin and cisplatin on distal tubule-derived Madin-Darby canine kidney (MDCK) cell[438] number in 

culture via a metabolic activity assay.  

6.1.2. Materials & Methods 

 Madin-Darby Canine Kidney Cell Culture. MDCK cells were maintained in a 1:1 mixture of 

Dulbecco’s Modified Eagle Medium and Ham’s F-12 (Gibco, #11320) supplemented with 10% fetal bovine 

serum (Gibco, #16000), and 1% penicillin-streptomycin (Gibco, #15140) at 37 °C and 5% CO2. Media was 

exchanged every two to three days, and cells were used at passage 45 or below for experimental studies. 

Cells were plated in tissue culture-treated 24-well plates (Corning, #3527) or 96-well plates (Corning #3585) 

at an approximate density of 15,500 cells/cm2 one day prior to treatment. To dissociate cells, cells were 

rinsed once with 1× Dulbecco’s phosphate-buffered saline (DPBS, Mediatech, #21-030) and incubated with 

TrypLE Express (Gibco, #12605) at 37 °C for 10-15 min. TrypLE Express was deactivated with excess cell 

culture media, and detached cells were collected and counted via the trypan blue exclusion method using 

Trypan Blue solution (Sigma-Aldrich, #T8154). Cells were centrifuged at 1100 RPM for 5 min and 

resuspended in complete media at the desired cell concentration. 
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 Treatments and Evaluation of Cell Metabolic Activity as a Surrogate for Cell Number. Cells were 

treated with gentamicin (Gibco, #15750) at the following concentrations: 0.00, 0.25, 0.50 1.00, 2.50, 5.00, 

10.00, and 20.00 mM for up to 10 days. Cisplatin (Sigma-Aldrich, #1134357) was prepared as a 1.0 mM 

stock solution in DPBS, and cells were treated with cisplatin at the following concentrations: 0.00, 0.01, 

0.10, 1.00, 10.00, and 100.00 µM for up to 14 days. Cell metabolic activity as a surrogate for cell number 

was measured by the resazurin reduction assay. A 10× (4400 µM) resazurin stock solution was first 

prepared by dissolving resazurin sodium salt (Sigma-Aldrich, #R7017) in DPBS. The 10× stock solution 

was then sterile filtered through a polyethersulfone mesh with a pore size of 0.22 µm (EMD Millipore, 

#SCGP00525) and used to prepare a 1× stock solution in DPBS. Both 10× and 1× stock solutions were 

stored at 4 °C protected from light for up to two weeks. Resazurin working solutions (44 µM) were prepared 

fresh by diluting 1× resazurin stock solution in complete media (1:10 dilution). Culture media was aspirated 

from wells and replaced with resazurin working solution for 1 h at 37 °C and 5% CO2, after which the 

reduced resazurin was collected and replaced with fresh medium. Reduced resazurin was transferred to 

black, opaque 96-well plates (Corning, #3915), and fluorescence intensity was measured on a BioTek 

Cytation 3 Cell-Imaging Multi-Mode Reader at an excitation wavelength of 540 nm and an emission 

wavelength of 590 nm. Gain was determined automatically by including a completely reduced, positive 

control of resorufin solution prepared by autoclaving resazurin working solution at 121 °C for 30 min. 

Fluorescence intensities were normalized to unreduced, negative controls, and correlated to cell number 

using a standard curve of separately plated cells established on day 1. Biological samples were tested in 

triplicate (n = 3). All data is presented as the mean ± standard error of the mean. 
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6.1.3. Results & Discussion 

 

 

Figure 6-1: Estimated MDCK cell number after continuous treatment with gentamicin. 
(A) Cell number plotted against time for varying concentrations of gentamicin. Semi-log plots of dose-
response relationships between normalized cell number and gentamicin concentration after (B) 24 h, (C) 
48 h, (D) 72 h, (E) 5 days, (F) 7 days, and (G) 10 days of continuous treatment. 
 



 

 

204 

 

Figure 6-2: Estimated MDCK cell number after continuous treatment with cisplatin. 
(A) Cell number plotted against time for varying concentrations of cisplatin. Semi-log plots of dose-response 
relationships between normalized cell number and cisplatin concentration after (B) 48 h, (C) 72 h, (D) 96 h, 
(E) 7 days, (F) 11 days, and (G) 14 days of continuous treatment. Biological samples were tested in triplicate 
(n = 3). 
 

 Treatment of MDCK cells with gentamicin resulted in dose-dependent reductions in estimated cell 

numbers. Gentamicin concentrations of 2.5 mM and lower did not appear detrimental to cell health as 

estimated cell numbers were similar to if not somewhat higher than untreated controls at all time points 
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(Figure 6-1 A). Cytotoxic effects of gentamicin were observed at concentrations of 5.0 mM and higher, and 

sigmoidal dose-response relationships were visualized on semi-log plots (Figure 6-1 B-G) with the 

relationships becoming more distinct with extended treatment times. Similarly, treatment of MDCK cells 

with cisplatin resulted in dose-dependent reductions in estimated cell numbers. Cisplatin concentrations of 

0.10 µM and lower did not appear detrimental to cell health (Figure 6-2 A). Cytotoxic effects of cisplatin 

were observed at concentrations of 1.00 µM and higher with complete cell death by day 4 for cells exposed 

to 100.00 µM and by day 14 for cells exposed to 10.00 µM cisplatin. Sigmoidal dose-response relationships 

were again visualized on semi-log plots (Figure 6-2 B-G). These results demonstrate that MDCK cells, a 

distal tubular epithelial cell line, are sensitive to exposure by the known nephrotoxic agents gentamicin and 

cisplatin in a dose-dependent manner. With this knowledge and the concentrations established here, future 

investigations may explore susceptibility of bioengineered kidney tissues to injury by these agents towards 

developing superior models for drug screening and nephrotoxicity testing. 
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6.2. Appendix B: Evaluation of Madin-Darby Canine Kidney (MDCK) Cells Cultured on Kidney 

