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ABSTRACT OF THE DISSERTATION 

 

Development of Novel Preclinical Models and Repair Approaches for  

Urogenital Tissue Reconstruction 

by 

Travis Nguyen 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2024 

Professor Joshua Mauney, Chair 

 

 

The lower urinary tract, consisting of the bladder and urethra, functions to facilitate 

storage and voiding of urine while maintaining low intravesical pressures to prevent renal 

damage. A variety of congenital and acquired pathologies including spinal cord injury and 

urethral stricture disease can lead to anatomical or functional obstruction of the lower 

urinary tract which can elevate urinary storage pressures and ultimately cause renal 

deterioration. In addition, malignant conditions such as bladder cancer and developmental 

abnormalities including bladder exstrophy can also result in tissue loss or malformed 

urogenital tissues which can compromise organ continuity, disrupt normal micturition, and 

in some cases negatively impact patient fertility. Surgical correction of urogenital defects is 

conventionally accomplished with autologous tissue grafts derived from extragenital 

sources, however this strategy is encumbered by donor site morbidity, limited tissue 

availability, and failure to restore native tissue functionality. Tissue engineering 

approaches utilizing acellular biomaterials composed of decellularized tissue grafts or 

synthetic polymers either alone or seeded with ex vivo expanded primary or progenitor 
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cell sources have been previously explored as alternatives to autologous tissue grafts for 

urogenital reconstruction in both preclinical studies and clinical trials. Despite the 

successful performance of these constructs in non diseased animal models, none of these 

technologies have been adopted into widespread clinical practice due to poor functional 

outcomes, abnormal tissue formation, and serious adverse events encountered in human 

studies. Clinically viable biomaterial configurations must possess optimal structural, 

mechanical and degradative characteristics sufficient to provide for initial defect 

reinforcement, but allow for gradual scaffold dissipation and subsequent formation of site-

appropriate functional tissue (constructive remodeling). Moreover, validation of 

prospective tissue engineered implant designs in diseased animal models which mimic 

underlying patient pathology is necessary to accurately evaluate graft potential prior to 

clinical translation. Alterations in the regenerative capacity of host tissues can occur as a 

function of disease or past injury and can ultimately influence implant functional 

performance. Therefore, advancements in urinary tract reconstruction are dependent on 

new scaffold designs which can promote host regenerative responses in diseased settings 

and overcome deficiencies related to autologous tissue deployment. 

The focus of my thesis is centered on 2 main areas of investigation: (1) creation of 

novel preclinical models of urinary tract disease for medical device testing and (2) 

evaluation of bi-layer silk fibroin (BLSF) grafts for urogenital tissue reconstruction. My first 

goal will be accomplished by developing and characterizing new rabbit and swine models 

which respectively recapitulate clinical phenotypes of Peyronie’s disease and urethral 

stricture disease. My second goal will involve testing the efficacy of protein-based, BLSF 

grafts to serve as urinary conduits for management of bladder cancer following radical 
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cystectomy as well as biological substitutes for repair of focal vaginal defects and long 

urethra stricture defects in male and female porcine models.
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Chapter 0: Prologue 

0.1 Creation of Novel Preclinical Models of Urinary Tract 

Disease 

Significance of Peyronie’s Disease and Need for Improved Preclinical Models  

Peyronie’s disease (PD) is a benign connective tissue pathology that affects between 

0.4% and 13% of the male population.1-2 This condition can result in penile curvature and 

subsequent erectile dysfunction due to localized formation of fibrotic plaques in the penile 

tunica albuginea surrounding the corpus cavernosum.3 The etiology of PD is poorly 

understood, however inflammation of the tunica albuginea in response to recurrent sexual 

trauma has been implicated as a putative driver of scar tissue formation and subsequent 

plaque development.4 In addition, PD fibrogenesis is also exacerbated by imbalances 

between extracellular matrix (ECM) proteolytic enzymes including matrix 

metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) which lead 

to abnormal degradation and accumulation of ECM components within the plaque 

microenvironment.5 Overall, PD is a debilitating disease which significantly impacts patient 

quality of life due to declines in sexual activity from pain and penile deformity as well as 

adverse psychological effects from disruptions in partner intimacy.6  

Minimally invasive, first line treatment options for acute PD include intralesional 

injection of collagenase clostridium histolyticum (CCH) as well as penile traction 
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approaches.7 The goal of these modalities is to prevent disease progression by promoting 

collagen degradation and remodeling within PD plaques. However, the success of penile 

traction is often hampered by poor patient compliance8 and CCH administration has been 

reported to have limited efficacy in treating patients with extensive plaque calcification and 

curvature >90 degrees.9 For chronic PD, surgical management represents the gold standard 

of care and involves plaque incision or partial plaque excision in combination with 

corporoplasty for iatrogenic defect repair and penile straightening utilizing autologous 

tissues or grafts from allogenic or xenogenic sources.9-10 Unfortunately, erectile 

dysfunction, curvature recurrence and penile shortening represent significant adverse 

outcomes associated with these grafting procedures.11-13 These studies highlight the critical 

need to develop new treatment options for PD as well as an increased understanding of 

disease mechanisms for therapeutic targeting.  

Preclinical animal models of PD represent valuable tools for studying the 

pathophysiology of disease progression as well as provide an in vivo setting for evaluating 

prospective therapeutic interventions prior to human translation. Current animal models 

available for PD investigations are predominantly based in rats.14 These systems involve 

induction of focal inflammatory events in the tunica albuginea via injection of pro-fibrotic 

agents such as transforming growth factor-β1 (TGF-β1), cytomodulin, fibrin or myostatin 

as well as surgical trauma to elicit myofibroblast differentiation and subsequent abnormal 

collagen deposition and elastin fiber degradation culminating in plaque development.15-18 

Unfortunately, these rodent models are limited by inconsistencies in the timing and 

duration of plaque formation and do not recapitulate severe penile curvature or plaque 

calcification observed in humans.14 Moreover, the small size of the rat penis precludes 
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corporoplasty studies needed to evaluate the performance of novel surgical grafts for 

resolution of chronic PD following plaque excision. We have developed a new PD model in 

male rabbits via subtunical injection of recombinant TGF-β1 protein and characterized 

erectile function and histopathological outcomes following plaque formation. Rabbits are a 

promising species for PD evaluations since they are commonly used for penile and urethral 

reconstructive studies19-20 and the size of the penis allows for targeted tunica albuginea 

injections of fibrotic cytokines with minimal risk of extravasation into the penile corpora. 

In addition, male rabbits lack a baculum21, similar to humans and in contrast to rats22, thus 

allowing for assessments of penile curvature during PD progression without mechanical 

resistance from rigid osseous structures.  

Significance of Urethral Stricture Disease and Need for Improved Preclinical Models  

Urethral stricture disease is a significant public health issue which occurs due to 

scarring in or around the urethra that restricts or blocks urine flow. The total cost of 

urethral stricture disease in the USA in 2010 was ~$300 million.1 Patients with urethral 

strictures are also responsible for 5,000 hospital and 1.5 million office visits per year in the 

USA and are considered a vulnerable population as they experienced high rates of urinary 

tract infections (41%) and incontinence (11%) as sequelae of the disease.2,3 In addition, 

yearly costs for health care expenditures are increased by more than $6,000 per insured 

individual following urethral stricture diagnosis.3 Urethral stricture disease is also well 

documented to significantly reduce patient quality of life,4 particularly in men wherein up 

to 44% of individuals experience sexual dysfunction.5 Immediate family members of 

patients with urethral strictures are also adversely impacted by the disease with 
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prospective studies reporting substantial quality of life distress among respondents 

including sleep disturbances (56.9%), diminished social lives (43.1%), and negative effects 

on partner intimacy (83.9%).6 Urethral strictures are relatively common in males (~400 

per 100,000) with increased incidence after 55 years of age.7 Men with symptomatic 

stricture disease will typically present with obstructive voiding symptoms such as 

straining, incomplete emptying, weak stream, recurrent urinary tract infections, prostatitis, 

epididymitis, hematuria, or bladder stones.8 The average stricture length in men has been 

reported to be 4.8 cm with stricture location dispersed along the anterior (83.1%), 

posterior (12.3%), or pan-urethral (4.6%) segments.9 Stricture etiologies in men include 

iatrogenic caused by prolonged catheterization and prior hypospadias repair; infection or 

inflammation due to sexually transmitted diseases or lichen sclerosis; trauma including 

straddle injuries or pelvic fractures; and congenital or idiopathic origins.10 Urethral 

strictures in women are less frequent compared to men due to their shorter urethral length 

(~5 cm in women versus 20 cm in men), with a prevalence of 3–8% overall, 4–13% in 

women with bladder outlet obstruction (BOO),11-14 and 0.1–1% in women with lower 

urinary tract voiding symptoms.15 Women with urethral stricture disease often present 

with a weak stream, dribbling, recurrent urinary tract infections, pain localized to the 

urethra, urgency, frequency, dysuria, hesitancy, overflow urinary incontinence, urinary 

retention, and/or elevated postvoid residual.16,17 Etiologies of urethral strictures in women 

include iatrogenic causes resulting from urogynecological procedures such as sling 

procedures, transvaginal urinary fistula repair, diverticulum repair, vaginal deliveries, 

pelvic radiation, and urethral dilation as well as chronic cystitis and urethritis, idiopathic, 

trauma, and inflammation.18  
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A crucial step in developing potential implant configurations for the repair of long 

urethral strictures is to assess their ability to promote tissue regeneration and support 

functional voiding in large animal models which mimic clinical phenotypes. This is 

important since alterations in the regenerative capacity of host tissues can occur as a 

function of disease or past injury and can ultimately influence implant functional 

performance.19-21 Unfortunately, the vast majority of preclinical studies used to assess 

biomaterial potential for urethroplasty are in small scale, traumatic urethral defects 

created in nondiseased, male rabbit models which fail to recreate the fibrotic 

microenvironment and dimensions of long urethral strictures.22,23 Moreover, no published 

preclinical models of female urethral strictures currently exist. Rabbit and dog models of 

short urethral strictures in males (~1-2 cm in length) have been produced by open surgery, 

electroresection using a pediatric resectoscope, and electrocoagulation with or without 

endoscopy.24-29 The male rabbit urethra, composed of epithelium and corpus spongiosum, 

has similar histological morphology and structure to that of humans, however the penile 

urethra is ~3 cm long and therefore is anatomically limited in its capacity to create a 5 cm 

long urethral stricture encountered in patients.30,31 Canine models do possess urethras >5 

cm27 and are potential candidates for the creation of a long urethra stricture model, 

however their status as companion animals raises ethical issues which restricts their 

widespread use in research settings.32 We will develop and characterize both male and 

female porcine models of long urethral strictures (5-6 cm in length) which recapitulate 

histological and functional aspects of clinical pathology. We will utilize an 

electrocoagulation approach to induce urethral damage in swine and will monitor changes 

in urethral caliber as well as determine host tissue responses following injury using 
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histological, immunohistochemical, and histomorphometric outcome evaluations. We 

predict these novel models will be useful to the research community to study mechanisms 

of urethral stricture formation as well as vet therapeutic interventions in clinical-scale 

urethral defects. 

0.2 Evaluation of Bi-Layer Silk Fibroin Grafts for 

Urogenital Tissue Reconstruction 

Overview of Tissue Engineering Constructs for Urogenital Reconstruction 

 Numerous biomaterial constructs have been researched for their versatile 

properties to treat urogenital defects with the goal of reconstructing native phenotypes and 

functionalities.1 Natural biomaterials including decellularized bladder matrix (BAM), 

urinary bladder submucosa (UBS) and SIS are deployed in surgical reconstruction as an 

attempt to induce vascularized and innervated neotissues. However, these conventional 

grafts are fraught with limitations with rates of complications can be as high as 40% in 

certain cases.2 Similar to tissue grafts, chronic inflammatory responses, stricture 

recurrence and fistula formation were reported as adverse effects from SIS grafts.3,4 

Unfortunately with these kinds of complications, risk of implant failure primarily from 

foreign body reaction imply clinical translation to only be marginally successful. The root 

cause of why allografts exhibit complications is partially from the fabrication process. 

Decellularization processes require extensive use of chemical media resulting in altering 

the graft’s structural integrity and its compatibility with the host.5 Synthetic biomaterials 

that make up porous foams, meshes, matrices and hydrogels are also effective biomaterials. 
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However, synthetic biomaterials can only regenerate tissue structures and restore organ 

functions in short term cases.6 In long term cases, deteriorating synthetic biomaterial 

negatively modify elasticity and porosity secondary to structural integrity.7 Inevitably, 

accumulating metabolites from synthetic biomaterials will elicit chronic inflammatory 

responses that will display mechanical in vivo failure and negatively impact organ 

functionality from constant foreign body reactions. To prevent unwanted foreign body 

reaction, biomaterial scaffolds are seeded with cells derived from the patient to create 

biocompatibility with low immunogenicity. Autologous cell seeded constructs with tunable 

degradation release harmless metabolites without hampering scaffold properties. 

Fabricating cell seeded constructs are unlike synthetic and natural biomaterials. Usage of 

tissue biopsies and exorbitant laboratory instruments for propagating ex vivo cells to seed 

the scaffold is a financial obstacle for the general population rendering it not practical to 

adopt as the standard treatment. With varying disadvantages in synthetic, natural and cell 

seeded biomaterials, there is a need for alternative biomaterial constructs that can 

promote regeneration, be biocompatible, optimizable mechanical properties and minimize 

adverse drawbacks.  

