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Abstract

This study addresses a crucial gap in the literature by characterising the relationship between 

urethral tissue mechanics, composition and gross structure. We then utilise these data to develop a 
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biomimetic urethral scaffold with physical properties that more accurately mimic the native tissue 

than existing gold standard scaffolds; small intestinal submucosa (SIS) and urinary bladder matrix 

(UBM).

Nine human urethra samples were mechanically characterised using pressure-diameter and 

uniaxial extension testing. The composition and gross structure of the tissue was determined using 

immunohistological staining. A pressure stiffening response is observed during the application of 

intraluminal pressure. The elastic and viscous tissue responses to extension are free of regional or 

directional variance. The elastin and collagen content of the tissue correlates significantly with 

tissue mechanics.

Building on these data, a biomimetic urethral scaffold was fabricated from collagen and elastin in 

a ratio that mimics the composition of the native tissue. The resultant scaffold is comprised of a 

dense inner layer and a porous outer layer that structurally mimic the submucosa and corpus 

spongiosum layers of the native tissue, respectively. The porous outer layer facilitated more 

uniform cell infiltration relative to SIS and UBM when implanted subcutaneously (p < 0.05). The 

mechanical properties of the biomimetic scaffold better mimic the native tissue compared to SIS 

and UBM.

The tissue characterisation data presented herein paves the way for the development of biomimetic 

urethral grafts, and the novel scaffold we develop demonstrates positive findings that warrant 

further in vivo evaluation.
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1 Introduction

The human urethra is a complex tubular organ that allows urine to drain from the urinary 

bladder. It is comprised of smooth and striated muscle that is contained within a connective 

tissue matrix composed primarily of collagen and elastin 1. The muscle component functions 

as a sphincter by producing closure pressure to maintain urinary continence, and the 

extracellular connective tissue matrix plays a passive role in preventing the urethra from over 

distending during increases in intraluminal urethral pressure and distension 2.

Urethral trauma is a frequent and costly event that can be caused by injury, inflammation, 

ischaemic stricture, congenital defect or malignancy 3. The most recent estimates place the 

cost of managing urethral trauma at almost $200M 4 per annum in the US, with the annual 

cost of urethral repair alone at over $10M 5,6. Urethral trauma is often repaired using a flap 

or vascularised graft. However, autologous grafts are difficult to harvest, have limited 

availability, increase procedural costs and are associated with donor site morbidity 5,7. 

Tissue engineered urethral scaffolds are not subject to such limitations and present as a 

viable treatment option in certain clinical cases. However, despite numerous preclinical and 

clinical trials 8, urethral scaffolds made of the ‘gold standard’ tissue engineered materials; 

small intestinal submucosa (SIS) or urinary bladder matrix (UBM), frequently fail in cases 
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of long strictures (i.e. >2 cm), tubular grafting, grafting in unhealthy residual urethral beds 

or grafting of penile strictures 9.

The poor clinical outcomes associated with SIS and UBM in certain clinical indications can 

be linked to the disparity that exists between the scaffold material and the native tissue. SIS 

and UBM are fabricated from densely packed laminates of decellularised tissue and 

therefore do not mimic the composition, structure or mechanical properties of the native 

tissue. Developing a urethral scaffold that is more mimetic of the native tissue would enable 

improved physiological function, provide more appropriate biomechanical cues to 

endogenous cells, and allow for improved integration of the scaffold by the native host 

tissue, thereby improving clinical outcomes 10,11.

Data characterising the relationship between the mechanics, composition and structure of 

human urethral tissue is therefore paramount to providing an accurate baseline for 

biomimetic tissue engineered urethral scaffolds. However, such data has not yet been made 

available to the scientific community. Therefore, a crucial gap in the current literature exists 

that restricts the development of biomimetic tissue engineered scaffolds for urethral grafting.

For the first time, this study comprehensively characterises the baseline mechanical 

properties of human male anterior urethral tissue and relates these properties to the 

composition and gross morphology of the tissue. Our results reveal that urethral tissue 

exhibits viscoelastic mechanical properties, with no directional or regional variance, that 

correlate with elastin and collagen content. These novel data are used to inform the design of 

the first biomimetic tissue engineered urethral scaffold. Through a combination of in vitro 
and in vivo tests, our novel bilayered scaffold is shown to be more mimetic of the native 

urethral tissue in terms of mechanical properties, composition and gross structure compared 

to existing gold standard tissue engineered materials, and also exhibits improved cellular 

infiltration.

2 Methods

2.1 Acquisition of Donor Tissue

Following hospital ethical research committee approval, human anterior urethras were 

obtained from 9 consenting male patients undergoing male to female gender reassignment 

surgery at the University Hospital Essen, Essen, Germany. The mean age of the patients was 

40±13.13 years (Range: 18 to 58 years). Samples included the anterior portion of the urethra 

which can be further divided into the bulbar portion of the urethra at the proximal end, 

penile (pendulous) urethra and the urethra bearing potion of the glans at the distal end. The 

corpus spongiosum, a mass of spongy tissue that surrounds the anterior urethra, was 

included with the samples. The urethra bearing potion of the glans was removed prior to 

testing to facilitate for mounting of the samples in the pressure-diameter testing apparatus.