Decellularized Extracellular Matrix Scaffolds 

6.2.1. Introduction 

 Kidney decellularized extracellular matrix (dECM) scaffolds have received increasing attention as 

a platform for developing bioengineered, transplantable kidneys[181]. The extracellular matrix acts as a 

natural scaffold material with tissue- and organ-specific compositions and structural architectures to support 

cell growth and maturation[303]. Previous research has demonstrated that rat kidney dECM scaffolds support 

attachment and proliferation of the distal tubule-derived Madin-Darby canine kidney (MDCK) epithelial cell 

line, and that cells lined and formed tubule-like structures[182, 439, 440]. Beyond the clinical need of 

bioengineered kidneys for transplantation, there is a broader need for bioengineered kidney tissues as in 

vitro models for drug development and nephrotoxicity testing. Here, we investigated the ability of rat kidney 

dECM scaffold disks in supporting MDCK cell adhesion and promoting formation of epithelial structures 

towards potential applications in higher throughput screens and assays. 

6.2.2. Materials & Methods 

 Rat Kidney Recovery. Rat kidney recovery and decellularization were performed as described 

previously[182, 440]. Kidneys were recovered from male Sprague Dawley rats (200-250 g) by the Northwestern 

University Comprehensive Transplant Center Microsurgery Core following guidelines approved by the 

Northwestern Institutional Animal Care and Use Committee (IACUC) as described previously. Rats were 

anesthetized using intraperitoneal injection of pentobarbital (50 mg/kg), and a longitudinal midline incision 

was performed to open the abdomen. The abdominal aorta and the inferior vena cava were dissected from 

above the right renal hilum to the iliac bifurcation, and the ureter was dissected at the urinary bladder. Two 

hundred units of heparin were injected through the penile vein. The abdominal aorta was ligated above the 

renal arteries, followed by cannulation of both infrarenal abdominal aorta with a 18G catheter (BD 

Biosciences, #381447). Both kidneys were perfused with cold saline through the infrarenal cannula. After 

perfusion, renal arteries and veins were transected and the kidneys were removed. Kidney renal arteries 
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were cannulated with 24G catheters (BD Biosciences, #381412) and frozen in 1× Dulbecco’s phosphate-

buffered saline (DPBS, Corning, #21-030) and stored at -20 or -80 °C until decellularization. 

Rat Kidney Decellularization. Rat kidneys were thawed and decellularized by sequential perfusion 

of the following solutions using a Cole-Parmer MasterFlex L/S peristaltic pump: 500 mL deionized H2O (1 

mL/min), 1000 mL 1% (v/v) Triton X-100 (Amresco, #0694) in deionized H2O (5 mL/min), 1000 mL 1% (v/v) 

Triton X-100 in deionized H2O (1 mL/min), 1000 mL 0.1% (v/v) sodium dodecyl sulfate (Sigma-Aldrich, 

#05030) in deionized H2O (5 mL/min), and 500 mL deionized H2O (1 mL/min). Decellularized kidneys were 

stored in DPBS at 4 °C for up to two weeks before embedding in Tissue-Tek Optimal Cutting Temperature 

Compound (Sakura, 4583) with Peel-A-Way disposable embedding molds (Polysciences, #18646B-1) 

using a bath of liquid N2-chilled 2-methylbutane (EMD Millipore, #MX0760) and stored at -20 or -80 °C. 

Frozen kidney dECM sections, ~1 mm thick, were prepared on a Thermo Scientific HM525 NX Cryostat, 

and kidney dECM disks were punched from sections with an 8-mm biopsy punch (Integra Miltex, #33-37) 

and stored in DPBS at 4 °C for up to one week. Prior to seeding, disk scaffolds were sterilized in 0.1% (v/v) 

peracetic acid (Sigma-Aldrich, #269336) and 4% (v/v) ethanol (Decon Laboratories, #2701) in deionized 

H2O for 1 h, rinsed three times with excess sterile DPBS for 1 h each, and conditioned in complete culture 

medium for 1 h. 

 Madin-Darby Canine Kidney (MDCK) Cell Culture and Scaffold Seeding. MDCK cells were 

maintained in a 1:1 mixture of Dulbecco’s Modified Eagle Medium and Ham’s F-12 (Gibco, #11320) 

supplemented with 10% fetal bovine serum (Gibco, #16000), and 1% penicillin-streptomycin (Gibco, 

#15140) at 37 °C and 5% CO2. Media was exchanged every two to three days, and cells were used at 

passage 45 or below for experimental studies. To prepare cells for seeding, cells were rinsed once with 

DPBS and incubated with TrypLE Express (Gibco, #12605) at 37 °C for 10-15 min to dissociate cells. 

TrypLE Express was deactivated with excess cell culture media, and detached cells were collected and 

counted via the trypan blue exclusion method using Trypan Blue solution (Sigma-Aldrich, #T8154). Cells 

were centrifuged at 1100 RPM for 5 min and resuspended in complete media at the desired cell 

concentration. Cells were then seeded onto scaffolds under static or dynamic conditions. For static 

conditions, concentrated cell suspensions of 2.5, 5.0, or 10.0 × 105 cells in 200 µL were added to scaffolds 
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placed in 96-well, clear, round-bottom plates (Corning, #3879), and cells were allowed to attach for at least 

5 h before being transferred to larger well plates. For dynamic conditions, concentrated cell suspensions of 

2.5 × 105 cells in 500 µL and two scaffolds placed in 50 mL Mini Bioreactor centrifuge tubes with vent caps 

(Corning, #431720) and rotated at an angle on a SCILOGEX MX-RL-E Analog Rotisserie Tube Rotator.  

