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Silk fibroin scaffolds for urologic tissue engineering

Bryan S. Sacka,b, Joshua R. Mauneya,b, and Carlos R. Estrada Jr.a,b

aUrological Diseases Research Center, Boston Children's Hospital, Boston, MA 02115, USA

bDepartment of Surgery, Harvard Medical School, Boston, MA 02115, USA

Abstract

Urologic tissue engineering efforts have been largely focused on bladder and urethral defect repair. 

The current surgical gold standard for treatment of poorly compliant pathological bladders and 

severe urethral stricture disease is enterocystoplasty and onlay urethroplasty with autologous 

tissue, respectively. The complications associated with autologous tissue use and harvesting have 

led to efforts to develop tissue-engineered alternatives. Natural and synthetic materials have been 

used with varying degrees of success, but none has proved consistently reliable for urologic tissue 

defect repair in humans. Silk fibroin (SF) scaffolds have been tested in bladder and urethral repair 

because of their favorable biomechanical properties including structural strength, elasticity, 

biodegradability and biocompatibility. SF scaffolds have been used in multiple animal models, and 

have demonstrated robust regeneration of smooth muscle and urothelium. The pre-clinical data 

involving SF scaffolds in urologic defect repair are encouraging and suggest that they hold 

potential for future clinical use.
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Introduction

Bladder and urethral defects secondary to congenital, malignant, traumatic, and infectious 

etiologies often necessitate surgical reconstruction with or without autologous tissue 

harvesting. The effective, yet imperfect functional outcomes and co-morbidities from 

autologous tissue use and harvest has led to significant research into the use of natural and 

synthetic biomaterials. This review will highlight the indications and current approaches to 

bladder and urethral reconstruction with an emphasis on the use of silk fibroin (SF) scaffolds 

as functional tissue engineered constructs.
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Clinical Indications for Bladder or Urethral Defect Repair

The urinary bladder functions to store urine at low pressures and expel urine in a state of 

optimal compliance and contractility, thereby preserving renal function. In many conditions, 

the urinary tract is anatomically or functionally obstructed, potentially leading to renal 

dysfunction secondary to elevated urinary storage pressures. These conditions include 

posterior urethral valves, neurogenic bladder secondary to spina bifida or spinal cord injury, 

benign prostatic hyperplasia, bladder and cloacal exstrophy, severe voiding dysfunction, and 

malignancy. While these vary widely physiologically, they often require major surgical 

intervention with bladder augmentation or complete substitution with autologous tissue. The 

urethra is a urine and seminal fluid conduit that is compromised in a variety of congenital 

and acquired diseases. These include hypospadias, epispadias, strictures, fistulas, trauma, 

and malignancy. Any defect in the urethra’s mucosal barrier results in urinary extravasation, 

which can lead to spongiofibrosis and stricture disease. Urethral stricture disease often 

requires urethroplasty with or without autologous tissue augmentation.

Current Approaches for Bladder or Urethral Defect Repair

Patients with congenital bladder dysfunction frequently present early in the disease process, 

allowing clinicians to intervene and potentially prevent irreversible bladder decompensation. 

Management may include anticholinergic medications and/or intradetrusor botulinum toxin 

injections to abolish involuntary contractions, increase bladder volume, and reduce urine 

storage pressure. Anticholinergic drugs are associated with undesirable systemic adverse 

effects and their long-term efficacy is unpredictable and variable [1]. When medical 

management fails, patients may have progression of pathological bladder remodeling, which 

can result in urinary incontinence and renal damage. Bladder augmentation, commonly with 

small intestine, then becomes necessary to increase bladder capacity and decrease the high 

intravesical pressures. The use of pharmacological agents and clear intermittent 

catheterization has decreased the rate of augmentation cystoplasty in the myelomeningocele 

population from approximately 30 to 15% [2,3]. However, the long-term efficacy of this 

approach is hampered by frequent and severe complications associated with the use of 

gastrointestinal segments including chronic urinary tract infection, urinary calculi, bowel 

dysfunction, electrolyte abnormalities, bladder perforation, and neoplasms [4,5]. Urothelial 

carcinoma of the bladder necessitating cystectomy with bladder replacement has similar 

complications related to the use of a gastrointestinal segment [6,7].