Protein-based, bi-layer silk fibroin (BLSF) grafts represent an ideal platform for 

urogenital tissue repair due to their high tensile strength and elasticity, low 

immunogenicity, and tunable biodegradability.7 These matrices can be easily sutured and 

utilized as sheets or tubes for urinary tract reconstruction.8,9 The structural architecture of 

the bi-layer matrix prevents urinary extravasation at scaffold integration sites via a fluid-

tight film component, while an annealed porous foam layer supports surrounding tissue 

ingrowth.7,10 Previous studies from our laboratory have demonstrated the utility of these 
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scaffolds for augmentation cystoplasty, urethroplasty, corporoplasty and ureteroplasty in 

preclinical animal models.5,8,9,11 BLSF grafts have also been shown to promote formation of 

innervated, vascularized neotissues with functional contractile/relaxation properties and 

less inflammatory reactions compared to traditional decellularized matrices such as SIS 

scaffolds.12-14 

Evaluation of silk fibroin - based urinary conduits in a porcine model of urinary 

diversion 

Urinary diversion with autologous gastrointestinal (GI) segments represents the 

primary treatment option for functional renal preservation in bladder cancer patients 

subjected to radical cystectomy as well as in the pediatric population afflicted with spina 

bifida and bladder exstrophy.1,2 Several modes of urinary diversion exist including the 

commonly used, incontinent ileocutaneostomy which serves as a urinary conduit with 

exterior skin level drainage, and continent diversions such as non-orthotopic and 

orthotopic approaches including neobladders.3,4 Despite use as a front line therapy, urinary 

diversions are fraught with complications. Following cystectomy with urinary diversion, 

the early complication rate is estimated to be 50%–70%, with a 25% likelihood of 

readmission within 90 days, a 20% chance of intensive care unit admission, and a 3% risk 

of perioperative death.5 In addition, post-operative complications related to bowel 

harvesting for conduit creation include anastomosis insufficiency leading to digestive 

fistulae, concomitant peritonitis, and sepsis which occur in 18% of patients and required 

re-intervention in 50% of cases.6 Transposition of GI segments into the urinary tract 

following urostomy implantation is also associated with deleterious side - effects including 



 

9 
 

chronic urinary tract infections, urinary calculi, and metabolic abnormalities.7-9 These 

studies highlight the significant need for the development of non-enteric, urinary diversion 

techniques which can overcome limitations associated with current approaches.  

Over the past 15 years, tissue engineering strategies for urinary diversion have been 

investigated as alternatives to bowel tissue for the creation of urinary conduits.1,2,10 

Scaffold designs for tissue engineered urinary conduits (TEUC) have been primarily 

constructed from porous, biodegradable biomaterials capable of facilitating host tissue 

ingrowth from ureteral anastomotic borders. The goal of these technologies is to create 

durable, vascularized neotissues containing contractile smooth muscle layers and a 

urothelial-lined lumen sufficient to promote urine peristalsis and prevent urinary 

extravasation, respectively.1,2 TEUC composed of natural biomaterials including 

decellularized bladder matrices, decellularized small intestinal submucosal (SIS) scaffolds, 

and collagen foams, as well as synthetic polymer meshes such as polyglycolic acid (PGA), 

poly(lactic-co-glycolic acid) (PLGA), and polypropylene meshes have been previously 

explored in animal models and/or clinical studies either as acellular grafts or exogenously 

seeded with autologous primary or stem cell sources.11-23 

In general, preclinical assessments of cell-seeded TEUC were found to promote 

superior tissue regenerative responses and preserve upper urinary tract function in 

comparison to acellular graft configurations which routinely elicit scar tissue formation 

and lead to severe hydronephrosis secondary to conduit obstruction.10,15,16 However, cell-

seeded strategies require secondary surgeries and substantial laboratory infrastructure for 

cell isolation and expansion, respectively, which may limit their widespread adoption.2 In 
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the case of urologic malignancies, urinary tract-derived, primary cell populations can also 

be compromised by disease and therefore unsuitable for cell-seeded, construct 

development.13 Moreover, first in man trials of a TEUC composed of tubular PLGA grafts 

seeded with adipose mesenchymal stem cell-derived, smooth muscle cells demonstrated 

significant adverse events including conduit stenosis and stricture formation in half of 

study participants.18,19 Given the limitations with conventional TEUC devices, we 

hypothesized that an acellular urinary conduit with structural, mechanical, and degradative 

properties sufficient to maximize host ureteral ingrowth, minimize fibrosis, and support 

renal function would serve as a superior candidate for urinary diversion. In the present 

study, we evaluated the efficacy of acellular, tubular BLSF grafts to function as urinary 

conduits in a porcine model of urinary diversion.  

Evaluation of BLSF grafts for onlay vaginoplasty in rats. 

Congenital malformations of the uterus and vagina such as Mayer-von Rokitansky-

Küster-Hauser's Syndrome (MRKH), transverse vaginal septum, vaginal atresia and 

agenesis pose an adverse drawback in quality of life, fertility as well as genital functions 

and development.1-3 Commonly known to be the second leading cause of primary 

amenorrhoea, MRKH syndrome occurs between one in 1500 female births to one in 4000 

female births.4 Conventional treatment for MRKH syndrome usually require reconstruction 

surgery to create neovagina if non invasive methods like passive dilation from Frank’s 

method and Ingram’s method display suboptimal results.5 While reports favorably 

highlight passive dilation method as an effective treatment, its success primarily depends 

on patient’s comfortability, compliance, motivation by current sexual relationship, and 
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constant psychological support to encourage consistent use of vagina dilator.6 Additionally, 

other difficulties patients have reported includes lack of privacy, time constraints, pain and 

discomfort.7 Various psychological difficulties and prolonged treatment from non-invasive 

methods made the surgical option more appealing. 

Although surgery might appear to be an effective and straightforward resolution to 

reconstruct the vagina, obstacles related to psychological factors regarding psycho-

sexuality still remains.8 Resulting in emotional avoidance, patient’s inadequate ability to 

self-manage post-surgical dilation or during vaginal dilation could potentially hinder the 

patient's goal of normalizing the vagina in the long run, as scarring could undermine the 

efficacy of future reconstruction. Surgical complications from vaginoplasty such as 

infections, hematoma, necrosis, fistula, urinary incontinence and vaginal stenosis still 

persist with incidence of up to 73% in pediatric population where stenosis is the most 

common issue which may lead to dyspareunia or apareunia.9,10 Similar to issues in using 

vaginal dilators, incurring these complications without sufficient self-management is a risk 

to successfully creating the neovagina surgically. 

Recent evidence in regenerative medicine suggests the incorporation of 

biomaterials in reconstruction surgery could minimize complication rates.11 New tissue 

engineering approach to treat MRKH syndrome and other vaginal malformation uses 

autologous tissues to create functional neotissue as a substitute for the vagina. Numerous 

tissue grafts including skin grafts, decellularized matrices from intestinal mucosa, buccal 

mucosa and vaginal epithelia were evaluated as potential to line the pelvic canal to restore 

phenotypes of the vagina.12 However, deleterious effects are to be considered when 
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harvesting autologous tissues for graft fabrication. Aside from only having a limited 

amount of tissue to use, donor site morbidity leading to patient discomfort is an ongoing 

issue when undergoing the tissue engineering route. These complications can be diverted 

by fabricating a graft that does not originate from tissues. Protein-based materials like the 

bi-layer silk fibroin (BLSF) grafts made of silk, is a versatile platform having extensive 

strength and elasticity with considerable adjustability. The matrix’s architecture is 

optimized with a fluid-tight film to prevent fluid leakage and support tissue ingrowth at the 

site of integration. BLSF mediated neotissues were found to be innervated and vascularized 

with functional muscle properties. Displaying fewer inflammatory reactions compared to 

other decellularized matrices, the BLSF is a superior graft to reconstruct the vagina while 

also minimizing complication rates.  
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Chapter 1: Novel Rabbit Model of 
Peyronie’s Disease 

1.1 Objective 

Our objective is to create a rabbit model Peyronie’s disease and characterize the 

functional and histological outcomes of disease progression. 

1.2 Methods 

Ten adult male, New Zealand white rabbits (Western Oregon Rabbit Co. Philomath, 

OR USA) weighing 3.5–4 kg were randomized into three experimental cohorts including 

nonsurgical controls (NSC, N = 3) and those receiving subtunical injections of vehicle 

(N = 3) consisting of 4 mM hydrochloric acid and 1 mg/ml bovine serum albumin or 

recombinant human TGF-β1 protein (N = 4). Sample sizes for each group were determined 

based on our past reported experiments which utilized similar animal replicates per group 

to determine significance in quantitative assessments.20 Rabbits were single housed 

postoperatively, fed with regular rabbit food and allowed free access to water throughout 

the study. The Institutional Animal Care and Use Committee (IACUC) of University of 

California, Irvine approved the study protocol (# AUP-20-077) and all experimental 

procedures adhered to the National Institutes of Health’s Guidelines for the Care and Use of 

Laboratory Animals. This study was also conducted in compliance with ARRIVE guidelines 

(https://arriveguidelines.org). 

1.2.1 Surgical Procedures 
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Anesthesia was induced by subcutaneous injection of 35 mg/kg Ketamine and 5 

mg/kg Xylazine and maintained by isoflurane via mask inhalation. Animals were placed in a 

supine position and excess fur was trimmed around the genital area. The surgical field was 

scrubbed with povidone-iodine solution and 70% ethanol three times and sterilely draped. 

A 5-0 polyprolene stay suture was positioned at the tip of the distal penile skin to facilitate 

surgical manipulations. The skin web located between the penis and anus was divided and 

a ventral incision was made longitudinally between the penile skin and Buck’s fascia. 

Subtunical injection (50 μl) of saline vehicle or TGF-β1 protein (0.5 μg, R&D Systems, 

Minneapolis, MN) was performed with a 30 gauge needle at a single location in the tunica 

albuginea ~1.5 cm above the penile radix and between the urethra and lateral 

neurovascular bundle (Figure 1). Absorbable polyglactin sutures (5-0) were then utilized 

to close skin incisions. Rabbits were dressed with Elizabethan collars for 5 days to avoid 

self-mutilation of the surgical site. For 7 days post-op, animals were evaluated daily to 

assess any potential surgical complications and then monitored weekly thereafter until 

scheduled euthanasia at 1 month. Pain management was facilitated by a single 

subcutaneous injection of Buprenorphine SR (0.12 mg/kg, ZooPharm, Laramie, WY, United 

States) immediately after the surgery as well as daily subcutaneous injections of Banamine 

(1 mg/kg, Merck Animal Health, Kenilworth, NJ, United States) for 3 days. Rabbits were also 

given subcutaneous injection of Enrofloaxacin (5 mg/kg, Baytril®100; Bayer Healthcare 

LLC, KA, United States) prior to surgery and for 3 days postoperatively to prevent bacterial 

infection.  

Figure 1: Rabbit Peyronie’s Disease Model 
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Overview of surgical stages of model creation. [A] Penile skin and Buck’s fascia were incised longitudinally in male 

rabbits (N=7). A 30-gauge needle was slightly inserted into the penile tunica albuginea between the urethra and right 
lateral vascular structures and vehicle and TGF-β1 injections were performed. [B] Prominent white discoloration with 

central bullae were observed at injection sites of all study animals. Source: Gundogdu, Gokhan et al. International 
journal of impotence research vol. 36,3 (2024): 269-274. Used with permission. 

1.2.2 Cavernosography and Cavernosometry  

Cavernosographic and cavernosometric evaluations were performed 1 month 

following subtunical injections in experimental animals to assess erectile function using 

previously reported protocols.20,23 Rabbits were supine positioned under general 

anesthesia described above and a stay suture was placed at the tip of glans. The penile skin 

was degloved and a 22-gauge IV catheter was inserted into the right cavernous body below 

the subtunical injection site at the level of penile radix. For cavernosography, contrast 

medium (Omnipaque 300; GE Healthcare Inc., Marlborough, MA, USA) diluted with 1:1 

saline was infused into the cavernous body through the IV catheter. Serial X-ray images 

were acquired in the anterior/posterior and lateral directions by using a C-arm fluoroscope 

(BV Pulsera; Philips, Eindhoven, Netherlands) while the penis was at its maximal erection 

point during contrast infusion. For cavernosometry, a second 22-gauge IV catheter was 

inserted into the left cavernous body adjacent to the penile radix. A urodynamics system 
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(Goby CT; Laborie, ON, Canada) was connected to the right catheter for continuous 

recording of intracorporal pressures (ICP). Baseline ICP levels were recorded and then 

heparinized saline (10 U/ml) was infused (1 ml/min) into the corporal bodies in 

combination with the vasodilator, Papaverine-HCl (25 mg/ml, Sigma-Aldrich, Inc; MO, USA) 

to induce penile erection. Maximum ICP values were acquired and maintained for a period 

of 10 min with saline infusion. Photomicrographs of penile erections were captured at 

maximum ICP levels. Rabbits in both experimental groups as well as NSC were euthanized 

by intravenous injection of 0.2 ml/kg pentobarbital sodium and phenytoin sodium 

euthanasia solution (Euthasol; Virbac AH, Westlake, TX, USA) and tissues were collected for 

histological, immunohistochemical (IHC), and histomorphometric analyses.  

1.2.3 Histological, Immunohistochemical, and Histomorphometric Analyses  

Penile tissues harvested from NSC as well as vehicle and TGF-β1-treated cohorts 

following 1 month post- op were excised for routine histological procedures following 

animal harvest. Tissue specimens were fixed in 10% neutral-buffered formalin for 12 

hours, dehydrated in graded alcohols, and paraffin embedded using standard protocols. 