 Sample Processing and Imaging. Samples were fixed in 10% neutral-buffered formalin (Thermo 

Scientific, #5701) for at least 48 h before paraffin embedding and sectioning. For histological analysis, 

sections were deparaffinized in xylene (Fisher Scientific, #X3P) and rehydrated prior to staining with 

Mayer’s hematoxylin solution (Sigma-Aldrich, #MHS) and eosin Y solution (Sigma-Aldrich, #HT110132). 

After staining, #1 glass coverslips (Fisher Scientific, #12-542B or #12-545D) were mounted with Richard-

Allan Scientific Cytoseal XYL (Thermo Scientific, #8312-4), and slides were imaged on a Zeiss Axioskop 

upright microscope mounted with an AxioCam MRc5 camera using AxioVision 4.8.3 software. For 

immunofluorescence, sections were deparaffinized in xylene and rehydrated prior to antigen retrieval in a 

BioCare Medical Decloaking Chamber NxGen (model no. DC2012) at 110 °C for 15 min with antigen 

retrieval buffer (Abcam, #ab94674). Sections were then outlined with an Aqua-Hold2 Pap Pen (Scientific 

Device Laboratory, #2886909), rinsed with 1× phosphate-buffered saline (PBS, Mediatech, #21-040), 

permeabilized with 0.05% (v/v) TWEEN-20 (Sigma-Aldrich, #P9416) in PBS for 10 min, and then blocked 

with SEA BLOCK Blocking Buffer (Thermo Scientific, #37527) for 30 min. Primary antibodies were diluted 

in blocking buffer as follows: goat anti-E-cadherin at 1:20 (R&D Systems, #AF648) and mouse  anti-

acetylated α tubulin at 1:1000 (Sigma-Aldrich, #T7451). Sections were incubated with primary antibodies 

at 4 °C overnight in a humidified chamber, rinsed with PBS, and then incubated with secondary antibodies 

for 1 h at 37 °C in a humidified chamber. Secondary antibodies were diluted 1:300 in blocking buffer: donkey 

anti-goat Alexa Fluor 488 (Invitrogen, #A-11055) and donkey anti-mouse Alexa Fluor 555 (Invitrogen, #A-

31570). After secondary antibody incubation, sections were rinsed with PBS, cell nuclei were stained with 

300 nM 4’,6’-diamidino-2-phenylindole (DAPI, Invitrogen, #D1306) in PBS for 2 min, and sections were 

rinsed again. Coverslips were mounted with Mowiol mounting medium containing Mowiol 4-88 Reagent 

(Calbiochem, #475904), glycerol (EMD Millipore, #137028), and 0.2 M Tris buffer (pH 8.5, Fisher Scientific, 

#BP152). Slides were imaged on a Nikon C2+ confocal microscope. 



 

 

6.2.3. Results & Discussion 

 

 

Figure 6-3: Histological analysis and immunofluorescence staining of MDCK cells cultured on kidney dECM scaffold disks. 
Histological analysis via hematoxylin and eosin staining of samples cultured for (A) 24 h and (B) 14 days. (C) Immunofluorescence staining 
for acetylated α tubulin (red), E-cadherin (green), and cell nuclei via DAPI (blue) of sample after 24 h in culture. 
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 Kidney dECM scaffold disks promoted adhesion of MDCK cells seeded under static or dynamic 

conditions. At early time points, cells appeared to form multi-layered structures lining the outer perimeter 

and inner tube-like structures of scaffolds (Figure 6-3 A). After extended culture, these multi-layered 

structures appeared to thin as cells adopted a flatter, more epithelial-like morphology (Figure 6-3 B). In 

addition, the inner structure of scaffolds appeared more compact and denser. No infiltration of cells was 

observed at either early or late time points. Immunofluorescence staining of samples culture for 24 h 

revealed strong expression of the cell adhesion molecule E-cadherin as well as expression of cilia labeled 

by acetylated α tubulin (Figure 6-3 C); however, staining also revealed the lack of a distinct, well-defined 

columnar morphology that is typical of epithelial structures. 

These results demonstrate that rat kidney dECM scaffold disks promote MDCK cell attachment and 

functional protein expression, but additional investigations are necessary to optimize conditions that 

promote maturation of epithelial structures. For example, immunofluorescence staining of samples cultured 

for longer durations may demonstrate the need for a maturation period before a well-defined columnar 

morphology is adopted. Further functional characterization may include visualization of apical-basal polarity 

of cells and evaluation of appropriate ion or molecule transport. Future studies may explore modifications 

to the dECM scaffold disk preparation or dECM itself to promote specific cell-matrix interactions or enable 

cell infiltration.  
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6.3. Appendix C: Evaluation of Conditionally-Immortalized Human Podocytes Cultured on Kidney 

Decellularized Extracellular Matrix Scaffolds 

6.3.1. Introduction 

Between 2012 and 2016, glomerular disease was the leading cause of end-stage renal disease in 

pediatric patients[57]. While glomerular diseases may result from a variety of genetic or environmental 

factors, it is believed that podocytes, and specifically injury to podocytes, play a central role in the 

progression of glomerular diseases[24]. For decades, researchers have investigated the unique 

characteristics of podocytes through both animal models[294] and in vitro culture of human podocytes[391] 

with applications toward the development of drugs specifically targeting this exceptional cell population[441]. 

However, animal models do not always emulate human physiology and disease[297] whereas traditional cell 

culture techniques rely on rigid, 2D substrates that are quite dissimilar to native microenvironment[399]. In 

physiological contexts, the extracellular matrix acts as a natural scaffold material with tissue- and organ-

specific compositions and structural architectures to support cell growth and maturation[303]. Therefore, here 

we aimed to investigate kidney decellularized extracellular matrix (dECM) scaffold disks as culture platforms 

to support human podocyte attachment and viability. 