Regarding urethral stricture disease, short, non-complex defects can be repaired with an end-

to-end anastomosis. However, for long complex defects, urethroplasty is often performed in 

which a de novo urinary conduit is fashioned from a tissue graft and surgically integrated 

into the surrounding host tissue. Several types of autologous tissues have been explored 

including genital and extragenital skin flaps [8–10], buccal mucosa [9,11,12], bladder 

mucosa [13], and tunica vaginalis [14]. However, complications such as urethrocutaneous 

fistula, implant contracture, recurrent stricture, hair growth, stone formation, and diverticula 

are observed with these grafts [8–10,14]. Moreover, the harvesting of autologous tissues 

requires secondary surgical procedures, is routinely associated with morbidity at the donor 

site, and donor tissue volume is limited for reconstructive procedures [15,16]. Bladder and 
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urethral substitution with autologous tissue often provides reliable function with minimal 

overall morbidity, but the complications associated with the use of these tissues can be 

catastrophic, which has led to investigatory efforts in urologic tissue engineering.

Conventional Biomaterials for Bladder and Urethral Defect Reconstruction

Both natural and synthetic biomaterials have been developed and investigated for their utility 

in bladder and urethral reconstruction. Natural matrices derived from small intestine 

submucosa (SIS) [17], decellularized bladder matrix (BAM) [18,19], omentum [20–22], 

pericardium [23,24], peritoneum [25], lyophilized dura [26], and amniotic membranes 

[27,28] have all been previously reported. In particular, decellularized collagen-based 

scaffolds including SIS and BAM have demonstrated marginal success in terms of restoring 

bladder functionality and capacity [17,29–31]. However, collagen matrices derived from 

native tissues require chemical processing for decellularization resulting in alterations in 

matrix biocompatibility and structural strength. These biomaterials have also been 

associated with in vivo fibrosis and contracture [32]. Synthetic biomaterials in the form of 

3D porous foams, meshes, and hydrogels derived from poly-glycolic acid (PGA), poly-L-

lactic acid (PLA), copolymers of poly-lactic and -glycolic acid (PLGA) [33–37]; PTFE 

Teflon [38]; polyether urethane [39]; silicone rubber [40]; and poly(ethylene) glycol (PEG) 

[41] have also been utilized as platforms for bladder reconstructive strategies. However, 

permanent synthetic biomaterials routinely demonstrate in vivo mechanical failure and 

urinary stone formation and thus are limited in clinical applications [42]. In addition, most 

synthetic polymers induce inflammation responses in vivo [43] and lack the structural 

integrity necessary to support long-term tissue replacement [44].

Pioneers in the field have provided the fundamental methodology and proof of the 

translational potential of bladder tissue engineering in humans [37,45–47]. Composite PGA 

and collagen based scaffolds seeded with autologous urothelial and smooth muscle cells 

were able to demonstrate histologically organized smooth muscle and urothelial 

compartments, but without an increase in bladder capacity or compliance [37]. Additionally, 

serious complications of bowel obstruction and/or bladder rupture were also seen using a 

similar scaffold in a phase II prospective study [45]. SIS use in humans has demonstrated 

smooth muscle and urothelium generation, but without improvement in compliance [46]. A 

recent study demonstrated that SIS use in neurogenic bladder patients had increases in 

compliance and capacity [47]. Although this report is very encouraging, long-term 

improvements in urodynamic function is warranted before wide scale translation of this 

technology can be considered.

Short-term clinical studies of urethral tissue engineering have investigated the utility of a 

number of biodegradable, natural and synthetic polymers either alone or seeded with 

autologous primary cells. Acellular collagen-derived scaffolds including SIS and BAM have 

been explored in onlay urethroplasty procedures for the repair of defects associated with 

hypospadias and urethral strictures [48–50]. These matrices have been shown to encourage 

urothelial regeneration and initial defect consolidation. However, complications including 

recurrent strictures, fistula formation, fibrosis, and graft contracture have limited their ability 

to promote restoration of normal urethral function in a significant cohort of patients [48–50].
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Complications associated with tissue engineering strategies deploying decellularized 

collagen grafts and implants composed of synthetic polymers may be due in part to 

suboptimal structural properties of the scaffold material, which may not provide the 

appropriate elasticity, porosity, tensile strength, and degradation characteristics necessary to 

support long-term bladder or urethral function. These deficiencies therefore necessitate the 

evaluation of other novel biomaterials for urologic tissue engineering.