Five micron sections were stained with Masson’s trichrome (MTS) and picrosirius red 

(PSR) to visualize total collagen content as previously described.24,25 Parallel sections in all 

groups were also evaluated for the presence of elastin fibers in control tissues and PD 

plaques using a commercially available, Verhoeff Van Gieson (VVG) staining kit (ab150667, 

Abcam, Cambridge, MA, USA). IHC evaluations were performed on tissue sections following 

antigen retrieval (10 mM sodium citrate buffer, pH 6.0) and incubation in phosphate-

buffered saline with 0.3% Triton X-100, 5% fetal bovine serum, and 1% bovine serum 
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albumin for 1 hour at room temperature. Sections were then independently stained with 

primary antibodies including anti- collagen type I (ab34710, 1:200 dilution, Abcam), anti-

collagen type III (ab7778, 1:50 dilution, Abcam), anti- MMP1 (10371-2-AP, 1:200 dilution, 

Proteintech, Rosemont, IL, USA), anti-MMP2 (436000, 1:150 dilution, Invitrogen, Waltham, 

MA), anti-MMP9 (AV33090, 1:200 dilution, Sigma-Aldrich), anti-MMP12 (22989-1-AP, 

1:100 dilution, Proteintech), anti-TIMP1 (BS-0415R, 1:200 dilution, Bioss, Woburn, MA, 

USA), and anti- elastase 2B (orb183368, 1:100 dilution, Biorbyt, St Louis, MO, USA). 

Samples were then incubated with species- matched, horseradish peroxidase (HRP)-

conjugated secondary antibodies and 3,3'Diaminobenzidine (DAB) substrate followed by 

hematoxylin counterstain. Sample visualization was performed with a Zeiss Axio Imager 

M2 model (Carl Zeiss MicroImaging, Thornwood, NY) and representative fields were 

captured with Zen software (version 3.1). Parallel specimens stained with secondary 

antibodies alone served as negative controls and led to no detectable background signal. 

For histomorphometric evaluations, quantitation of selective marker expression was 

calculated across 2-3 independent global sections per group replicate and displayed as a 

proportion of stained area per total field area examined utilizing ImageJ software. Analyses 

were performed with nonblinded observers. 

1.2.4 Statistics 

Statistical analyses of quantitative data between groups was performed using the 

Mann–Whitney U test considering a value of p ≤ 0.05 as significant. Quantitative data were 

represented as mean ± standard deviation (SD). 

1.3 Results 
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There were no intraoperative or immediate postoperative complications 

encountered in any rabbits following subtunical injections except transient mild edema and 

swelling in the original surgical area. Papaverine-induced, penile erectile function was 

assessed by cavernosography and cavernosometry in vehicle and TGF-β1-treated animals 

at 1 month post-op (Figure 2). Following injection of contrast agent, the corpora cavernosa 

in each group filled with fluid in a homogenous pattern resulting in an erection in the 

absence of leakage, filling defects or substantial curvature. Cavernosometric evaluations 

were performed to ascertain the maximum vascular pressure in the corpus cavernosum 

following papaverine-induced erection. Full erections were achieved and sustained for 

10 min in all animals. No significant differences in maximum ICP values were observed 

between vehicle (275 ± 23 cmH2O) and TGF-β1-treated rabbits (291 ± 14 cmH2O) (Mann–

Whitney U test, p = 0.211). These results demonstrate that subtunical TGF-β1 injections did 

not lead to deficiencies in papaverine-induced, erectile function during the study period. 

Figure 2: Cavernosometric and Cavernosographic Assessments of Erectile Function 
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Representative photomicrographs of penile erections (first column) and cavernosographic (CVG) images (second 
column) at maximum intracorporal pressure (ICP) levels following contrast instillation in vehicle and TGF-β1-treated 
rabbits following 1 month post-op. Representative intracorporal pressure (ICP) tracings from animals described above 
subjected to cavernosometric analysis (CM, third column). Data are representative of N = 3–4 animals for each 
analysis. Source: Gundogdu, Gokhan et al. International journal of impotence research vol. 36,3 (2024): 269-274. 
Used with permission. 

Histological (MTS, PSR, VVG), IHC and histomorphometric evaluations of the tunica 

albuginea in penile cross-sections from NSC as well as vehicle and TGF-β1-treated rabbits 

were performed to characterize levels of ECM components (collagens I and III, elastin 

fibers), proteolytic enzymes (MMP1, 2, 9, 12, and elastase 2B) and associated inhibitors 

(TIMP1). MTS (Figure 3A) and PSR (Figure 3B) analyses revealed that all rabbits treated 

with TGF-β1 protein displayed the formation of a focal fibrous plaque at the subtunical 

injection site which was composed of disorganized collagen fibrils. IHC assessments 

(Figure 4) demonstrated that fibrous plaques in the TGF-β1 group contained collagens 

type I and III with relative expression levels which were respectively 91% (Mann–Whitney 

U test, p = 0.378) and 80% (Mann–Whitney U test, p = 0.00030) of vehicle controls. In 

addition, quantitation of MMP/TIMP expression levels in TGF-β1 induced plaques revealed 
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significant reductions in MMP2 and MMP9 proteins corresponding to 54% (Mann–Whitney 

U test, p = 0.00000069) and 85% (Mann–Whitney U test, p = 0.0058) of vehicle controls. 

However, the expression patterns of MMP1, MMP12, and TIMP1 proteins were not 

significantly different between the cohorts (Mann–Whitney U test: MMP1, p = 0.204; 

MMP12, p = 0.769; TIMP1, p = 0.097). Elastin degradation (VVG) within the fibrous plaques 

was evident following TGF-β1 treatment with relative elastin fiber density observed at 

~3% of vehicle controls (Mann–Whitney U test, p = 0.05). Elastase 2B protein expression 

was also significantly elevated in fibrous plaques to levels 124% relative to the vehicle 

group (Mann–Whitney U test, p = 0.0021). These data highlight the changes in ECM 

composition as well as proteolytic enzyme and inhibitor expression which occur during 

plaque formation following subtunical TGF-β1 injection in rabbits. 

Figure 3: Histological Evaluations of Plaque Formation 

 

Representative photomicrographs of global and magnified rabbit penile cross-sections stained with [A] Masson’s 
trichrome (MTS) or [B] Picrosirius red (PSR) in nonsurgical controls (NSC) as well as vehicle and TGF-β1-treated 

groups at 1 month post-op. Boxed areas denote magnified native and vehicle-treated tunica albuginea or fibrotic 
plaques induced by TGF-β1 injection. Scale bars for photomicrographs in global and magnified panels are 3 mm and 
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400 µm, respectively. Data are representative of N = 3–4 animals per group. Source: Gundogdu, Gokhan et al. 
International journal of impotence research vol. 36,3 (2024): 269-274. Used with permission. 

Figure 4: Immunohistochemical and Histomorphometric Analyses of ECM 
Components and Proteolytic Enzymes in Vehicle and TGF-β1-treated Specimens 

 

Representative photomicrographs of collagen I and III expression [A] as well as associated proteolytic enzymes 
(MMP) and their inhibitors (TIMP) [B] in the penile tunica albuginea of vehicle-treated samples and TGF-β1-induced 
plaques. Marker expression is denoted in brown (HRP labeling). [C] Relative elastin fiber density (VVG stain, inset; 
grayscale converted fibers) and elastase 2B expression (HRP labeling) in samples described in [A-B]. Scale bars for 
all panels in [A-C] are 400 µm. [D] Quantitative assessments of marker expression described in [A–C]. *p ≤ 0.05 in 

comparison to respective vehicle controls. N = 3–4 samples per data point. Results from all groups were analyzed 
with the Mann–Whitney U test. Values displayed as means ± SD. Source: Gundogdu, Gokhan et al. International 
journal of impotence research vol. 36,3 (2024): 269-274. Used with permission. 

1.4 Discussion 

The goal of this study was to create a novel rabbit model of PD and to characterize 

the functional and histological changes which occur in the penis during fibrotic remodeling 

of the tunica albuginea in response to TGF-β1 treatment. The choice to utilize TGF-β1 

protein as a disease inducer was based on previous observations demonstrating this pro-

fibrotic cytokine is overexpressed in human PD lesions.15 In addition, overactivation of 

TGF-β1 signaling seems to be a pathogenetic factor in the development of PD since the 
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expression and activity of TGF-β1-induced Smad transcription factors is increased in 

fibroblasts of patients with PD.26 Moreover, subtunical injection of TGF-β1 protein also 

leads to the formation of PD plaques in rats14, 27, while regression of these lesions can be 

achieved through inhibition of TGF-β1 type I receptor activation.28, 29 In response to 

repeated sexual trauma, TGF-β1 signaling in combination with oxidative stress30 and 

platelet and coagulation pathway activation31 serve as major regulators of fibrotic and 

inflammatory processes governing plaque development in PD.32 

Our results demonstrated the formation of focal fibrous plaques composed of 

disorganized collagen type I and III bundles as well as fragmented elastin fibers at TGF-β1 

injection sites following 1 month post-op. These histopathological features were similar to 

those previously observed in human PD plaques which display significant elastin fiber 

degradation as well as fenestration and disorganization of collagen bundles.15, 33 However, 

there was no detectable plaque calcification or apparent penile curvature in TGF-β1-

treated specimens as previously observed in patients with chronic PD34 suggesting our 

model system leads to acute disease progression. Past studies have demonstrated that 

repeated subtunical injection of adenovirus expressing TGF-β1 in rodents results in 

features reminiscent of chronic PD including severe penile deformities and calcified 

plaques.35 Therefore, future experiments will investigate the ability of recurrent subtunical 

injections of TGF-β1 protein in rabbits to induce a chronic PD phenotype. 

Erectile dysfunction secondary to PD in humans is often a consequence of plaque-

associated, penile structural alterations and/or corporal veno-occlusive abnormalities 

which lead to disruptions in normal penile hemodynamics during sexual activity.36,37 
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Evaluation of papaverine-induced, penile erectile function in TGF-β1-treated rabbits 

revealed no filling defects or significant differences in maximum ICP values in comparison 

to vehicle controls. These results are consistent with a lack of corporal fibrosis and severe 

penile angulation in the TGF-β1-treated cohort. In rat models of PD, TGF-β1-induced 

fibrotic plaques extend into cavernosal tissues and mitigate peak ICP values during erectile 

stimulation via excessive ECM deposition and loss of smooth muscle cells in the corpus 

cavernosa.38 However, this situation is markedly different in humans afflicted with PD 

wherein corporal fibrosis is rare and plaques are normally sequestered in the tunica 

albuginea.39 Due to the relatively small size of the rat penis, corporal fibrosis in rat PD 

models is likely due to imprecise injection of TGF-β1 into the subtunical space which then 

permeates into the corpus cavernosa activating myofibroblasts and aberrant ECM 

formation. In contrast, the larger size of the rabbit penis in our PD model allows for more 

accurate targeting of the tunica albuginea for pathological insult without compromising the 

integrity of corpus cavernosa. Therefore, our rabbit model has the potential advantage of 

decoupling corporal fibrosis from plaque development allowing for direct assessments of 

the impact of PD on erectile function. Moreover, the dimensions of the rabbit phallus also 

allow for corporoplasty procedures to be performed with autologous tissue grafts or tissue 

engineered constructs20 to vet prospective repair strategies for PD patients who fail to 

respond to minimally invasive treatment approaches. This feature highlights another 

potential attribute of using rabbits to develop a PD model in comparison to rats wherein 

the small size of the penis precludes therapeutic graft screening in the latter. 

Plaque fibrosis in PD is a consequence of dysregulation of ECM proteolytic enzymes 

and their inhibitors which leads to aberrant ECM production and subsequent scar tissue 
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formation. Previous profiling studies of human PD plaques has revealed increases in 

collagen types I and III with concurrent reductions in elastin fiber density relative to 

healthy tissues.40-43 The putative cause for excessive collagen accumulation in PD patients 

has been linked to alterations in the balance between MMP/TIMP activities in the plaque 

microenvironment wherein increases in TIMP expression occur in the absence of 

perturbations of MMP family members thus favoring collagen stability.43, 44 In our model, 

no significant increases in collagen types I and III were detected in TGF-β1-induced plaques 

relative to controls despite significant reductions in MMP2 and MMP9 expression in the 

diseased cohort. The absence of significant increases in TIMP1 expression in TGF-β1-

treated rabbits over control levels may explain the lack of collagen accumulation in these 

specimens. The discrepancy in collagen and MMP/TIMP variations observed in human and 

rabbit PD lesions may reflect different states of disease progression since analysis of 

clinical specimens is often performed on patients with advanced disease following 

corporoplasty.43 ,44 In contrast, our data did reflect a significant upregulation of elastase 2B 

in the TGF-β1 cohort in comparison to controls which may explain the reductions in elastin 

fiber density in this group. Indeed, enrichment of elastase 2B has been previously identified 

in gene expression screens of human PD plaques45 and degradation and disorganization of 

elastin fiber networks are known to contribute to scar tissue development in skin 

diseases.46 Taken together, activation of elastase 2B and subsequent degradation of elastin 

fibers in the tunica albuginea may play a more pronounced role in acute phases of PD 

plaque formation than MMP/TIMP dysregulation. 

There were several key limitations in our experimental design which will be 

addressed in future studies. Although papaverine-induced, cavernosometric and 
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cavernosometric assessments revealed no detectable penile anomalies following TGF-β1 

treatment, our assay methodology was not physiological in nature. Therefore, validation of 

in vivo erectile function with ICP normalized to mean arterial pressure following electrical 

stimulation of the cavernosal nerve is needed for further characterization.47 In addition, 

one month following TGF-β1 injection, endpoint analyses revealed our rabbit PD model 

primarily mimicked acute stages of plaque formation without evidence of tunica albuginea 

calcification or serve angulation seen in chronic pathologies. Improvements in our rabbit 

PD model will focus on delineating experimental conditions such as frequency, dose, and 

duration of subtunical fibrotic insults which can promote further disease development into 

severe phenotypes for potential therapeutic testing. 