6.3.2. Materials & Methods 

Rat Kidney Recovery. Rat kidney recovery and decellularization were performed as described 

previously[182, 440]. Kidneys were recovered from male Sprague Dawley rats (200-250 g) by the Northwestern 

University Comprehensive Transplant Center Microsurgery Core following guidelines approved by the 

Northwestern Institutional Animal Care and Use Committee (IACUC) as described previously. Rats were 

anesthetized using intraperitoneal injection of pentobarbital (50 mg/kg), and a longitudinal midline incision 

was performed to open the abdomen. The abdominal aorta and the inferior vena cava were dissected from 

above the right renal hilum to the iliac bifurcation, and the ureter was dissected at the urinary bladder. Two 

hundred units of heparin were injected through the penile vein. The abdominal aorta was ligated above the 

renal arteries, followed by cannulation of both infrarenal abdominal aorta with a 18G catheter (BD 

Biosciences, #381447). Both kidneys were perfused with cold saline through the infrarenal cannula. After 
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perfusion, renal arteries and veins were transected and the kidneys were removed. Kidney renal arteries 

were cannulated with 24G catheters (BD Biosciences, #381412) and frozen in 1× Dulbecco’s phosphate-

buffered saline (DPBS, Corning, #21-030) and stored at -20 or -80 °C until decellularization. 

Rat Kidney Decellularization. Rat kidneys were thawed and decellularized by sequential perfusion 

of the following solutions using a Cole-Parmer MasterFlex L/S peristaltic pump: 500 mL deionized H2O (1 

mL/min), 1000 mL 1% (v/v) Triton X-100 (Amresco, #0694) in deionized H2O (5 mL/min), 1000 mL 1% (v/v) 

Triton X-100 in deionized H2O (1 mL/min), 1000 mL 0.1% (v/v) sodium dodecyl sulfate (Sigma-Aldrich, 

#05030) in deionized H2O (5 mL/min), and 500 mL deionized H2O (1 mL/min). Decellularized kidneys were 

stored in DPBS at 4 °C for up to two weeks before embedding in Tissue-Tek Optimal Cutting Temperature 

Compound (Sakura, 4583) with Peel-A-Way disposable embedding molds (Polysciences, #18646B-1) 

using a bath of liquid N2-chilled 2-methylbutane (EMD Millipore, #MX0760) and stored at -20 or -80 °C. 

Frozen kidney dECM sections, ~1 mm thick, were prepared on a Thermo Scientific HM525 NX Cryostat, 

and kidney dECM disks were punched from sections with an 8-mm biopsy punch (Integra Miltex, #33-37) 

and stored in DPBS at 4 °C for up to one week. Prior to seeding, disk scaffolds were sterilized in 0.1% (v/v) 

peracetic acid (Sigma-Aldrich, #269336) and 4% (v/v) ethanol (Decon Laboratories, #2701) in deionized 

H2O for 1 h, rinsed three times with excess sterile DPBS for 1 h each, and conditioned in complete culture 

medium for 1 h. 

 Podocyte Culture. Conditionally-immortalized human podocytes were cultured as described 

previously[396]. These are primary cells that have been transfected with a temperature-sensitive SV40-T 

antigen and the essential catalytic subunit of human telomerase (hTERT) to prevent replicative 

senescence[319, 396]. Culture at the permissive temperature of 33 °C results in active expression of the 

transgenes to maintain an immature cell state and allow proliferation of the cells. Thermoswitching to the 

non-permissive temperature of 37 °C results in inactivation of the transgenes, causing the cells to become 

quiescent and adopt a more mature phenotype [2002 Saleem]. Podocytes were expanded in RPMI 1640 

(Gibco, #11875) supplemented with 10% fetal bovine serum (FBS, Gibco, #16000), 1% penicillin-

streptomycin (Gibco, #15140), and 1% insulin-transferrin-sodium selenite (ITS Liquid Media Supplement, 

Sigma-Aldrich, #I3146) at 33 °C and 5% CO2. During experimental studies, cells were thermoswitched as 
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indicated to 37 °C and 5% CO2 in RPMI 1640 supplemented with 10% FBS and 1% penicillin-streptomycin. 

Media was exchanged every two to three days, and cells were used at passage 21 for experimental studies.  

Scaffold Seeding. To prepare cells for seeding, cells were rinsed once with DPBS and incubated 

with TrypLE Express (Gibco, #12605) at 33 °C for 5 min to dissociate cells. TrypLE Express was deactivated 

with excess cell culture media, and detached cells were collected and counted via the trypan blue exclusion 

method using Trypan Blue solution (Sigma-Aldrich, #T8154). Cells were centrifuged at 1200 RPM for 5 min 

and resuspended in complete media at the desired cell concentration. Cells were then seeded onto 

scaffolds as concentrated cell suspensions of 1.0 × 105 cells in 300 µL were added to scaffolds placed in 

96-well, clear, round-bottom plates (Corning, #3879), and cells were allowed to attach for at least 5 h before 

being transferred to tissue culture-treated 24-well plates (Corning, #3527). Cells were thermoswitched from 

the permissive to the non-permissive temperature after 7 days in culture. 

Sample Processing and Imaging. Cell viability was evaluated using the LIVE/DEAD Assay 

Viability/Cytotoxicity Kit for Mammalian Cells (Invitrogen, #L3224) following the manufacturer’s protocol. 