Novel Properties of Silk-based Biomaterials

Biomaterials must provide a defined microenvironment that promotes functional tissue 

regeneration. Ideally, scaffolds should: 1) support cell attachment, migration, cell-cell 

interactions, cell proliferation, and differentiation; 2) be compatible with the host immune 

system; 3) degrade at a controlled rate to match the rate of new tissue growth; 4) provide 

structural support for cells and new tissue formed in the scaffold during the initial stages of 

post-implantation; 5) have versatile processing options to alter structure and morphology 

related to tissue-specific needs.

Silk fibroin (SF) is a protein-based polymer derived from Bombyx mori cocoons, which has 

properties that may address many of the needs for in situ bladder and urethral defect repair 

[51–53]. Historically, SF has been used clinically as sutures given their excellent tensile and 

elasticity characteristics compared to other nature and synthetic biomaterials [53,54]. These 

mechanical attributes make SF implants well suited for supporting bladder reconstruction 

where they must impart sufficient structural stability over defect sites during host tissue 

integration, but allow for organ flexibility necessary for micturition cycles. SF polymers 

exhibit diverse processing plasticity and through variations in fabrication techniques a 

multitude of matrix configurations can be achieved including 3D porous foams, 

nanodiameter fibers, hydrogels, tubes, and films which can be utilized for specific urologic 

applications [55–59]. In particular, tubular SF graft designs may have utility in restoration of 

complex urethral defects. SF matrices also exhibit tunable degradation rates dependent on 

factors such as scaffold pore size and SF content [60], which can be controlled during 

various stages of fabrication. Therefore, SF scaffolds can be engineered to maintain their 3D 

structure to support defect integrity, but gradually dissipate to allow for replacement of host 

tissues. Comparisons between SF biomaterials and other tissue engineered polymers such as 

PLGA and SIS have also demonstrated less immunogenic and inflammatory responses in the 

former suggesting higher degrees of biocompatibility can be achieved in respect to 

conventional urologic biomaterials [51,61]. Furthermore, SF constructs can also be 

functionalized with trophic factors using nontoxic and biocompatible chemistries and can be 

combined with native extracellular matrix components and motifs via surface coatings to 

enhance cell attachment and signaling [62–64] on host tissue-biomaterial interfaces. Lastly, 

silk constructs have stability of shape and lack of swelling under physiologic conditions due 

to its hydrophobic nature – a common problem with many other degradable biomaterials. 

These characteristics of silk have led to investigation of their utility in the bladder and 

urethra (Table 1), in addition to a number of non-genitourinary related medical specialties 

including gastroenterology [65–67], ophthalmology [68], orthopedic surgery [69–71], 

vascular surgery [72], neurology [73,74], plastic surgery [75], and otolaryngology [76].
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Silk Fibroin Scaffolds as a Bladder Substitute

The feasibility of acellular SF grafts for bladder reconstruction was first performed in a 

murine model of augmentation cystoplasty. In this study, a gel spun SF (GSSF) scaffold 

configuration was investigated which consisted of a 3D multi-laminate, nonporous matrix 

created via extrusion of aqueous SF solutions across a rotating mandrel [77]. SF grafts were 

evaluated in parallel with conventional biomaterial designs including SIS and PGA. Animals 

subjected to SF graft implantation demonstrated voluntary voiding and an 82% survival rate 

over the course of a 10 wk study period in comparison to 66% and 71% survival rates 

achieved with SIS and PGA, respectively. Following 10 wk of augmentation, the GSSF 

scaffolds were able to support regeneration of urothelial and smooth muscle components at 

the defect site based on histologic and immunohistochemical (IHC) staining of uroplakin 

and contractile protein expression (α-actin, calponin, and SM22α). In addition, there was 

minimal acute inflammatory reaction, in contrast to assessments of SIS and PGA matrices, 

which routinely promoted evidence of fibrosis and chronic inflammatory responses. 