In summary, we have established a new model of PD in rabbits wherein subtunical 

injection of TGF-β1 protein leads to the formation of fibrotic plaques reminiscent of acute 

stages of human pathology. Our results demonstrate that elevations in elastase 2B 

expression and elastin fiber degradation are significantly associated with initial plaque 

development and may represent potential therapeutic targets for disease intervention. 

Future investigations will focus on the efficacy of elastase inhibitors to mitigate TGF-β1-

induced plaques in rabbits. 
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Chapter 2: Novel Porcine Models of Long 
Urethral Strictures 

2.1 Objective 

The objective of this study is to create novel male and female models of long 

urethral strictures for vetting prospective scaffold designs for urethroplasty. 

2.2 Methods 

Surgical, imaging and animal husbandry protocols were reviewed and approved by 

the University of California, Irvine Animal Care and Use Committee in accordance with 

protocol AUP-19-150. All animal procedures were carried out in compliance with the 

National Institutes of Health’s Guidelines for the Care and Use of Laboratory Animals and 

ARRIVE guidelines (https://arriveguidelines.org). Creation of long urethra stricture was 

performed in five adult male, Yucatan mini-swine and short urethra stricture was 

performed on five adult female, Yucatan mini-swine (∼24 weeks of age, 30–40 kg, Premier 

BioSource, Ramona, CA) utilizing a electrocoagulation setting of the collins knife to create 

the electro resection injury. Prior to operative manipulations, animals were withheld food 

for a minimum of 12 hours with free access to water. General anesthesia was induced by 

intramuscular injections of 0.4 mg/kg atropine, 2.2 mg/kg Anased (Lloyd Inc.; IA, United 

States), and 4.4 mg/kg Telazol (Zoetis Inc.; Parsippany, NJ, United States) and maintained 

with 1–4% isoflurane inhalation following endotracheal intubation. Animals were then 
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fixed in the supine or prone position with the hair around the urethra trimmed and the skin 

scrubbed with povidone iodine and 70% ethanol three times and draped sterilely. 

2.2.1 Animals and Surgical Manipulations 

Four castrated male (Pigs 1-4 M) and four female (Pigs 1-4F) adult Yucatan mini-

swine (∼24 weeks of age, 30–40 kg, PremierBioSource, Ramona, CA) were subjected to 

vesicostomy creation as well as urethral electrocoagulation injury for formation of long 

urethral strictures using the methods described below. 

2.2.2 Vesicostomy 

Prior to surgery, both male and female animals were fasted overnight and permitted 

free allowance of water. General anesthesia was initiated by intramuscular injection of 2.2 

mg/kg Anased (Lloyd Inc.; IA, United States) and 4.4 mg/kg Telazol (Zoetis Inc.; 

Parsippany, NJ, United States), and continued by endotracheal 1–4 % isoflurane inhalation. 

Swine were supine positioned for creation of the vesicostomy opening. The lower abdomen 

was scrubbed with betadine and 70 % ethanol and covered with a sterile drape. A vertical 

paramedian incision (3–10 cm in length) was made on the right lower abdominal wall skin 

and layers were dissected separately to access the abdominal cavity. The bladder dome 

was grasped with forceps and suspended with stay sutures. A second 5 mm vertical 

incision positioned 2 cm below the first incision was made and a 22 French Foley catheter 

was inserted through this orifice into the abdomen. A 1 cm opening was created in the 

bladder dome and the Foley catheter was introduced into the bladder, followed by filling 

the balloon with 20 ml saline and subsequently the stoma was closed with 2 purse strings. 

The bladder was then anchored to the abdominal wall at the vesicostomy site with three 4–
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0 polyglactin sutures to prevent detachment. Abdominal wall layers and skin incisions 

were suture closed. The foley catheter was then anchored to the lateral abdominal wall 

with multiple non-absorbable sutures and fitted with one way check valves (Heimlich, Mila 

Int. Inc., Florence, KY, United States) to allow for external urine flow. 

2.2.3 Urethral Injury 

Following vesicostomy creation, electrocoagulation was performed to induce 

luminal urethral damage and promote stricture formation in both sexes. For male swine, 

the animals were kept in the supine position and a 1–2 cm vertical skin incision was made 

below the urethral opening to expose the distal penile shaft. The glans was manually 

extruded from the foreskin and a 9.5 French rigid cystoscope (Karl Storz 27,030 KB 

Pediatric Operating Cysto-Urethroscope; Tuttlingen, Germany) was advanced through the 

urethral meatus. Normal urethral anatomy and length was confirmed using imaging 

modalities detailed below. Under direct visualization, a 6 cm long and 2–3 mm wide 

electrocoagulation injury was made from the 3–9 o'clock position ∼2 cm proximal to the 

external meatus in the anterior urethral spongiosum using a bugbee electrode from the 

cystoscope. Two small incisions were made on the skin over the penile body and the injury 

borders were marked with subcutaneous steel rings for longitudinal surveillance of wound 

healing outcomes. In female swine, animals were maintained in the prone position and the 

genital confluence was sterilized by betadine application. The length of the urethra was 

measured using a 5 French ureteral stent and normal anatomy was confirmed prior to 

injury via cystoscopic evaluations described in following sections. A 23 French urethral 

resectoscope (AED, Model 8805B-SC, CA, United States) was then introduced into the 
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urethral meatus and electrocoagulation injury ∼5 cm in length in the ventral anterior 

urethra was performed from the 3–9 o'clock position. The distal urethra located ∼1 cm 

from the external meatus was kept intact to preserve external urinary sphincter function. 

Both female and male swine were recovered from anesthesia and maintained on a warming 

table. Intramuscular Banamine (1.1 mg/kg) was administered post-operatively and a 

transdermal fentanyl patch (1–4 μg/kg) was applied 24 h prior to the surgery for pain 

management. In addition, a 3.9 mg/day Oxytrol patch (Merck; Rahway, NJ, United States) 

was administered to all animals postoperatively to mitigate bladder spasms. 

2.2.4 Retrograde Urethrography (RUG) and Urethroscopy 

Urethroscopic and RUG evaluations were performed prior to surgical manipulations 

and weekly following electrocoagulation injury to visualize urethral anatomy and the 

degree of stricture severity. Male and female animals were sedated and anesthesia as well 

as post-operative analgesics were administered as described above. For male swine, 

animals were maintained in the supine position, the glans was exposed and a 9.5 rigid 

cystoscope was inserted through the urethral meatus. Video images were subsequently 

acquired by an imaging system (Image 1 HUB; Karl Storz, Tuttlingen, Germany) throughout 

the length of the organ. Following urethroscopy, a 6–8 French silicone catheter was 

inserted into the external urethral meatus and 1:1 diluted iohexol contrast agent 

(Omniopaque 300; GE Healthcare, Milwaukee, WI, United States) was instilled. Anterior-

posterior retrograde urethrograms were acquired with C-arm fluoroscopy (BV Pulsera; 

Philips, Eindhoven, Netherlands). For female swine, animals set in the prone position and a 

speculum was placed into the genital confluence to access the urethral orifice. 
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Urethroscopic surveillance was performed in a similar fashion as described for males. Next, 

an open ended 14 French catheter was introduced ∼1 cm into the external urethral orifice 

and the 1:1 diluted contrast agent was instilled, and serial anterior-posterior images were 

acquired as detailed above. Following confirmation of urethral stricture formation, animals 

were euthanized and urethral tissues were harvested for histological, 

immunohistochemical (IHC) and histomorphometric evaluations. 

2.2.5  Histological, IHC, and Histomorphometric Analyses 

Following necropsy, male and female urethras (N = 4 per gender) were resected en 

bloc and divided into proximal, central, and distal segments of equal length dispersed along 

the axis of the original electrocoagulation injury. Control specimens were isolated from 

uninjured urethral segments located distally from the site of initial damage. Specimens 

were then fixed in 10 % neutral-buffered formalin, dehydrated in graded alcohol solutions, 

and embedded in paraffin. Five micron sections were cut and samples were stained with 

Masson's trichrome (MTS) using routine histological methods. IHC analyses were 

performed on parallel sections following antigen retrieval in 10 mM sodium citrate buffer 

(pH 6.0) and incubation in blocking buffer containing phosphate-buffered saline with 5 % 

fetal bovine serum, 1 % bovine serum albumin, and 0.3 % Triton X-100 for 1 h at room 

temperature. Specimens were then stained for 12 h at 4 °C with the following primary 

antibodies: anti-α-smooth muscle actin (SMA) (1:200 dilution; Sigma-Aldrich, St. Louis, 

MO), anti-pan-cytokeratin (CK) (1:150 dilution; Dako, Carpinteria, CA), anti-

myeloperoxidase (MPO, Abcam, Cambridge, MA, 1:100 dilution), anti-CD68 (Thermo Fisher 

Scientific, Cambridge, MA, 1:200 dilution), anti-neurofilament 200 (NF200) (Sigma-Aldrich, 
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1:250 dilution], and anti-CD31 (1:100 dilution; Abcam). For MPO and CD68 detection, 

specimens were incubated with species-matched, horseradish peroxidase (HRP)-

conjugated secondary antibodies and 3,3’Diaminobenzidine (DAB) substrate and then 

counterstained with hematoxylin. For all other markers, samples were probed with 

species-matched Alexa Fluor 594-conjugated secondary antibodies (Thermo Fisher 

Scientific, Waltham, MA) and 4′, 6-diamidino-2-phenyllindole (DAPI) nuclear counterstain. 

Visualization of stained tissues was carried out with a Zeiss Axio Imager M2 model (Carl 

Zeiss MicroImaging, Thornwood, NY) and representative fields were acquired with Zen 

software (version 3.1). Negative controls consisting of parallel tissue specimens incubated 

with secondary antibodies in the absence of primary antibodies were carried out similarly 

and produced no significant signal above background. 

Histomorphometric evaluations (N = 4 per gender and urethral segment) were 

performed on proximal, central, distal, and control urethral specimens described above 

using previously published methods.33,34 Area measurements and image thresholding were 

carried out on global 5× microscopic fields encompassing the urethral cross-section 

acquired from 3 serial sectioned specimens per region with ImageJ software (version 1.47). 

Quantitation of urethral luminal area following electrocoagulation injury was calculated in 

each damaged segment relative to corresponding control area for each animal following 

MTS. For IHC analyses, the relative percentages of tissue area stained for markers of 

interest per total field area was performed in parallel using similar protocols. In addition, 

the number of NF200+ nerve trunks and CD31+ vessels were calculated across four 

independent microscopic fields (10×) per urethral sample using comparable methods and 

normalized to total field area to calculate maker densities. 
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2.2.6 Statistical Evaluations 

Statistical evaluations of quantitative data between groups was performed using the 

Kruskal Wallis test in combination with the post hoc Dunn's test considering a value of p < 

0.05 as significant. Quantitative data were reported as mean ± standard deviation (SD). 

2.3 Results 

In both sexes, normal urethral anatomy was confirmed in all animals (N = 4 

male/female swine) prior to surgery by RUG and urethroscopic analyses (Figure 1A, B, left 

columns). Following vesicostomy creation, a focal, partial thickness urethral injury was 

performed via electrocoagulation over a 6 cm long segment of the male penile urethra. This 

surgical strategy was utilized since it avoids the tortuosity of the sigmoid flexure present in 

proximal male urethra thus permitting transurethral instrumentation with a standard 

urethroscope. Electrocoagulation of female swine urethra was performed in a similar 

fashion, however due to the shorter length of the female urethra relative to males, the 

injury region was 5 cm long. All animals survived primary urethral damage and were 

evaluated weekly for up to 6 weeks by RUG and urethroscopic analyses to determine the 

kinetics of stricture formation. There were no intraoperative complications noted during 

vesicostomy and electrocoagulation procedures and all animals were successfully 

recovered from anesthesia and survived to harvest. External urine flow from suprapubic 

catheters was apparent in all animals throughout the study period, however catheter 

reinsertion was necessary in 2 pigs (1F and 2 M) following dislodgement from the 

vesicostomy. 
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Figure 1: Imaging Evaluations of Iatrogenic Urethral Injury and Stricture Formation 

 

1. Representative RUG analyses in male [A] and female [B] swine at baseline prior to electrocoagulation (left 

columns) and at 2–6 weeks post-injury (PI) demonstrating urethral stricture formation (right columns). 
Arrowheads in both panels demarcate the proximal and distal borders of strictured regions. Insets display 
endoscopic assessments of injured segments following primary urethral damage (left columns) and at 
terminal timepoints (right columns). Source: Gundogdu, Gokhan et al. Surgery open science vol. 16 (2024): 
205-214. Used with permission. 

Post-operative outcomes in swine are summarized in Table 1. All female swine 

exhibited urinary straining 3–10 days following initial urethral injury which resulted in 

rectal prolapses <2 cm in length. Prolapses were managed with non-invasive methods 

including analgesics and constipation mitigation. Urethral stricture formation was detected 

by imaging modalities in all female swine by 2 weeks following urethral damage (Figure 

1B, right column). In particular, strictures presented as limited extension of contrast 

agent and/or stenosis along the length of the original electrocoagulation injury following 

RUG analysis. In addition, Pigs 2F and 3F displayed dilated urethral segments proximal to 
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the injured regions due to putative hydrodistension. Moreover, urethroscopic observations 

revealed prominent red and edematous areas throughout the injured urethral mucosa in all 

female swine indicative of chronic inflammatory processes. The mean length of urethral 

strictures in female swine calculated from RUG photomicrographs was 4 ± 1.4 cm (N = 4) 

with a range from 2 to 5 cm. In males, stricture formation occurred in 100 % of animals 

(Figure 1A, right column). However, the onset of urethral stenosis was delayed relative to 

the female cohort and occurred between 2 and 6 weeks following injury with a mean 

duration of 3.2 ± 1.8 weeks. In addition, male swine tolerated urethral damage without any 

clinical presentations of urinary straining or rectal prolapse in contrast to females. Injured 

urethral mucosa in males also contained red and edematous tissues consistent with 

ongoing stages of wound healing. RUG and urethroscopic analyses at terminal timepoints 

revealed all male animals exhibited discrete regions of luminal ablation scattered along the 

original injury site which impeded extension of contrast agent into the bladder. This 

scenario precluded quantitation of urethral stricture length from in situ imaging 

observations since the proximal region of the original injury site could not be penetrated 

by contrast instillation. 