Briefly, samples were transferred to glass-bottom microwell dishes (MatTek, #P35G-1.0-14-C), rinsed once 

with DPBS, incubated with 4 µM ethidium homodimer and 2 µM calcein in DPBS for 30 min at 37 °C, and 

then rinsed once more with DPBS before imaging on a Nikon C2+ confocal microscope. For histological 

analysis, samples were fixed in 10% neutral-buffered formalin (Thermo Scientific, #5701) for at least 48 h 

before paraffin embedding and sectioning. Sections were deparaffinized in xylene (Fisher Scientific, #X3P) 

and rehydrated prior to staining with Mayer’s hematoxylin solution (Sigma-Aldrich, #MHS) and eosin Y 

solution (Sigma-Aldrich, #HT110132). After staining, #1 glass coverslips (Fisher Scientific, #12-542B or 

#12-545F) were mounted with Richard-Allan Scientific Cytoseal XYL (Thermo Scientific, #8312-4), and 

slides were imaged on a Zeiss Axioskop upright microscope mounted with an AxioCam MRc5 camera using 

AxioVision 4.8.3 software. For transmission electron microscopy (TEM), samples were fixed in 2.5% (v/v) 

glutaraldehyde (Sigma-Aldrich, #G7776) and 3% (m/v) sucrose (J. T. Baker, #4072-01) for 1 h at room 

temperature, post-fixed with 1% osmium tetroxide for 1 h then 1% uranyl acetate in maleate buffer for an 

additional hour, dehydrated in a graded ethanol and propylene oxide series, and embedded in Epon 

(polymerized at 60 °C for 48 h). Ultrathin sections were visualized with an FEI Tecnai Spirit G2 TEM. 
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6.3.3. Results & Discussion 

 Podocytes cultured on kidney dECM scaffold disks exhibited good cell viability over the extended 

21-day culture period (Figure 6-4), however, cells appeared inhomogeneously distributed across scaffolds. 

Sectioning of samples and histological analysis suggested some cell infiltration of scaffolds but relatively 

low cell densities and, again, an inhomogeneous distribution of cells (Figure 6-4). TEM of samples 

demonstrated close podocyte-matrix interactions with scaffolds, but prototypical podocyte morphologies 

(i.e., main cell body and processes) were not observed (Figure 6-4). Therefore, kidney dECM scaffold disks 

supported podocyte attachment and preserved cell viability; however, additional investigations evaluating 

podocyte-specific response in comparison to controls is necessary. Although prototypical podocyte 

morphologies were not observed, gene and protein expression analysis for relevant cell-matrix and slit 

diaphragm components may reveal an enhanced podocyte phenotype when cultured on kidney dECM 

scaffolds. Future studies may also explore the possibility of isolating glomerular-specific dECM, including 

the glomerular basement membrane, or targeting cells to glomerular regions in scaffolds for investigating 

podocyte-matrix interactions. 
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Figure 6-4: Viability staining, histological analysis, and transmission electron micrographs of 
human podocytes cultured on kidney dECM scaffold disks. 
LIVE/DEAD viability staining and confocal imaging of samples at indicated time points where live or viable 
cells are labeled in green and dead cell nuclei are labeled in red. Histological analysis via hematoxylin and 
eosin (H&E) staining of samples at indicated time points. Transmission electron micrographs (TEM) of 
samples at indicated time points. Podocytes were cultured at the permissive temperature for the first 7 days 
and thermoswitched thereafter to the non-permissive temperature.  
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6.4. Appendix D: Viability Staining of Madin-Darby Canine Kidney (MDCK) Cells Encapsulated 

Within Kidney Decellularized Extracellular Matrix (dECM) Hydrogels 

6.4.1. Introduction 

 Madin-Darby canine kidney (MDCK) cells are distal tubule-derived epithelial cells that have been 

utilized in a variety of cell biology investigations[438]. When encapsulated and cultured in a 3D extracellular 

matrix microenvironment such as type I collagen hydrogels, MDCK cells reproducibly form cyst structures 

and exhibit basolateral polarization[283]. Such systems have advanced understanding of epithelial 

development and morphogenesis. To induce the formation of branching tubules from cysts, MDCK cells 

must be exposed to additional signaling factors typically provided exogenously[442, 443]. In Chapter 2 and 

published elsewhere[288], we described the development and characterization of kidney decellularized 

extracellular matrix (dECM) hydrogels suitable for cell culture and encapsulation. These hydrogels are 

formulated from a complex mixture of kidney-specific proteins, polysaccharides, and other components 

retained after decellularization. Here, we investigated the capacity of these kidney dECM hydrogels to 

promote epithelial morphogenesis by encapsulated MDCK cells through viability staining and confocal 

imaging of samples. 

6.4.2. Materials & Methods 

Kidney Decellularization. Porcine kidneys were decellularized as described previously in Chapter 

2 and published elsewhere[288]. Female Yorkshire pig (3-4 months in age) kidneys were obtained fresh from 

Northwestern Simulation (Northwestern University Feinberg School of Medicine) following approval by the 

Northwestern Institutional Animal Care and Use Committee (IACUC) and stored at -80 °C until 

decellularization. Prior to decellularization, kidneys were thawed for several hours in warm water and then 

minced into pieces approximately 0.5 × 0.5 × 0.25 cm in size with a clean razor blade. During this process, 

the majority of the renal pelvis and perirenal fat was removed. Kidney tissue pieces were then rinsed with 

deionized H2O under constant stirring for one day at room temperature with intermittent H2O changes. After 

rinsing, kidney pieces were treated with 0.1% (m/v) sodium dodecyl sulfate (Sigma-Aldrich, #L3771) under 

constant stirring for two days. Afterwards, decellularized kidney pieces were rinsed with deionized H2O 
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under constant stirring for one day with intermittent H2O changes to ensure removal of residual detergent 

from the tissue. The resulting kidney dECM was frozen at -80 °C until further processing. 