Cystometric evaluations of the GSSF group demonstrated similar voiding patterns and 

increases in bladder capacity and voided volume while maintaining similar degrees of 

compliance relative to the control group [77]. This initial study provided proof of principle 

for the use of GSSF scaffolds in bladder reconstructive procedures. A follow-up report by 

Gomez et al. investigated the effect of manipulation of GSSF scaffold fabrication parameters 

on matrix performance in a murine model of augmentation cystoplasty [78]. The original 

GSSF prototype matrix was compared with two additional scaffold configurations with 

structurally and mechanically distinct properties created by altering initial winding and post-

winding fabrication conditions. This study demonstrated that GSSF matrices with higher 

degrees of porosity displayed enhanced in vivo degradation rates relative to the original 

nonporous prototype while supporting similar rates of bladder tissue regeneration.

Next, the performance of various acellular SF graft configurations was studied in a rat model 

of bladder augmentation. Nonporous [77] and porous GSSF matrices [78], originally 

assessed in a murine model, were evaluated in parallel with a novel bi-layer SF (BLSF) 

design [79]. Histological/IHC and functional outcomes were compared to conventional SIS 

grafts. The bi-layer scaffold configuration was constructed from aqueous SF solutions by 

combining a solvent-casting/salt-leaching method with film casting to generate a porous 

scaffold compartment fused to an annealed film layer. This biodegradable matrix design was 

engineered to allow host tissue ingrowth to occur throughout the porous foam component 

while the film layer imparted a fluid-tight surgical seal for urine retention at the defect site. 

Following 10 wk of implantation, histological and IHC evaluations showed comparable 

extents of α-actin+, SM22α+ smooth muscle and uroplakin+, p63+ urothelial formation and 

maturation within all graft sites in respect to cystotomy controls. The incidence and size of 

urinary calculi was the highest in animals implanted with GSSF scaffolds and SIS matrices 

with frequencies ≥57% and stone diameters of 3–4 mm. In contrast, the BLSF group 

displayed substantially lower rates (20%) and smaller stone size (2 mm), similar to the levels 

observed in control animals (13%, 2 mm). Cystometric analyses at 10 weeks revealed that 

animals implanted with the BLSF grafts displayed superior urodynamic characteristics over 

GSSF graft designs including compliance, capacity, and spontaneous non-voiding 
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contractions consistent with control levels [79]. Other research groups have also investigated 

the utility of BL grafts for bladder tissue engineering. Zhao et al., generated a composite 

biomaterial construct consisting of a porous SF foam surgically attached to an SIS matrix to 

provide a fluid-tight barrier layer and evaluated its performance in a rat model of bladder 

augmentation. Following 12 wk of implantation, this scaffold configuration demonstrated 

the ability to support smooth muscle regeneration without significant local tissue responses 

or systemic toxicity [81]. These reports show the efficacy of SF-based grafts for 

augmentation cystoplasty in rats and highlight the advantages of BLSF matrix configurations 

over GSSF scaffold designs.

The promising results of the acellular BLSF grafts in a rat model led to investigations in a 

porcine model of bladder reconstruction [80]. Tu et al. evaluated two versions of the BLSF 

matrix configuration: a porous SF foam buttressed by heterogeneous SF surface pore 

occlusions (Group 1) and the original prototype design consisting a porous SF foam 

annealed to a SF film (Group 2). Animals were augmented with a 6 × 6 cm2 scaffold and 

exhibited high rates of survival (Group 1: 5/6, 83%; Group 2: 4/4, 100%). The single 

mortality in the animal in Group 1 occurred on postoperative day two and revealed urinary 

ascites as the probable cause of death. Bladder distention during necropsy revealed 

prominent fluid leaks throughout the center of the scaffold. These results demonstrate the 

presence of the SF film is an essential feature in maintaining the fluid-tight seal during host 

tissue remodeling. At 3 m post-implantation, both groups showed comparable extents of 

smooth muscle and multi-layered urothelium regeneration histologically and levels of 

protein expression by IHC staining (urothelium: uroplakin, p63; smooth muscle: α-actin, 

SM22α) across the entire implant region. De novo innervation and vascularization processes 

were also evident in all regenerated tissues indicated by synaptophysin+ neuronal boutons 

and vessels lined with CD31 expressing endothelial cells, respectively. Additionally, 

intravesical urinary calculi formation was 55% higher in the Group 2 in comparison to the 