Table 1: Post-operative Outcomes in Male and Female Swine Following Urethral 
Injury 

Animals Study 
Period 

Complications and 
Management 

Imaging Outcomes Stricture 
Length 

Pig 1F 2 
Weeks 

Dislodgement and 
reinsertion of vesicostomy 
catheter at post-op day 11. 
Rectal prolapse observed at 
post-op day 13 due to 
urinary straining. 

Mild/Moderate stenosis 
and inflammed mucosa 
detected. Limited 
extension of contrast 
agent in injured 
segments. 

5cm 
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Pig 2F 2 
Weeks 

Rectal prolapse observed at 
post-op day 12 due to 
urinary straining. 

Mild/Moderate stenosis 
and inflammed mucosa 
detected. Limited 
extension of contrast 
agent in injured 
segments. 

5cm 

Pig 3F 2 
Weeks 

Rectal prolapse observed at 
post-op day 13 due to 
urinary straining. 

Mild/Moderate stenosis 
and inflammed mucosa 
detected. Limited 
extension of contrast 
agent in injured 
segments. 

2cm 

Pig 4F 2 
Weeks 

Rectal prolapse observed at 
post-op day 3 due to urinary 
straining. 

Mild/Moderate stenosis 
and inflammed mucosa 
detected. Limited 
extension of contrast 
agent in injured 
segments. 

4cm 

Pig 1M 2 
Weeks 

None Complete urethral 
occlusion and inflammed 
mucosa observed. 

4cm 

Pig 2M 6 
Weeks 

Dislodgement and 
reinsertion of vesicostomy 
catheter at post-op day 18. 

Complete urethral 
occlusion and inflammed 
mucosa observed. 

4cm 

Pig 3M 6 
Weeks 

None Complete urethral 
occlusion and inflammed 
mucosa observed. 

4cm 

Pig 4M 2 
Weeks 

None Complete urethral 
occlusion and inflammed 
mucosa observed. 

4cm 

Source: Gundogdu, Gokhan et al. Surgery open science vol. 16 (2024): 205-214. Used with permission. 
Global histological (MTS) evaluations were performed on injured urethral segments 

as well as control regions to characterize the extent of tissue remodeling and degree of 

stricture severity (Figure 2). In contrast to control segments, spongiofibrosis was apparent 

throughout the proximal, central, and distal areas of injured male urethras with varying 

degrees of stenosis noted secondary to luminal invasion of collagenous tissues consistent 
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with imaging findings (Figure 2A). In addition, all male swine demonstrated significant 

reductions in relative luminal area within central regions of the original injury site relative 

to controls, whereas 2/5 animals displayed significant attenuation of either proximal (Pigs 

1 M, 3 M) or distal (Pig 2 M, 4 M) luminal areas compared to uninjured segments (Figure 

2C, E). Therefore, the mean length of urethral strictures in all males was ∼4 cm based on 

the length of urethral segments exhibiting significant declines in luminal area relative to 

controls. In contrast to males, stricture severity was less pronounced in female swine with 

no significant differences in relative luminal areas noted in injured regions in respect to 

control segments except for dilation of the central region of Pig 4F (Figure 2B, D). These 

data suggest that obstructive uropathy encountered in porcine urethral strictures is 

primarily due to anatomical obstruction in males, while female pathology is a result of 

putative functional obstruction. 

Figure 2: Histological Assessments of Long Urethral Stricture Formation in Male and 
Female Swine 
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[A, B] Gross necropsy specimens and cross-sectional views of MTS-stained, strictured segments (proximal, central, 
distal) and control regions from male and female urethras. Scale bars = 7 mm for histological panels. [C, D] 

Quantitation of relative luminal areas in control and injured groups described in panels A and B. Data are presented 
as means ± standard deviations. [E] Kruskal-Wallis and post hoc Dunn's tests were performed on data described in 
C. Table displays p values from Dunn's analysis with significant regional differences (p < 0.05) between strictured 

regions and respective controls for each animal noted in green highlighted fields. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) Source: Gundogdu, Gokhan et 
al. Surgery open science vol. 16 (2024): 205-214. Used with permission. 

In both genders, focal regions of epithelial sloughing as well as submucosal fibrosis 

and infiltration of mononuclear inflammatory cells were observed throughout the walls of 

damaged urethral sections (Figure 2A, B). IHC assessments (Figures. 3A, 4A) revealed 
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CD68 + macrophages and MPO+ neutrophils were primarily distributed in the mucosa of 

injured regions in both male and female urethras. Histomorphometric outcomes of 

immunostained specimens (Figures 3B, 4B) demonstrated that 50 % of male and female 

replicates displayed significant reductions in Pan-CK+ epithelia as well as alterations in 

vascular density within discrete strictured regions in comparison to relative controls. In 

addition, proximal and central regions of urethral strictures in 50 % of the male cohort 

displayed significant declines in SMA + smooth muscle bundles from control levels, 

whereas no significant changes in smooth muscle content were observed in damaged 

female urethras. Assessments of nerve densities in experimental groups did not uncover 

significant alterations between injured and control segments in either sex. These data 

demonstrate that electrocoagulation injury results in long (∼4 cm in length) urethral 

stricture formation in both male and female swine, however the extent of pathology 

severity is dependent on gender, injury location and individual wound healing response. 

Figure. 3. Immunohistochemical and Histomorphometric Analyses of Long Urethral 
Strictures in Male Swine 
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[A] Representative photomicrographs of selective protein expression in strictured segments (proximal, central, distal) 

and control regions from Pig 4 M. Markers include smooth muscle contractile protein (SMA), epithelial protein (pan-
CK), vascular endothelial CD31 protein, neuronal NF200 protein and neutrophil (MPO) and macrophage (CD68) 
antigens. For columns 1–4, respective marker expression is labeled in red (Alexa Fluor 594 labeling) with blue 
representing DAPI nuclear counterstain. For columns 5–6, positive marker labeling is in brown (horseradish 
peroxidase) with hematoxylin nuclear counterstain in blue. Scale bars for 1st and 2nd columns are 7 mm, 3rd and 4th 
columns are 600 μm, and 5th and 6th columns are 200 μm. SMA, smooth muscle actin; Pan-CK, pan-cytokeratin; 
NF200, neurofilament 200; MPO, myeloperoxidase; DAPI, 4′, 6-diamidino-2-phenyllindole. [B, D, F, G] Quantitative 

assessments of markers displayed in panel A for Pigs 1 M–4 M. Data are presented as means ± standard deviations. 
[C, E, G, I] Kruskal-Wallis (KW) and post hoc Dunn's tests were performed on data described in panels B, D, F and 
G. Tables display p values from KW or Dunn's analyses with significant regional differences (p < 0.05) between 

strictured regions and respective controls for each animal noted in green highlighted fields. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) Source: Gundogdu, 
Gokhan et al. Surgery open science vol. 16 (2024): 205-214. Used with permission. 

Figure 4: Immunohistochemical and Histomorphometric Assessments of Long 
Urethral Strictures in Female Swine 
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[A] Representative photomicrographs of selective protein expression in strictured segments (proximal, central, distal) 

and control regions from Pig 1F. Markers include smooth muscle contractile protein (SMA), epithelial protein (pan-
CK), vascular endothelial CD31 protein, neuronal NF200 protein and neutrophil (MPO) and macrophage (CD68) 
antigens. For columns 1–4, respective marker expression is labeled in red (Alexa Fluor 594 labeling) with blue 
representing DAPI nuclear counterstain. For columns 5–6, positive marker labeling is in brown (horseradish 
peroxidase) with hematoxylin nuclear counterstain in blue. Scale bars for 1st and 2nd columns are 7 mm, 3rd and 4th 
columns are 600 μm, and 5th and 6th columns are 200 μm. SMA, smooth muscle actin; Pan-CK, pan-cytokeratin; 
NF200, neurofilament 200; MPO, myeloperoxidase; DAPI, 4′, 6-diamidino-2-phenyllindole. [B, D, F, G] Quantitative 

assessments of markers displayed in panel A for Pigs 1Fsingle bond4F. Data are presented as means ± standard 
deviations. [C, E, G, I] Kruskal-Wallis (KW) and post hoc Dunn's tests were performed on data described in panels B, 
D, F and G. Tables display p values from KW or Dunn's analyses with significant regional differences (p < 0.05) 

between strictured regions and respective controls for each animal noted in green highlighted fields. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Source: Gundogdu, Gokhan et al. Surgery open science vol. 16 (2024): 205-214. Used with permission. 

2.4 Discussion 

The aims of this study were to establish male and female porcine models of 

iatrogenic long (≥4 cm) urethral strictures and determine the impact of gender on wound 

healing responses to urethral injury. Urinary diversion via vesicostomy was performed in 

all animals to mitigate deleterious elevation of urinary storage pressures secondary to 

stricture formation. Longitudinal imaging was conducted to monitor the rate and severity 

of stricture formation, while histological, IHC and histomorphometric evaluations were 

carried out to profile gender-specific wound healing patterns. We utilized focal 

electrocoagulation to induce urethral damage in swine based on past findings in porcine 

and rabbit models demonstrating this mode of injury was sufficient to generate short 

urethral strictures (1–2 cm in length) with histopathological features similar to human 

disease.35 The length of primary urethral injury was 5 cm in females and 6 cm in males 

which represented ∼63 % and ∼ 38 % of the total urethral length, respectively based on 

mean lengths reported for each gender (8 cm in females versus 16 cm in males).36,37 

Clinical presentations of urethral injury following electrocoagulation were substantially 

different between male and female cohorts with the latter experiencing severe straining 

and rectal prolapses. The discrepancy in post-operative outcomes between sexes may be 
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related to the greater proportion of the urethra subjected to injury in females which could 

have exacerbated urethritis and pain resulting in increased straining during voiding 

attempts. In addition, putative damage to the pudendal nerve in females during model 

creation may have also contributed to the higher incidence of rectal prolapse secondary to 

pelvic floor dysfunction.38 

The mean onset of stricture formation in both sexes (2–3 weeks post-op) was 

comparable to previous studies in male rabbits and swine which demonstrated the 

development of short strictures 1–2 weeks post-electrocoagulation injury.35,39 Despite 

variations in the size of the original injury site, both genders exhibited urethral strictures 

with a mean length of ∼4 cm presumably due to axial wound contracture. Similar to human 

pathology, mucosal damage was evident throughout stricture segments in both cohorts 

characterized by focal loss of Pan-CK+ epithelia, perturbations in vascular density as well 

as invasion of CD68 + macrophages and MPO+ neutrophils.35 However, our results also 

showed marked variations in the degree of stricture severity between male and female 

groups. Specifically, male urethras contained stenotic regions with significantly reduced 

luminal areas compared to controls, while female counterparts showed modest declines in 

organ caliber and primarily exhibited functional obstruction. Male urethras were also more 

susceptible to smooth muscle loss following injury than females and displayed qualitatively 

higher levels of spongiofibrosis in damaged segments. In addition, the smaller caliber of the 

urethra in males (9.5 French) relative to females (23 French) likely predisposed the former 

to anatomical obstruction due to aberrant collagen deposition and radial wound 

contraction in the urethral wall. On the other hand, the presence of filling defects in female 

strictures may be explained by declines in urethral wall elasticity from poor mucosal 
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healing which could have restricted fluid flow.40,41 Indeed, functional urethral obstruction 

has also been observed in hypospadias patients following tubularized incised plate 

procedure wherein the reconstructed urethral wall exhibits impaired epithelialization and 

a contracted groove develops which impedes urine transport, but allows for free passage of 

a rigid catheter.41 

There were a number of limitations in our present study. First, we utilized castrated 

male swine in our protocols to mitigate aggressive behavior during animal husbandry 

operations.42 However, Hofer and colleagues previously showed that testosterone 

supplementation in castrated rats following urethrotomy led to increased inflammatory 

responses and myofibroblast proliferation; conditions which may predispose urethras to 

stricture formation.43 Therefore, the impact of androgen signaling should be considered in 

male models of urethral stricture disease to account for the effects of testosterone on 

urethral healing. Secondly, the use of RUG evaluations alone to quantify stricture length in 

males was insufficient due to distal luminal obstructions which impeded visualization of 

the proximal stricture border. Future evaluations of long urethral strictures in swine will 

also deploy antegrade urethrograms and voiding cystourethrograms to more precisely 

define stricture dimensions in proximal urethral segments as previously described.44 

Finally, the sample sizes deployed in our investigation were small and primarily focused on 

histological and imaging assessments from one terminal timepoint. Follow-up mechanistic 

studies on larger scale cohorts which include early and late stage assessments of stricture 

formation may shed light on signaling processes that govern pathology development in 

both genders. 
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Chapter 3: Silk Fibroin Conduits for 
Urinary Diversion in Swine 

3.1 Objective 

We will evaluate the efficacy of acellular, tubular BLSF grafts to function as urinary 

conduits in a porcine model of urinary diversion.  