 Preparation of Kidney Decellularized Extracellular Matrix Hydrogels. Kidney dECM hydrogels were 

prepared as described previously in Chapter 2 and published elsewhere[288, 444] following previously 

described protocols for other dECM[317]. Briefly, frozen kidney dECM was lyophilized for two days using a 

Labconco FreeZone 6 Plus, snap frozen in liquid N2, and milled with a Thomas Wiley Mini-Mill Cutting Mill. 

Milled dECM was enzymatically digested at 10 mg/mL kidney dECM in 1 mg/mL pepsin (Sigma-Aldrich, 

#P7000) and 0.01 M HCl (Sigma-Aldrich, #H9892) for 48 h. The resulting pepsin digest was aliquoted and 

frozen at -80 °C. Aliquots were thawed overnight at 4 °C as needed for experiments. Hydrogel precursor 

polymer solutions were prepared by neutralizing the pepsin digest with one-hundredth the volume of 1.0 M 

NaOH (Sigma-Aldrich, #S2770), adding one-tenth of the total volume desired of 10× PBS (Mediatech, #46-

013) to achieve a final concentration of 1×, and diluting the mixture with sterile MilliQ H2O. Hydrogels were 

formed after incubation of precursor polymer solutions at 37 °C for at least 1 h. Type I collagen hydrogels 

were prepared similarly from purified porcine type I atelo-collagen (Advanced BioMatrix, #5169-100ML). 

 Preparation of Well Plates for Experimental Studies. Well plates were coated with poly(2-

hydroxyethylmethacrylate) [poly(2-HEMA)] at least one day prior to cell encapsulation within hydrogels to 

prevent cell attachment to well plate surfaces following established protocols[320, 321]. Briefly, poly(2-HEMA) 

(Sigma-Aldrich, #P3932) was dissolved in 95% (v/v) ethanol at a concentration of 30 mg/mL under constant 

stirring at 40-60 °C and then sterile filtered through a polyethersulfone mesh with a pore size of 0.22 µm 

(EMD Millipore, #SCGP00525). Sufficient volume of the poly(2-HEMA) solution was added to each well to 

cover the well surface, and the solution was allowed to evaporate overnight in a biosafety cabinet. 

 Madin-Darby Canine Kidney (MDCK) Cell Culture and Encapsulation. MDCK cells were maintained 

in a 1:1 mixture of Dulbecco’s Modified Eagle Medium and Ham’s F-12 (Gibco, #11320) supplemented with 

10% fetal bovine serum (Gibco, #16000), and 1% penicillin-streptomycin (Gibco, #15140) at 37 °C and 5% 

CO2. Media was exchanged every two to three days, and cells were used at passage 27 for experimental 

studies. To prepare cells for encapsulation, cells were rinsed once with 1× Dulbecco’s phosphate-buffered 

saline (DPBS, Mediatech, #21-030) and incubated with TrypLE Express (Gibco, #12605) at 37 °C for 10-
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15 min. TrypLE Express was deactivated with excess cell culture media, and detached cells were collected 

and counted via the trypan blue exclusion method using Trypan Blue solution (Sigma-Aldrich, #T8154). 

Counted cells were aliquoted to obtain the necessary number of cells for encapsulation at the desired 

concentration of 1 million cells/mL. The cell suspension was centrifuged at 1100 RPM for 5 min, and pellets 

were resuspended in a minimal volume of complete media. Concentrated cell suspensions were added to 

hydrogel precursor polymer solutions, gently pipetted to mix, and cast into wells (200 µL/cm2). Hydrogel 

precursor polymer solutions with cells were incubated at 37 °C for at least 1 h to ensure hydrogel formation 

and cell encapsulation before complete media was added to wells and plates were transferred to 37 °C and 

5% CO2. 

Cell Viability Imaging. Cell viability was evaluated using the LIVE/DEAD Assay Viability/Cytotoxicity 

Kit for Mammalian Cells (Invitrogen, #L3224) following the manufacturer’s protocol. Briefly, samples were 

transferred to glass-bottom microwell dishes (MatTek, #P35G-1.0-14-C), rinsed once with DPBS, incubated 

with 4 µM ethidium homodimer and 2 µM calcein in DPBS for 30 min at 37 °C, and then rinsed once more 

with DPBS before imaging on a Nikon C2+ confocal microscope. 

6.4.3. Results & Discussion 

 MDCK cell viability appeared compromised the day after encapsulation regardless of the hydrogel 

protein or polymer concentration (Figure 6-5). However, the method of crosslinking and hydrogel formation 

for type I collagen and dECM hydrogel relies on physical interactions and the formation of collagen fibrils[325-

327], which is generally mild enough to enable cell encapsulation without detriment to cell health. Therefore, 

it is likely that cells were not handled with the proper care during preparation of the cells and encapsulation 

(e.g., cell passaging, mixing of cells with the hydrogel precursor polymer solution). At lower hydrogel 

concentrations, cell settling was more apparent by the presence of monolayer-like cell colonies. After one 

week in culture, formation of cysts was observed by the appearance of hollow, spherical structures in all 

samples with cysts appearing in greater numbers when encapsulated in kidney dECM hydrogels of higher 

concentrations in comparison to kidney dECM hydrogels of lower concentrations or collagen hydrogels 

(Figure 6-5). After two weeks in cultures, cyst structures persisted in all samples, although cysts in kidney 
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dECM hydrogels at 2.5 mg/mL appeared the greatest in size and number compared to other conditions 

(Figure 6-5). Note that the cell monolayer present in the sample image is likely a result of sample handling 

and transfer to the appropriate dish for imaging. 