Group 1. This increase in calculi formation is presumably due to the relatively slow 

degradation kinetics of the SF film layer. Urodynamic evaluations demonstrated mean 

increases in bladder capacity over pre-operative levels (Group 1: 277%; Group 2: 153%) 

which exceeded nonsurgical control gains (144%) encountered due to animal growth. In 

addition, animals augmented with both matrix configurations displayed increases in bladder 

compliance over pre-operative levels (Group 1: 357%; Group 2: 338%) similar to growth-

related elevations observed in non-surgical controls (354%). Furthermore, neotissues 

supported by both graft designs displayed ex vivo contractile responses to carbachol, α,β-

methylene-ATP, KCl, and electrical field stimulation that were similar to control levels [80]. 

These data detailed the ability of acellular BLSF scaffolds to support regeneration of 

innervated, vascularized smooth muscle and urothelial tissues within 3 m with structural and 

functional properties comparable to native tissue in a porcine model of bladder repair.

Electrospun SF scaffolds have also been investigated in rabbit model of bladder 

reconstruction [81]. These biomaterials are composed of nonwoven SF nanofibers wherein 

porosity and fiber diameter can be manipulated via processing conditions to emulate 

structural characteristics of native extracellular matrix [81]. Huang et al., performed 

histological and functional comparisons of electrospun SF scaffolds and bladder acellular 

matrix (BAM) constructs in full thickness defects within the leporine bladder. Over the 
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course of an 8 wk of implantation period, both constructs supported the formation of 

cytokeratin+ (CK) multi-layered urothelia, however higher degrees of α-actin+, SM22α+ 

smooth muscle formation was observed with the use of electrospun SF matrices. In addition, 

ex vivo organ bath studies demonstrated that neotissues supported by electrospun SF grafts 

generated elevated levels of contractile force in response to carbachol, KCl, and 

phenylephrine in respect to the BAM group [81]. These study results demonstrate that 

electrospun SF scaffolds are more efficient at generating functional smooth muscle 

regeneration than BAM in a rabbit model of augmentation cystoplasty.

Validation of prospective implant designs in animal models of bladder disease is a crucial 

step toward clinical translation of tissue engineered grafts given that previous studies have 

shown that underlying urologic pathologies can influence regenerative outcomes [82,83]. 

Chung et al. performed a comparative assessment of SIS and BLSF grafts in a rat model of 

neurogenic bladder secondary to spinal cord injury (SCI). Following 6 wk of thoracic spinal 

cord injury, bladders were augmented with scaffold groups and maintained for a 10 wk 

implantation period. Rats subjected to SCI alone exhibited a 72% survival rate (13/18) while 

SCI rats receiving SIS and BLSF scaffolds displayed respective survival rates of 83% 

(10/12) and 75% (9/12) over the course of the study period. Histological and IHC 

evaluations demonstrated both implants supported de novo formation of smooth muscle 

layers with contractile protein expression [α-SMA and SM22α] as well as maturation of 

multi-layer urothelia expressing CK and uroplakin proteins. In addition, de novo innervation 

processes were apparent in neotissues supported by both grafts indicated by the presence of 

synaptophysin+ neuronal boutons, however the density of these synaptic areas was 

significantly lower in comparison to non-injured animals. Discrete areas of mild fibrosis 

within the lamina propria were also present in both implant groups accompanied by chronic 

inflammatory reactions consisting of follicular aggregates of mononuclear cell infiltrates 

[84]. These results are in contrast to previous findings in the non-diseased rat model wherein 

no chronic inflammatory events were observed following bladder augmentation with these 

scaffold configurations [79]. Improvements in certain urodynamic parameters in SCI 

animals, such as decreased peak intravesical pressure, following implantation with both 

matrix configurations was also observed. This study highlights the ability of both SIS and 

BLSF scaffolds to promote de novo tissue formation as well as improved cystometric 

performance of the neurogenic bladder. However modifications in graft designs are still 

needed to restore aberrant innervation and mitigate host tissue responses in this pathological 

setting. The versatility of SF matrix processing techniques may offer advantages over SIS 

constructs for graft optimization due the ability of structural, mechanical, and degradative 

parameters to be easily modified.