3.2 Methods 

3.2.1 Biomaterials 

BLSF scaffolds were constructed from aqueous silk fibroin solutions derived from 

Bombyx mori silkworm cocoons using a solvent-casting/salt-leaching procedure in 

combination with silk fibroin (SF) film casting as previously described.24 The mechanical 

and structural properties of the matrix have been reported in published studies.24 

Biomaterials were sterilized with an autoclave before surgical procedures. Prior to 

implantation, BLSF grafts were tubularized under aseptic conditions using interrupted, 

nonabsorbable 5-0 sutures to create a urinary conduit (inner diameter, ~1 cm; length 3-4 

cm) (Figure 1A, insert).  

Figure 1: Porcine Unilateral Urinary Diversion Model 
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[A] Isolation of the right ureter with vascular supply preservation. Inset: BLSF tubular conduit. [B] Spatulation of the 
right ureter for construct implantation. [C] Oblique end-to-end anastomosis of BLSF conduit to the right ureter. [D] An 

omental flap was wrapped around the anastomosis and proximal half of the conduit to support de novo 
vascularization. Inset: Insertion of conduit through abdominal wall with omental wrap covering. The ureter-conduit 
anastomosis line was 3–5 mm away from the conduit insertion site at the abdominal wall. [E] Stomal creation and 
BLSF conduit placement at skin level. [F] Distal end of the BLSF construct with conduit and ureteral stent deployed 

and anchored to skin. (*) = BLSF tubular conduit in situ. BLSF, bi-layer silk fibroin scaffold. Source: Gundogdu, 
Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). Used with permission. 

3.2.2 Surgical Procedures  

Surgical, imaging and animal husbandry protocols were evaluated and approved by 

the University of California, Irvine Animal Care and Use Committee in accordance with 

protocol AUP-20–167. All animal procedures were carried out in compliance with the 

National Institutes of Health’s Guidelines for the Care and Use of Laboratory Animals and 

ARRIVE guidelines (https://arriveguidelines.org). Urinary diversion with BLSF conduits 

was performed in five adult female, Yucatan mini-swine (30–40 kg, ∼24 weeks of age, 

Premier BioSource, Ramona, CA) utilizing a uretero-cutaneous approach to create an 

incontinent urostomy (Figure 1). Male swine were omitted from the study to avoid 
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incisional complications with penile anatomy during abdominal exploration and conduit 

formation. 

Prior to surgery, animals were fasted overnight with unabated access to water. 

General anesthesia was induced and maintained in swine as previously described.25 

Animals were then fixed in the supine position and renal sonography was performed as 

described below. The surgical area was scrubbed with povidone iodine and 70% ethanol 

three times and draped sterilely. The right ureter was accessed through a midline vertical 

lower abdominal incision followed by exposure of the retroperitoneum. The distal end of 

the right ureter was then ligated and dissected from the bladder with preservation of the 

vascular supply (Figure 1A) while the left ureter was left intact. The right ureter was 

spatulated to accommodate the circumference of the BLSF conduit (Figure 1B). Next, a 4.7 

French, 24 cm double pigtail ureteral stent (Inlay Optima; BARD Inc., Covington, GA, United 

States) was introduced into the right ureter and the uretero-conduit anastomosis was 

completed using interrupted, 5–0 monofilament poliglecaprone sutures. The proximal end 

of the BLSF conduit was anastomosed to the spatulated ureter using an end-to-end 

approach in Pig 1 while an oblique end-to-end anastomosis was utilized in Pigs two to five 

to mitigate angulation between the conduit and the ureter (Figure 1C). In all animals, the 

anastomotic line was marked by 4 non-absorbable nylon sutures and two small radiopaque 

rings to identify the original conduit implantation area. An omental flap was wrapped 

around the anastomosis to support de novo vascularization and prevent potential 

anastomotic leakage (Figure 1D). Anterior-posterior, abdominal X-rays were acquired to 

confirm proper ureteral stent position as described below. 
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A conduit stoma was created at the lateral (Pig 1) or lower abdominal wall (Pigs 2–

5) adjacent to the right hind leg. Briefly, a circular incision ∼15 mm in diameter was made 

at the skin level and abdominal wall layers were dissected to create the conduit track. The 

BLSF conduit was delivered through the abdominal wall defect and then sutured to 

surrounding tissues to prevent parastomal herniation (Figure 1E). The distal end of the 

conduit was adjusted to protrude beyond the skin level by 2–3 mm and was then sutured to 

the skin with 4–0 interrupted, monofilament poliglecaprone sutures (Figure 1F). The distal 

end of the double pig-tail stent was subsequently trimmed and anchored to the skin with 

nylon sutures to mitigate stent dislodgement. Abdominal wall layers and skin were closed 

separately with absorbable sutures. In Pigs two to five, a short silicone stent (inner 

diameter, 6 mm; length 2.5 cm) was placed down to the distal end of the BLSF conduit to 

prevent acute stomal stenosis. This stent was fixed to the stoma edges with two additional 

nylon sutures. Both ureteral and conduit stents were replaced in all swine at 1 and 2 

months post-operatively or at intermediate timepoints if stent dislodgement occurred, 

using standard procedures.25 Briefly, an 8.5 French, 90 cm single J stent (Gyrus Medical 

Ltd., Wokingham, United Kingdom) was deployed into the renal pelvis using guidewire 

assistance and conduit stents were replaced as previously described. In addition, an 18 

French, 15 mm segment of a urinary catheter (Covidien, Dublin, Ireland) was also 

positioned into the distal conduit and fixed to both conduit and ureteral stents to mitigate 

stoma stenosis. 

Post-operative pain control and antibiotic regimens were executed in swine 

following the protocols previously described by Gundogdu and others.25 Pig 1 was 

maintained with a ureteral stent alone for the duration of the study and developed stomal 
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stenosis as described below. Therefore, Pigs two to five were supported with both a 

silicone stomal stent and ureteral stent for the entire study period. 

Longitudinal imaging analyses were performed prior to graft implantation and at 1, 

2, and 3 months post- op to monitor urinary conduit and ureteral continuity, kidney 

morphology, and indwelling catheter position. These assessments included 

ultrasonography (USG), retrograde ureteropyelogram (RUPG) and video-endoscopy 

(cystoscopy, ureterorenoscopy) as described in the following sections. All swine were 

maintained for a total of 3 months and then sacrificed with an intravenous 0.2 ml/kg 

pentobarbital sodium and phenytoin sodium euthanasia solution (Euthasol; Virbac AH, 

Westlake, TX, United States). Following necropsy, the urinary conduit as well as right 

(operated) and left (unoperated) ureters were harvested from the urinary tract. The 

urinary conduit was divided axially into 4 circumferential rings (~0.6 cm in length) 

including the proximal anastomosis (adjacent to the host ureter), stomal region, and two 

central zones of neotissues (proximal and distal conduit). Conduit and ureteral specimens 

were evaluated with histological, immunohistochemical (IHC), and histomorphometric 

analyses.  

3.2.3 Imaging Studies  

USG was executed on all animals at selected timepoints and hydronephrosis was 

scored using previously reported methods.25,26 Ureteral stent deployment and luminal 

conduit assessments were performed with a flexible uretero-renoscope (URS) (Flex-X2S; 

Karl Storz, Tuttlingen, Germany). Neotissue anastomotic borders were located with 

radiopaque markers placed following scaffold implantation. Images were captured with a 
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video processor system (Image 1 HUB; Karl Storz, Tuttlingen, Germany). Contrast imaging 

of the conduit and urinary tract was performed by infusing 1:1 diluted iohexol contrast 

agent (Omniopaque 300; GE Healthcare, Milwaukee, WI, United States) through the conduit 

stoma orifice. The conduit and anastomosis line were evaluated with anterior-posterior, 

lateral and oblique images following stent removal and acquired with standard fluoroscopy 

methods from our published reports.27 

3.2.4 Histological, IHC, and histomorphometric analyses 

Conduit (proximal anastomosis, stoma, proximal conduit, distal conduit, N = 5 

animals per region) and ureteral (non-operated left and operated right ureters, N = 5 

animals per region) specimens were fixed in 10% neutral-buffered formalin, dehydrated in 

alcohol solutions, and paraffin embedded. Five micron sections were cut and stained with 

Masson’s trichrome (MTS) utilizing routine histological protocols. Parallel specimens were 

subjected to IHC evaluations following antigen retrieval in sodium citrate buffer (10 mM, 

pH 6.0) and incubation in blocking buffer containing phosphate-buffered saline, 5% fetal 

bovine serum, 1% bovine serum albumin, and 0.3% Triton X-100 for 1 h at ∼25°C. Samples 

were independently incubated for 12 h at 4°C with the following primary antibodies: anti-

α-smooth muscle actin (SMA) (1:200 dilution; Sigma-Aldrich, St. Louis, MO), anti-SM22α 

(1:200 dilution, Abcam, Cambridge, MA), anti-pan-cytokeratin (CK) (1:150 dilution; Dako, 

Carpinteria, CA), anti-uroplakin (UP) 3A (1:10 dilution, Fitzgerald, North Acton, MA), and 

anti-CD31 (1:100 dilution; Abcam). Following primary antibody incubation, samples were 

then probed with species-matched Alexa Fluor 647-conjugated secondary antibodies 

(Thermo Fisher Scientific, Waltham, MA). Nuclear counterstain was subsequently 
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performed with 4′, 6-diamidino-2-phenyllindole (DAPI). Sample visualization was carried 

out with a Zeiss Axio Imager M2 model (Carl Zeiss MicroImaging, Thornwood, NY) and 

representative fields of interest were captured with Zen software (version 3.1). Negative 

controls were stained in parallel with secondary antibodies alone and generated no 

detectable signal above background levels. 

Histomorphometric analyses (N = 5 animals per region) were performed on global 

5X microscopic fields encompassing the entire circumference of the tissue specimen using 

published protocols.27 Imaging thresholding and area measurements were carried out with 

ImageJ software (version 1.47) to calculate the percentage of tissue area stained for pan-

CK, α-SMA, and SM22α per total field area acquired. Quantitation of CD31+vessels was 

determined across four independent microscopic fields (20X) per specimen equally 

dispersed along the neotissue circumference using similar procedures and normalized to 

total field area to yield vascular density. Quantitation of CD31+vessel diameters in control 

and experimental replicates (170 ± 50 vessels per group) was performed in parallel using 

similar methodology. 

3.2.5 Statistical Analysis  

Quantitative data were analyzed with the Kruskal–Wallis test in combination with 

the post hoc Dunn’s test for pairwise evaluations with p < 0.05 defined as significant. 

Quantitative data were presented as mean ± standard deviation (SD). 

3.3 Results 
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Unilateral incontinent urinary diversion with BLSF conduits was carried out in five 

swine in combination with ureteral (Pigs 1–5) and conduit (Pigs 2–5) stenting (Table 1). 

Stenting procedures were employed to reinforce the mechanical integrity of remodeling 

neotissues and alleviate potential ureteral and stomal stenosis. A unilateral approach for 

urinary diversion was chosen to minimize the rate of animal mortality from potential 

conduit failure and renal damage. Fluoroscopic, URS and USG assessments were performed 

throughout the study period to monitor kidney function and urinary tract continuity. 

(Figure 2). There were no intraoperative or immediate postoperative complications 

encountered during BLSF conduit implantation and all animals were successfully recovered 

from anesthesia and survived to scheduled euthanasia at 3 months post-operative. External 

urine flow from the urinary conduit was evident in all animals across all study timepoints. 

Table 1: Surgical Outcomes of Urinary Diversion with BLSF Conduits. Representative 
data from Pigs 1–5 

 

Source: Gundogdu, Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). Used with 
permission. 

Figure 2: Imaging Evaluations of Neoconduits and Upper Urinary Tract in 
Reconstructed Animals 
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Representative data for Pigs 1–5. USG (top row with hydronephrosis scores), X-ray/RUPG (second row), and URS 
evaluations of central neoconduits (bottom row, insets showing proximal ureteral anastomosis) were performed at 
various experimental timepoints. USG, ultrasonography, retrograde ureteropyelogram (RUPG), and uretero-
renoscope (URS). Source: Gundogdu, Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). 
Used with permission. 

Pig 1 demonstrated diverticular formation at the ureteral-conduit anastomosis at 1 

month post-operative and therefore an oblique anastomosis approach was adopted in 
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subsequent animals which eliminated this problem. Ureteral stent dislodgement and 

reinsertion occurred 3 times over the course of the implantation period due to hind leg 

scratching and hence the stomal orifice was repositioned in Pigs two to five to promote 

stent retention. Extrusion of the BLSF conduit from the stoma occurred at 1 month post-

operative in Pig 1 and URS/RUPG evaluations revealed formation of a tubular neotissue. 

However, stenosis of the stomal orifice was evident at this timepoint as it was fully 

strictured around the ureteral stent at 3 months resulting in ureteral dilation. Grade 2 

hydronephrosis was observed in Pig 1 from 1 to 3 months post-operative in the 

reconstructed urinary tract putatively due to stomal occlusion. In Pigs two to five, 

additional conduit stenting approaches were utilized to ameliorate stomal stenosis 

including placement of a silicone stent during conduit implantation and deployment of a 

urinary catheter in the distal conduit from 1-3 months post-operative. 

Modifications to our initial surgical approach in Pigs two to five had minimal impact 

on the rate of ureteral and conduit stent dislodgement. Swine required unscheduled stent 

reinsertion procedures 2–6 times across the study period. However, the use of primary and 

secondary conduit stents in this cohort did lead to substantial preservation of stomal area 

with mean values at 3 months post-operative reflecting 65% of the original area. BLSF 

conduit extrusion from the stomal orifice also occurred in Pigs two to five during 1 month 

stent exchanges and URS/RUPG analyses demonstrated the presence of tubular neotissues 

at the original graft site comparable to Pig 1 at this timepoint. Hydronephrosis and ureteral 

dilation were also detected in Pigs two to five from 1 to 3 months. 
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Necropsy assessments (Figure 3) at 3 months harvest revealed host tissue ingrowth 

throughout the original graft site in all swine. Neotissues exhibited minimal axial 

contraction between the proximal/distal marking sutures and no mucosal ulceration was 

detected. No gross incidence of urinary stone formation or residual bulk biomaterial 

remnants were observed in the lumen of neotissues. Examination of the reconstructed 

collecting systems confirmed imaging results and revealed hydronephrosis in all animals 

with dilation of renal calyces and pelvises as well as hydroureters. A non-communicating 

perirenal cyst was also identified in Pig 2. These data were in contrast with the unoperated 

collecting system which demonstrated normal anatomy and no hydronephrosis. 