 These results demonstrate that kidney dECM hydrogels enable cyst formation by encapsulated 

MDCK cells as collagen hydrogels do; however, additional investigations are necessary to further 

characterize these cyst-like structures, including evidence of apical-basal polarity and formation of a 

continuous basement membrane. Furthermore, from these initial studies, it does not appear that these 

kidney dECM hydrogels contain the necessary signaling factors (i.e., hepatocyte growth factor[443]) to induce 

complex morphogenesis of branching structures. An interesting future investigation may be a comparison 

of morphogenesis by encapsulated MDCK cells within liver dECM hydrogels, which have been previously 

shown to support complex network formation by cholangiocytes or biliary epithelial cells[444, 445]. Beyond 

biochemical signaling cues, biophysical cues may also influence cell morphogenesis, and additional studies 

may explore the role of hydrogel stiffness in promoting or restricting cyst- and tubule-like structure formation 

by encapsulated MDCK cells independently of polymer or protein concentration by employing other 

crosslinking methods such as chemical crosslinkers[239]. 



 

 

 

Figure 6-5: Viability staining of MDCK cells encapsulated within type I collagen hydrogels or kidney dECM hydrogels of varying 
concentrations. 
Live (green) and dead (red) viability staining and confocal imaging of MDCK cells at indicated time points over a 14-day culture period.  
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6.5. Appendix E: Rheological Characterization of Various Tissue- and Organ-Specific 

Decellularized Extracellular Matrix Hydrogels 

 In collaboration with other members of the Shah TEAM Laboratory: Emma S. Gargus, Adam E. 

Jakus, PhD, and Phillip L. Lewis, PhD, who provided the bovine ovary, porcine muscle, and porcine liver 

dECM digests, respectively. 

6.5.1. Introduction 

 Decellularized extracellular matrix (dECM) derived from tissues and organs is thought to retain 

many of the biochemical signaling factors from the original tissue or organ, which will vary based on the 

source of the material[303]. Therefore, researchers continue to investigate these inherently bioactive and 

complex materials for tissue- or organ-specific applications. dECM may be processed into a variety of 

forms, but hydrogels in particular are versatile and suitable as platforms for cell culture or as injectable 

materials[264]. A variety of studies have been published detailing the development, characterization, and 

application of dECM hydrogels derived from different tissues and organs as well as different species[264]. 

However, methods of characterization vary from study to study, making direct comparisons amongst 

different dECM sources challenging. Here, we investigated the rheological properties of several different 

dECM hydrogels developed in the laboratory demonstrating unique tissue- and organ-specific 

characteristics despite similar processing and measuring procedures. 

6.5.2. Materials & Methods 

 Tissue and Organ Decellularization. Porcine kidneys and livers were obtained fresh from female 

Yorkshire pigs (3-4 months in age) at Northwestern Simulation (Northwestern University Feinberg School 

of Medicine) following approval by the Northwestern Institutional Animal Care and Use Committee (IACUC). 

Porcine muscle was obtained from a local butcher’s market (Chicago, IL). Bovine ovaries from young cows 

were collected from Aurora Packing Company (Aurora, IL). Tissues and organs were stored at -80 °C until 

decellularization. Prior to decellularization, tissues and organs were thawed for several hours in warm water 

and then cut into pieces approximately 0.5 × 0.5 × 0.25 cm in size with a clean razor blade. During this 
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process, excess fat was removed. Tissue pieces were then rinsed with deionized H2O under constant 

stirring for at least one day at room temperature or 4°C with intermittent H2O changes. After rinsing, kidney 

pieces were treated with 0.1% (m/v) sodium dodecyl sulfate (Sigma-Aldrich, #L3771) under constant stirring 

for at least two days. Afterwards, decellularized tissue pieces were rinsed with deionized H2O under 

constant stirring for at least one day with intermittent H2O changes to ensure removal of residual detergent 

from the tissue. The resulting tissue- and organ-specific dECM was frozen at -80 °C until further processing. 

 Rat Kidney Recovery and Decellularization. Rat kidney recovery and decellularization were 

performed as described previously[182, 440]. Kidneys were recovered from male Sprague Dawley rats (200-

250 g) by the Northwestern University Comprehensive Transplant Center Microsurgery Core following 

guidelines approved by the Northwestern Institutional Animal Care and Use Committee (IACUC) as 

described previously. Rats were anesthetized using intraperitoneal injection of pentobarbital (50 mg/kg), 

and a longitudinal midline incision was performed to open the abdomen. The abdominal aorta and the 

inferior vena cava were dissected from above the right renal hilum to the iliac bifurcation, and the ureter 

was dissected at the urinary bladder. Two hundred units of heparin were injected through the penile vein. 

The abdominal aorta was ligated above the renal arteries, followed by cannulation of both infrarenal 

abdominal aorta with a 18G catheter (BD Biosciences, #381447). Both kidneys were perfused with cold 

saline through the infrarenal cannula. After perfusion, renal arteries and veins were transected and the 

kidneys were removed. Kidney renal arteries were cannulated with 24G catheters (BD Biosciences, 

#381412) and frozen in 1× Dulbecco’s phosphate-buffered saline (DPBS, Corning, #21-030) and stored at 

-20 or -80 °C until decellularization. Rat kidneys were thawed and decellularized by sequential perfusion of 

the following solutions using a Cole-Parmer MasterFlex L/S peristaltic pump: 500 mL deionized H2O (1 

mL/min), 1000 mL 1% (v/v) Triton X-100 (Amresco, #0694) in deionized H2O (5 mL/min), 1000 mL 1% (v/v) 

Triton X-100 in deionized H2O (1 mL/min), 1000 mL 0.1% (v/v) sodium dodecyl sulfate (Sigma-Aldrich, 

#05030) in deionized H2O (5 mL/min), and 500 mL deionized H2O (1 mL/min). Decellularized rat kidneys 

were frozen at -80 °C until further processing. 