Silk Fibroin Scaffolds as a Urethral Substitute

Various tissue-engineering approaches with SF scaffolds have been explored for urethral 

tissue reconstruction. Xie et al. first described the use of electrospun SF scaffolds seeded 

with ex vivo expanded, bladder urothelial cells in a canine model of dorsal onlay 

urethroplasty [85]. Urethras implanted with cell seeded SF grafts were capable of supporting 

voluntary voiding for up to 6 m post-op with no evidence of stricture formation observed 

throughout the study period. Histological evaluation of the original implantation sites at both 
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2 and 6 m post-op demonstrated reconstitution of native urethral architecture with a stratified 

urothelium present and no evidence of fibrosis observed. In contrast, control animals 

wherein excision of urethral tissue was performed in the absence of scaffold integration, 

presented with urothelial stricture disease in combination with aberrant tissue formation with 

significant inflammatory reactions. A follow-up study by Xie and colleagues assessed the 

performance of electrospun SF scaffolds seeded with ex vivo expanded oral fibroblasts and 

keratinocytes for dorsal onlay urethroplasty in canines [86]. This cell seeded construct was 

engineered to mimic buccal mucosa, a popular choice for urethral repair in humans [11,12]. 

Similar histological and functional outcomes were achieved as observed with the use of SF 

implants seeded with bladder-derived cell populations. The authors concluded that although 

cell seeded strategies are labor and resource intensive, requiring donor tissue harvest and ex 

vivo culture techniques, the use of SF scaffolds in combination with seeded bladder or 

mucosal cell populations is a promising strategy for engineering functional urethral tissues.

Recently, Chung and colleagues compared the performance of acellular BLSF and SIS 

matrices in a ventral onlay urethroplasty model in rabbits [87]. Both scaffold configurations 

supported voluntary voiding throughout the study period and retrograde urethrography at 3 

m post-op revealed wide urethral calibers similar to pre-operative assessments with no 

evidence of urethral abnormalities or stone formation. Histological and IHC evaluations at 3 

m post-implantation demonstrated that BLSF and SIS grafts supported the formation of α- 

actin+, SM22α+ smooth muscle bundles as well as de novo CK+ urothelium throughout the 

original repair site. Evidence of innervation and vascularization was also observed in both 

scaffold groups to similar extents as seen in urethrotomy controls. In contrast to BLSF 

scaffolds, SIS matrices produced chronic inflammatory responses throughout the graft site. 

The results of this study demonstrate that BLSF scaffolds represent promising biomaterials 

for onlay urethroplasty, capable of promoting similar degrees of tissue regeneration in 

comparison to conventional SIS scaffolds, but with reduced immunogenicity.

Silk Fibroin Scaffolds for Stress Urinary Incontinence

Silk fibroin platforms have also been studied as treatments for stress urinary incontinence 

(SUI). In particular, Zou and colleagues investigated the utility of a woven SF mesh either 

alone or seeded with bone marrow-derived mesenchymal stem cells (MSC) in a rat SUI 

model secondary to bilateral sciatic nerve transection [88]. Both MSC-seeded and acellular 

grafts were capable of rescuing leak point pressures to levels observed in sham controls, in 

contrast to injured animals without sling treatment. In addition, MSC-seeded implants 

demonstrated higher collagen content and failure force compared to unseeded grafts 

suggesting that stem cell populations promote extracellular matrix deposition leading to 

increased mechanical robustness. In addition to woven SF constructs, SF hydrogel 

formulations produced by ultrasonication or vortexing [89] have shown utility as injectable 

bulking agents [90] and therefore may have the potential to reinforce the bladder neck and 

serve as a therapy for SUI.
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Conclusion

SF biomaterials represent emerging medical device technologies for urinary tract 

reconstruction. The ability of SF polymers to be fabricated into a multitude of biocompatible 

graft designs with tunable structural, mechanical, and degradative properties has led to the 

development of scaffold configurations capable of supporting functional urologic tissue 

formation in a variety of bladder and urethral defect models (Figure 1). In vivo analyses 

have shown that SF matrices offer a number of advantages over conventional decellularized 

tissue constructs and synthetic biomaterials including reduced immunogenicity and 

enhanced functional performance. Further preclinical studies focusing on long-term 

evaluations in urologic disease settings will be necessary to determine their suitability for 

human clinical trials.
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Figure 1. 
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