Figure 3: Necropsy Assessments of Neoconduits and Reconstructed Collecting 
Systems 

 

Top row: Photomicrographs of collecting systems and neoconduits (boxed) in Pigs one to five following 3 months of 
biomaterial implantation as well as parallel non-operated control ureters and kidneys. Second row: Magnified axial 
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view of neoconduits from initial graft regions at harvest. Bottom row: Stomal orifice at 3 months post-operative. 
Source: Gundogdu, Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). Used with permission 

In all five swine, global histological (MTS) evaluations of neoconduit architecture 

(Figure 4) demonstrated the formation of a collagenous, fibrovascular tube spanning from 

the ureteral anastomosis to the stoma orifice. Mononuclear inflammatory cells as well as 

fibroblastic cell types were dispersed throughout the de novo conduit wall. IHC 

assessments (Figure 5) revealed neoconduits contained concentric α-SMA + SM22α+ 

smooth muscle layers stretching along the entire axial length of the regenerated tissues. 

However, smooth muscle maturation in neotissues was underdeveloped and consisted of 

poorly organized, nascent bundles suggesting an ongoing state of tissue remodeling. 

Indeed, histomorphometric assessments revealed relative immunoreactivity of SM22α and 

α-SMA expression in stomal and distal regions of neoconduits which was significantly 

lower in respect to ureteral controls. Sporadic pan-CK + urothelial colonies were detected 

in the lumen of 4/5 neotissues scattered along the proximal and distal conduit regions. 

Urothelial differentiation in all neotissues was immature and incompletely stratified with 

weak UP3A expression in comparison to ureteral controls. Luminal infiltration of pan-CK + 

skin keratinocytes was also apparent in the distal regions of regenerated segments. In 

addition, neoconduits were highly vascularized with blood vessels lined with CD31+ 

endothelial cells apparent throughout all regions of de novo tissues to similar extents and 

with comparable diameters. 

Figure 4: Histological Evaluations of Tissue Regeneration in Neoconduits 
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Photomicrographs of neoconduit cross-sections along the axial length (stoma, proximal/distal conduit, proximal 
anastomosis) as well as control tissues (operated and non-operated ureters) from Pigs one to five stained with 
Masson's trichrome. Boxed regions denote regions of de novo epithelialization with insets presenting magnified views 
of neoepithelia. DV denotes diverticula formation in Pig 1. Scale bars for all panels = 1 cm. Source: Gundogdu, 
Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). Used with permission 

Figure 5: Immunohistochemical and Histomorphometric Analyses of Neoconduit 
Maturation 



 

66 
 

 



 

67 
 

[A] Representative photomicrographs of selective protein expression in neoconduit regions (stoma, proximal/distal 

conduit, proximal anastomosis) and control tissues (operated and non-operated ureters) from Pig 3. Markers include 
smooth muscle contractile proteins (first and second rows: α-SMA, SM22α), epithelial proteins (third row: pan-CK, 
global images and bottom insets magnified from boxed area; UP3A: top insets), and vascular endothelial CD31 
(fourth row). For all panels, respective marker expression is labeled in red (Alexa Fluor 594 labeling) with DAPI 
nuclear counterstain displayed in blue. Scale bars = 1 cm for each panel. α-SMA, a-smooth muscle actin; CK, 
cytokeratin; DAPI, 4′, 6-diamidino-2-phenyllindole; UP3A, uroplakin 3A. [B] Quantitative evaluations of markers 

detailed in panel A for Pigs 1–5. Data are presented as means ± SD. Results from all cohorts were analyzed with 
Kruskal–Wallis and post hoc Dunn's tests. P〈 0.05 relative to respective operated (*) and non-operated (#) ureteral 

controls. Source: Gundogdu, Gokhan et al. Frontiers in bioengineering and biotechnology vol. 11 (2023). Used with 
permission 

3.4 Discussion 

Current urinary diversion techniques require harvesting and incorporation of 

autologous GI tissues into the urinary tract which can lead to undesirable acute and chronic 

complications while negatively impacting upon a patient’s quality of life.27,29 To date, 

despite years of research into the utility of acellular and cell-seeded grafts as tissue 

engineered alternatives, there is no FDA-approved medical device for urinary diversion. 

Conventional decellularized tissue matrices and synthetic meshes have been explored in 

past reports as candidates for TEUC, however suboptimal material properties have led to 

chronic inflammatory reactions, scar tissue formation, stomal stenosis and conduit 

strictures, thus precluding clinical translation.10,15,16,18,19 BLSF grafts have shown promise 

for hollow organ reconstruction in preclinical studies and demonstrated superior 

regenerative outcomes relative to commercial SIS matrices previously deployed as urinary 

conduits.30,31 Therefore, the goal of this study was to determine the feasibility of tubular 

BLSF biomaterials to serve as a urinary conduit in a porcine model of urinary diversion. 

Longitudinal imaging was conducted to monitor upper urinary tract function and 

neoconduit performance, while histological and IHC analyses were deployed to 

characterize the extent of tissue regeneration in reconstructed areas over the course of 3 

months of implantation. 
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Overall, our data provide evidence that BLSF constructs in combination with 

ureteral/conduit stenting can support formation of vascularized, retroperitoneal tubes 

capable of facilitating external urinary drainage. However, the degree of tissue maturation 

in neoconduits at harvest at 3 months was incomplete with discontinuous smooth muscle 

layers and sparse epithelialization relative to ureteral controls. Moderate hydronephrosis 

and hydroureters were detected in all reconstructed animals and may be linked to 

deficiencies in neoconduit peristalsis as a result of limited smooth muscle regeneration. In 

addition, partial urinary tract obstruction from the presence of the conduit stent as well as 

aperistalsis from prolonged ureteral stenting may have also contributed to observed 

kidney and ureteral pathologies. Similar to our past studies in a porcine tubular 

ureteroplasty model, de novo tissue formation originated from ureteral tissue ingrowth 

which propagated along the exterior of the BLSF graft wall from the anastomotic border to 

the stomal orifice. Following bulk scaffold extrusion at 1 month, URS findings showed 

neomucosa spanning the entire surface of reconstructed segments suggesting neotissue 

expansion into implant sites led to matrix displacement and prolapse into the lumen. 

Comparable wound healing patterns have been reported with the use of stented PGLA-

coated, PGA scaffolds as acellular urinary conduits in porcine models.12 BLSF biomaterials 

remained grossly intact in vivo, but could be easily extruded from the stomal orifice after 

neotissue formation potentially diminishing the risk of chronic foreign body reactions and 

urinary tract obstruction. Previous assessments of BLSF grafts for tubular ureteroplasty 

demonstrated similar degrees of degradation, however graft persistence in distal segments 

resulted in urinary blockage and severe renal damage.25 
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Stenting of acellular urinary conduits has been reported to mitigate stomal stenosis 

and maintain patency of regenerated tissues by reinforcing luminal mechanical integrity 

during tissue remodeling.12 These results are comparable to our current findings wherein 

conduit stenting reduced stomal occlusion relative to untreated controls and preserved 

65% of the original stomal area. Stent dislodgement occurred frequently in our animal 

model necessitating periodic stent exchanges to maintain stomal caliber. These 

manipulations may have disrupted urothelial growth and stratification in regenerated 

tissues due to mucosal abrasions acquired during stent deployment. Future improvements 

in our matrix design will focus on increasing the radial force exerted by BLSF constructs to 

improve graft retention and prevent stomal stenosis in the absence of stenting. Material 

properties including initial SF content and scaffold pore size have been implicated as 

significant regulators of compressive strength and stiffness in aqueous-based SF foams.32 

These findings suggest that the radial strength and stiffness of the foam compartment of 

BLSF grafts may be enhanced to prevent stenotic events by increasing the concentration of 

SF used during casting or by reducing matrix pore size via modulation of porogen diameter. 

In addition, SF biomaterials have also been reported to serve as targeted drug delivery 

systems both in vivo and in vitro for a variety of agents including small molecules, 

cytokines, nucleic acids, and antibodies.33 The creation of next-generation, BLSF conduits 

with the capacity to stimulate smooth muscle and urothelial formation via controlled 

release of respective differentiation agonists such as bone morphogenetic protein-434 and 

retinoic acid35 may promote increased levels of functional tissue regeneration in 

neoconduits. 
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Chapter 4: Silk Fibroin Matrices for Onlay 
Vaginoplasty in Rats 

4.1 Objective 

The objective of this study to evaluate the efficacy of BLSF grafts for focal vaginal 

tissue repair in a rat model. 

4.2 Methods 

4.2.1 Biomaterials  

BLSF biomaterials were manufactured from aqueous silk fibroin solutions using 

established protocols.13 Briefly, sericin-depleted, silk fibroin solutions (8% weight/volume) 

derived from Bombyx mori cocoons were dried for 48 hours at room temperature in a 

casting container under laminar flow to create a silk fibroin film. A 6% weight/volume silk 

fibroin solution was then mixed with sieved granular NaCl (500–600 μM, average crystal 

diameter) in a ratio of 2 g NaCl per ml of silk fibroin solution and deposited on top of the 

silk fibroin film. The resultant solution was allowed to undergo self-assembly and fuse to 

the silk fibroin film for 48 hours at 37 °C to create the BLSF matrix. NaCl was removed 

thereafter by rinsing the scaffold for 72 hours in distilled water. BLSF grafts were trimmed 

and steam sterilized in an autoclave prior to implantation. Commercially available, SIS 

scaffolds (Biodesign 4-Layer Tissue Graft; Cook Medical, Bloomington, IN, United States) 

were evaluated in parallel animal studies as points of comparison. 

4.2.2 Study Design 
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All animal procedures were performed in compliance with the National Institutes of 

Health’s Guidelines for the Care and Use of Laboratory Animals and were reviewed and 

approved by the University of California, Irvine Animal Care and Use Committee in 

accordance with protocol AUP-22-009. Forty-two adult, virgin female Sprague-Dawley rats 

(240-280 g, Charles River Laboratories, Charles River Laboratories, Wilmington, MA) were 

randomized across 2 implant groups and subjected to inlay vaginoplasty (Figure 1) with 

either BLSF (N=21) or SIS (N=21) grafts as described below.  Animals in both scaffold 

groups were harvested for outcome analyses at 1 day (N=3 per implant), 1 week (N=4 per 

implant), 1 month (N=5 per implant) and 2 months (N=5 per implant) post-operatively to 

determine longitudinal wound healing and host tissue responses.  Nonsurgical controls 

(NSC) (N=4) were analyzed in parallel and served as positive controls. In addition, breeding 

experiments were carried out with rats from both matrix groups (N=4 per implant) 2 

months following vaginal reconstruction to assess copulation and delivery functions as 

detailed in subsequent sections. 
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Figure 1: Rat Inlay Vaginoplasty

 

[A] Photomicrograph of BLSF graft prior to vaginal implantation. [B] Suture retraction of the vaginal introitus exposing 
the posterior vaginal wall. [C] Creation of vaginal defect in the posterior vagina. [D] Vaginal reconstruction with BLSF 
graft. 

4.2.3 Inlay vaginoplasty 

General anesthesia was induced and maintained by inhalation with 2–4% isoflurane. 

Rats were placed in a supine position and the perineum was shaved and sterilely 

draped.  The vaginal introitus was retracted with stay sutures and a full thickness defect 
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(10 x 5 mm2) was created in the posterior vaginal wall 1-2 mm proximal from the orifice. A 

graft of equal size was incorporated into the defect area with 7-0 polyglactin interrupted 

sutures. Nonabsorbable 7-0 polypropylene sutures were placed along the anastomotic 

perimeter for delineation of matrix borders following sacrifice.  Postoperative pain control 

was accomplished by a single subcutaneous injection of 1.2 mg/kg Buprenorphine SR 

(ZooPharm, Laramie, WY, United States) immediately following surgery with subcutaneous 

injections of 2.5 mg/kg Banamine (Merck Animal Health, Kenilworth, NJ, United States) 

carried out for 3 days post-operatively. In addition, Enrofloxacin (Baytril®100; Bayer 

Healthcare LLC, KA, United States) was administered subcutaneously before surgery and 

continued for 2 postoperative days to prevent infection. At selected timepoints, rats were 

subjected to imaging and/or breeding analyses and then euthanized by CO2 asphyxiation 

for histological and immunohistochemical (IHC) assessments. 

4.2.4 Micro–computed tomography 

Micro–computed tomography (µCT) was performed on NSC (N = 4) and implant 

groups (N=5 per scaffold) at 2 months following vaginoplasty to evaluate organ continuity 

and structure. Under isofluorane anesthesia, rats were placed in the supine position and a 

purse string was placed at the skin level of the vaginal introitus using a 5-0 nonabsorbable 

suture. A 14 gauge IV cannula was then introduced into the vagina and secured with a 

purse string.  Contrast medium (Omnipaque 300; GE Healthcare Inc., Marlborough, MA, 

USA) diluted with 1:1 saline was infused into the vagina followed by cannula removal and 

closure of the vaginal orifice. Lower abdomen scans were acquired with a Siemens 

Inveon(r) Multi-Modality System PET/CT (Siemens Healthcare, Erlangen, Germany) and 3-
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D images of the vaginal lumen were created using Inveon Research Workplace (Siemens 

Healthcare) 3D Analysis software. 