Preparation of Decellularized Extracellular Matrix Hydrogels. Hydrogels were prepared from dECM 

as described previously in Chapter 2 and published elsewhere[288, 444] following previously described 
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protocols for other dECM[317]. Briefly, frozen dECM was lyophilized for at least two days using a VirTis 

adVantage Plus EL-85, snap frozen in liquid N2, and milled with a Thomas Wiley Mini-Mill Cutting Mill. Milled 

dECM was enzymatically digested at 10 mg/mL dECM in 1 mg/mL pepsin (Sigma-Aldrich, #P7000) and 

0.01 M HCl (Sigma-Aldrich, #H9892) for 48 h. The resulting pepsin digest was aliquoted and frozen at -

80 °C. Aliquots were thawed overnight at 4 °C as needed for experiments. Hydrogel precursor polymer 

solutions were prepared by neutralizing the pepsin digest with one-hundredth the volume of 1.0 M NaOH 

(Sigma-Aldrich, #S2770), adding one-tenth of the total volume desired of 10× PBS (Mediatech, #46-013) 

to achieve a final concentration of 1×, and diluting the mixture with sterile MilliQ H2O to achieve the desired 

final concentration (5.0 mg/mL). Hydrogels were formed after incubation of precursor polymer solutions at 

37 °C for at least 1 h.  

Rheology. Rheological characterization was performed following a recommended protocol for 

hydrogels for tissue engineering applications[318]. Testing was performed using an Anton Paar MCR 302 

with a 25-mm parallel-plate fixture under strain-controlled conditions. All samples were prepared fresh, and 

the lower Peltier cell was set to 4 °C for sample loading. After lowering the measuring system, mineral oil 

(Amresco, #J217) was applied to the edges of the sample and fixture, and the system was enclosed within 

a solvent trap to prevent sample dehydration. Time sweeps were performed for 120 min. at 37 °C, 0.1% 

strain, and 10 rad/s. Frequency and strain sweeps were performed immediately following under the same 

conditions. All sweeps were performed in triplicate (n = 3). Data is presented as the mean ± standard error 

of the mean. 

6.5.3. Results & Discussion 

 All dECM hydrogel formulations exhibited rapid gelation as demonstrated by the initial rise of shear 

storage moduli (G’) above shear loss moduli (G’’) (Figure 6-6). All formulations also displayed relatively 

short times until stabilization of shear moduli as demonstrated by the onset of the plateau regions, typically 

within 10 min or less. Interestingly, equilibrium complex shear moduli (G) and shear storage moduli, a gauge 

of hydrogel stiffness, varied amongst dECM sources. In order of decreasing stiffness: porcine kidney, 

bovine ovary, porcine liver, porcine kidney cortex, porcine muscle, and rat kidney. After hydrogel formation, 
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shear moduli of formulations were relatively independent of frequency, especially below 25 rad/s (Figure 

6-7). Rat kidney dECM hydrogels were the exception in this case likely due to the extremely soft hydrogels 

formed relative to other formulations. Similarly, all formulations were relatively independent of strain with a 

linear viscoelastic region up to approximately 10% strain after which strain-stiffening followed by 

catastrophic failure occurred (Figure 6-8).  

 It is unsurprising that differences in rheological properties of the presented dECM hydrogels were 

observed. Although the various dECM was processes similarly in that the material was digested in pepsin, 

which cleaves telopeptide bonds and disrupts collagen fibril aggregates[325], and hydrogel formation 

subsequently occurred by entropy-driven self-assembly of matrix components[325-327], the exact biochemical 

compositions and the ratios of these components is unique to each. And it has been demonstrated by 

others that additional components such as proteoglycans and glycosaminoglycans alters the rate of self-

assembly and network structure[327]. Even regional differences within the same organ (whole kidney versus 

kidney cortex) and species differences (porcine kidney versus rat kidney) result in significant differences in 

rheological properties likely due to differences in dECM composition. This alters the resulting dECM 

hydrogel stiffness and simultaneously the amount of strain-stiffening the hydrogel can undergo before 

rupture of the network.   

 The results presented here highlight the influence of material source on the resulting dECM 

hydrogel rheological properties. Future investigations may explore dECM hydrogels from other sources not 

explored here as well as the effects of different processing procedures on the resulting properties. In 

addition to rheological characterization, a number of additional studies are necessary to well-characterize 

dECM hydrogels in a manner that is comparable across multiple tissues and organs, species, and 

processing procedures. Examples include thorough biochemical characterization (such as quantitative 

mass spectrometry-based proteomics) and ultrastructural characterization and quantification. Ultimately 

these investigations will not only advance understanding of dECM hydrogel properties and applications but 

also encourage informed design of synthetic and natural-synthetic hydrogels as engineered extracellular 

matrix microenvironments. 



 

 

 

Figure 6-6: Rheological time sweeps of tissue and organ dECM hydrogels. 
Rheological characterization of hydrogel formation over time with shear storage (G’) and loss (G’’) moduli plotted on semi-log plots: (A) 
porcine kidney, (B) porcine kidney cortex, (C) rat kidney, (D) porcine liver, (E) porcine muscle, and (F) bovine ovary dECM hydrogels. All 
sweeps were performed in triplicate (n = 3). 
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Figure 6-7: Rheological frequency sweeps of tissue and organ dECM hydrogels. 
Shear storage (G’) and loss (G’’) moduli plotted against angular frequency on log-log plots: (A) porcine kidney, (B) porcine kidney cortex, 
(C) rat kidney, (D) porcine liver, (E) porcine muscle, and (F) bovine ovary dECM hydrogels. All sweeps were performed in triplicate (n = 3). 
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Figure 6-8: Rheological strain or amplitude sweeps of tissue and organ dECM hydrogels. 
Shear storage (G’) and loss (G’’) moduli plotted against strain on log-log plots: (A) porcine kidney, (B) porcine kidney cortex, (C) rat kidney, 
(D) porcine liver, (E) porcine muscle, and (F) bovine ovary dECM hydrogels. All sweeps were performed in triplicate (n = 3). 
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