4.2.5 Breeding and live birth assessments 

Following 2 months of scaffold implantation, rats subjected to vaginal repair with 

BLSF and SIS matrices (N=4 per matrix) were evaluated for their ability to copulate, 

achieve pregnancy and deliver live births. Each female was co-housed with one male rat for 

2 weeks to allow for mating.  Pregnancy was confirmed by monitoring abdominal 

distension, weight and breast development over the gestational period.  The rate of 

pregnancy and number of live births were quantified across groups. 

4.2.6 Histological, IHC, and histomorphometric analyses 

Following euthanasia, reconstructed vaginal segments (N=3-5 per timepoint) as 

well as NSC replicates (N=4) were formalin fixed for 12 hours, dehydrated in graded 

alcohols and embedded in paraffin for sectioning. Specimens (5 μm) were stained with 

Masson’s trichrome (MTS), digitally imaged and total collagen content was determined in 

control and implant regions with ImageJ software (version 1.47) using published methods 

to quantify blue-stained color elements representative of collagen deposition.14 Total 

collagen content was calculated as the percentage of blue-stained area per total field area 

and normalized to NSC levels. IHC analyses were carried out on parallel tissue sections 

following antigen retrieval (pH 6.0, 10 mm sodium citrate buffer) and incubation in 

phosphate-buffered saline with 0.3% Triton X-100, 5% fetal bovine serum, and 1% bovine 

serum albumin for 1 hour at room temperature. Sections were probed at 4ºC overnight 

with primary antibodies including anti-α-smooth muscle actin (SMA) (1:200 dilution; 
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Sigma-Aldrich, St. Louis, MO), anti-SM22α (1:200 dilution, Abcam, Cambridge, MA), anti-

pan-cytokeratin (CK) (1:150 dilution; Dako, Carpinteria, CA), anti-CD31 (1:100 dilution; 

Abcam) and vimentin (1:100 dilution; Abcam). Samples were then stained with species-

matched Alexa Fluor 647 and 488-conjugated secondary antibodies (Thermo Fisher 

Scientific) and nuclear counterstained with 4′, 6-diamidino-2-phenyllindole (DAPI). 

Specimen visualization was performed with an Axioplan-2 microscope (Carl Zeiss 

MicroImaging, Thornwood, NY) and representative fields were acquired with Axiovision 

software (version 4.8). Negative controls were stained in parallel with secondary 

antibodies alone and generated no detectable signal above 

background.  Histomorphometric evaluations were performed on NSC (N=4) and 

neotissues (N=3-5 per timepoint) utilizing 6-8 independent microscopic fields (10X 

magnification). Stained elements were quantified from specimen cross-sections with 

published protocols using ImageJ software.15  Relative immunoreactivities of α-SMA, 

SM22α, vimentin and pan-CK were presented as the percentage of stained area per total 

field area relative to NSC values.  Vascular densities were determined similarly by 

quantifying the number of CD31+ vessels per target field area. 

4.2.7 Statistical Evaluations 

Multi-group comparisons were carried out with the Kruskal Wallis test followed by 

pairwise evaluations with the post hoc Dunn’s test. For two group comparisons of live birth 

data, the Mann-Whitney U test was utilized.  For all statistical tests, p<0.05 was defined as 

significant.  All quantitative data were displayed as means ± standard deviation (SD). 

4.3 Results 
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Animals in both implant cohorts exhibited 100% survival rates until scheduled 

euthanasia.  In addition, there was no evidence of serve intraoperative or postoperative 

complications following vaginoplasty in either group over the course of the study, however 

mild hematomas were detected at the reconstructed sites in 3 rats prior to sacrifice (BLSF: 

N=2, 1 day post-op; SIS: N=1, 2 months post-op). At 2 months post-op, µCT imaging 

revealed normal vaginal anatomy in both graft groups similar to NSC with no signs of 

contrast extravasation, strictures or fistula formation (Figure 2). These observations were 

confirmed during parallel necropsy evaluations wherein patent vaginal canals with wide 

calibers were evident in both BLSF and SIS groups.  Residual scaffold fragments were found 

in the vaginal lumens of both biomaterial cohorts up to 1 month post-reconstruction, but 

were undetectable by the 2 month timepoint. Host tissue ingrowth was apparent 

throughout the original reconstructed areas in both experimental groups by 1 week post-

op with negligible tissue contraction detected between proximal/distal or lateral marking 

sutures at harvest (Figure 2). These results demonstrate that BLSF grafts are capable of 

supporting consolidation of focal vaginal defects and restoring organ continuity to similar 

extents as conventional SIS matrices. 

Figure 2: Necropsy and μCT Analyses of Neotissue Formation and Vaginal Continuity 
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[Top row] Gross tissue assessments of vaginas reconstructed with BLSF or SIS grafts following 2 months of 
implantation in comparison to NSC. Boxed regions denote original implant site. [Bottom row] Representative 3-D 
images of vaginas in NSC and scaffold groups detailed in [A] following contrast instillation and μCT imaging. 

Characterization of host tissue responses and wound healing outcomes were 

performed on control and implant groups across the study period with histologic, IHC and 

histomorphometric analyses (Figure 3 and 4). Baseline evaluations of vaginal cross-

sections in NSC revealed native tissue architecture composed of a luminal, stratified 

squamous, keratinizing epithelium with pan-CK expression, an extra-cellular matrix (ECM)-

rich lamina propria populated with vimentin+ fibroblasts and an outer muscularis layer 

consisting of circular and longitudinal smooth muscle bundles displaying contractile 

proteins, α-SMA and SM22α. By 1 day post-op, MTS evaluations demonstrated that 
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reconstructed regions in each scaffold group exhibited nascent ECM formation and were 

infiltrated with mononuclear inflammatory cells, neutrophils, and fibroblasts. Prominent 

extrusion of bulk scaffold fragments into the vaginal lumen was also observed in each 

group at this phase of repair. At 1 week post-op, neotissues in each experimental group had 

developed a vascularized lamina propria lined by a pan-CK+ stratified squamous, 

keratinizing epithelium similar to NSC. Transient myofibroblast differentiation was also 

detected in remodeling vaginal walls at this stage exemplified by significant upregulation of 

vimentin expression compared to NSC and co-expression of α-SMA and SM22α proteins in 

this population. Maturation of neotissues in each implant cohort continued to progress 

between 1 week and 2 months with the formation of α-SMA+SM22α+ smooth muscle 

bundles coupled with a parallel decline in vimentin+myfibroblasts to baseline 

levels.  Reconstructed tissues also displayed similar degrees of collagen content compared 

to NSC by 1 and 2 months post implantation. In addition, no evidence of chronic 

inflammatory reactions or foreign body responses were observed in either neotissue at 

study timepoints. 

Figure 3: Histological Assessments of Vaginal Tissue Regeneration 
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[A-C] Photomicrographs of global (top rows) and magnified (bottom rows) cross-sections of MTS-stained, vaginas in 
NSC [A] and in animals repaired with BLSF [B] and SIS grafts [C] at selective post-operative timepoints containing 

the original implant site (boxed). For panels [A-C], scale bars are 2.5 mm and 1 mm in top and bottom rows, 
respectively. R denotes rectum. Asterisks denote residual scaffold fragments. [D] Quantitation of collagen content in 

MTS-stained vaginal neotissues and NSC displayed in [A-C]. N=3-5 rats per group were assessed per data point. 
Data are displayed as means ± SD. Data from all cohorts were analyzed with Kruskal–Wallis and post hoc Dunn’s 
tests. (*) = p<0.05 compared to NSC. (#) = p<0.05 compared to NSC. 

Figure 4: Immunohistochemical and Histomorphometric Evaluations of Vaginal 
Neotissues and Controls 
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[A-B] Photomicrographs of vaginal protein expression in NSC and regenerated tissues following vaginoplasty with 
BLSF [A] and SIS [B] biomaterials at selective stages of repair. For all images, respective marker expression is 

labeled in red (Alexa Fluor 647 labeling) or green (Alexa Fluor 488 labeling) with blue DAPI nuclear counterstain. 
Scale bars for all panels = 200 μm. [C-G] Histomorphometric assessments of marker expression in specimens 
described in [A-B]. N=3-5 rats per group were assessed per data point. Data are displayed as means ± SD. Results 

from all groups were evaluated with Kruskal–Wallis and post hoc Dunn’s tests. (*) = p<0.05 compared to NSC. (#) = 
p<0.05 compared to respective 1 week timepoint. 
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Overall, no significant differences in regenerative outcomes were found between SIS 

and BLSF groups suggesting vaginal wound healing patterns were conserved across these 

implant configurations. However, neotissues from each scaffold cohort were still 

underdeveloped at 2 months and displayed 25-50% smooth muscle content relative to NSC 

as well as significantly higher vascular densities consistent with ongoing phases of tissue 

remodeling. Nevertheless, breeding assessments (Figure 5) revealed that animals repaired 

with both BLSF and SIS biomaterials were capable of copulation with 100% pregnancy 

rates and similar amounts of live births. These data provide evidence that BLSF grafts can 

promote functional vaginal tissue regeneration sufficient to support sexual intercourse and 

delivery of live offspring.   

Figure 5: Breeding and Live Birth Evaluations in Implant Groups 
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[A] Representative photomicrograph of a pregnant rat exhibiting abdominal distension and breast development 
following vaginal repair with a BLSF graft. [B] Live neonatal rat pups delivered from rats described in [A]. [C] 

Quantitation of live births from each implant group. N=4 per data point. Data are displayed as means ± SD. Results 
were analyzed with the Mann–Whitney U test yielding p=0.89. 

4.4 Discussion 

The aims of this study were to evaluate the feasibility of acellular BLSF grafts for 

vaginal reconstruction and compare functional and wound healing responses to 
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decellularized SIS biomaterials previously deployed in the clinic. Adult rats were chosen as 

a model species due to their low cost as well as their similarities in organ anatomy and 

reproductive cycle relative to humans.16 The regenerative potential of study biomaterials 

was investigated in an inlay vaginoplasty model which mimics the repair of focal vaginal 

defects encountered in patients following resection of urogenital malignancies17,18 or those 

with severe obstetric lacerations after childbirth.19 BLSF and SIS grafts were found to 

induce similar constructive remodeling patterns in patch vaginal defects and were 

histologically equivalent in their ability to support the formation of vascularized neotissues 

containing stratified squamous, keratinizing epithelia as well as smooth muscle layers. 

However, smooth muscle content was significantly lower in neotissues relative to NSC 

suggesting longer implantation periods or scaffold-mediated, delivery of pro-myogenic 

compounds such as platelet derived growth factor20 may be necessary to improve smooth 

muscle growth. Functional evaluations of vaginas reconstructed with BLSF and SIS 

biomaterials confirmed their ability to support copulation and live births thus providing 

evidence that these matrix configurations can reestablish organ continuity sufficient for 

reproduction.  

Currently, patients with congenital vaginal abnormalities such as Mayer-

Rokitansky-Küster-Hauser Syndrome (MRKHS) as well as male-to-female transgenders 

require the creation of tubular neovaginas from autologous tissues to restore sexual 

function.21 Decellularized tissues grafts such as SIS have been previously explored as an 

biomaterial substitutes for tubular vaginoplasty in MRKHS individuals, however 

suboptimal outcomes including relatively short neovaginas (<7 cm for 46.4% of patients), 

excessive vaginal discharge and chronic bacterial infections were observed.22 Moreover, 
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preclinical assessments of decellularized tissue matrices for tubular vaginoplasty have also 

noted frequent graft contracture and luminal collapse in rodent neovaginas.23 BLSF 

matrices possess a number of potential advantages relative to decellularized tissue 

biomaterials for the design of tubular implants for vaginoplasty. In particular, the 

mechanical, structural and degradative properties of BLSF scaffolds can be adjusted by 

manipulating processing parameters such as porogen size and silk fibroin content to create 

constructs with biomechanical features sufficient for maintaining hollow organ integrity.24-

26 Indeed, these matrix configurations have been previously reported to serve as urinary 

conduits27 as well as facilitate functional repair of tubular defects in both the ureter and 

esophagus.15,28 In contrast, the physical characteristics of decellularized tissue grafts are 

dependent upon the attributes of the source tissue as well as decellularization protocols29 

and therefore have limited capacity to modulate structural integrity to prevent stenotic 

events. Future in vivo studies will investigate the efficacy of tubular BLSF grafts for 

neovagina formation. 
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Chapter 5: Epilogue 

5.1 Recapitulation 

This dissertation addresses several disadvantages in conventional treatment 

modalities for urogenital tissue reconstruction as well as limitations in current animal 

models of urologic disease. The development of preclinical animal models which simulate 

human conditions are essential to understanding disease mechanisms and screening 

potential therapeutic interventions.  Specifically, my thesis work has led to the creation of 

novel rabbit and porcine models of acute Peyronie’s disease and urethra stricture disease, 

respectively.  My research has also characterized the efficacy of BLSF scaffolds to serve as 

alternative substitutes for autologous tissue grafts for urinary conduit fabrication and 

vaginoplasty. 

Future work will focus on establishing a chronic Peyronie’s disease model in rabbits 

via optimization of dosage and frequency of fibrotic insults such as TGF-β1 in order to 

create a model that recapitulates clinical-based outcomes such as severe penile angulation. 

Porcine urethral stricture models will be used to determine the feasibility of BLSF 

biomaterials for long urethral stricture repair and their regenerative and functional 

responses will be compared to conventional buccal mucosal grafts. Finally, tubular BLSF 

conduits will also be evaluated in rabbit vaginoplasty models to ascertain their utility for 

neovagina creation. 