Samples were stored at −20°C within 2 h of excision. This method of storage was employed 

as it has been previously demonstrated to have no significant effects on biological soft tissue 

mechanical properties once the tissue is unfrozen 12,13. Prior to testing, samples were 

defrosted overnight at 4°C and subsequently immersed in deionised distilled water (ddH2O) 
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at 37°C to equilibrate the tissue back to physiological temperature. Samples were maintained 

at their in vivo length by tethering the urethra to a urinary catheter during surgical excision. 

Prior to mechanical testing, the in vivo length and external diameter of samples were 

measured using Vernier callipers. Measurements were confirmed using a non-contact 

photography method. The mean in vivo length of the samples was 147.44±13.97 mm 

(Range: 122.96 to 167.76 mm). Samples were then marked with acrylic paint at points 5 cm 

from each end. This distance was measured to allow for restoration of samples to their in 
vivo length and to ensure proper alignment of the samples in the pressure-diameter 

apparatus. Samples were then detached from the urinary catheter and allowed to retract for 3 

min prior to measuring ex vivo length. The mean ratio of in vivo length to ex vivo length 

was 1.29±0.12 (Range: 1.11 to 1.46).

2.2 Pressure-Diameter Testing

Samples were mounted in a pressure-diameter testing apparatus similar to that previously 

reported 14,15 and shown in Figure 1A. Physiological humidity and temperature were 

achieved during testing by submersing the samples in a ddH2O bath maintained at 37°C. The 

elastic response of the samples was characterised by subjecting the samples to dynamic 

Intraluminal pressure using a 100 mL syringe (BD, USA) and a syringe pump (Pump 

Systems Inc., USA, Model: NE-1000). The viscoelastic response of the samples was 

characterised by subjecting the samples to a static pressure head of adjustable height. The 

resulting pressure was monitored using a calibrated 1 bar pressure transducer 

(Sensortecknic, USA). The corresponding change in sample diameter was monitored using a 

video extensometer (Messphysik, Austria), Figure 1A.

Each end of the sample was mounted on stainless steel tubular mounts (outer diameter = 6.5 

mm, inner diameter = 5 mm) lined with 60 grit sandpaper and secured with wire hose clips 

of internal diameter ranging from 9 to 13 mm. Samples were then aligned and restored to 

their in vivo length. The system was purged of air via a release valve located distally to the 

distal sample mount. The external diameter of the sample was measured with Vernier 

callipers and a non-contact photography method. This was used as the reference diameter for 

the video extensometer. Samples were inspected for leaks prior to completely filling the 

ddH2O bath.

Samples were preconditioned by applying 9 cycles of intraluminal pressure that each ranged 

from 0 to 10 kPa at an infusion rate of 50 mL/min. A strain-softening effect was observed 

during the application of repeat intraluminal loading to 10 kPa, Supplementary Figure S1. 

Samples were characterised dynamically by performing a further inflation cycle to 10 kPa 

immediately after preconditioning to examine the elastic response of the tissue to 

intraluminal pressure. The samples were then inflated to 10 kPa of static intraluminal 

pressure in increments of 1 kPa using an appropriate pressure head. The pressure was 

maintained for 300 seconds at each increment to examine the creep of the samples and 

characterise their viscoelastic behaviour. The upper pressure limit of 10 kPa was chosen to 

mimic the upper limit of intra-urethral pressure during micturition 16 and also to avoid 

trauma to the urethral structure during testing as porcine urethras have previously been 

shown to rupture at intraluminal pressures exceeding 50 kPa 17.

Cunnane et al. Page 4

Biomaterials. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The resulting pressure-diameter data were used to compute tissue compliance over linear 

portions of the curve. The following pressure ranges were characterised: 0 to 3 kPa (low), 3 

to 5 kPa (middle), and 6 to 10 kPa (high). Multiple ranges were taken to characterise the 

linear portions of the nonlinear pressure-diameter curve. Compliance is calculated as:

C =
Dmax − Dmin

Dmin
× Pmax − Pmin

−1

where Dmax and Dmin are the sample diameter at the maximum pressure, Pmax, and 

minimum pressure, Pmin, within the relevant pressure range.

Beta stiffness, a dimensionless parameter that describes the full range of the nonlinear 

pressure-diameter response, was also calculated as:

β =
ln P

PS
D

DS
− 1

where Ps and Ds are the standard pressure and corresponding standard diameter, respectively. 

Ps and Ds were taken at 5 kPa, as this is the midpoint of the investigated pressure range.

The incremental elastic modulus, Einc, characterises tissue stiffness by accounting for the 

changes in tubular geometry induced by incremental increases in pressure. It provides a 

modulus that represents both the radial and circumferential directions at a given increment. 

It is defined as:

Einc =
ΔPI
ΔRo

2Ri2Ro
Ro2 − Ri2

+
2PIRo2

Ro2 − Ri2

where Ri, Ro and PI are the inner and outer radius and the total pressure at the beginning of 

each increment (1 kPa), respectively.

To determine the thickness of each sample, a central tubular section was removed for 

histological analysis. The thickness was measured from the resulting stained images at 0, 90, 

180 and 270° to a reference axis originating from the lumen centre, using ImageJ 18, and an 

average value was calculated to represent sample thickness. This method accounts for the 

eccentricity of the sample lumens. The mean thickness value recorded using this method was 

3.41±0.59 mm (Range=2.65 to 4.44 mm).

It is assumed that the tissue is incompressible and that length changes do not occur during 

testing. Therefore, it can be assumed that the cross-sectional area does not change, 

regardless of increases in intraluminal pressures. The following relationship can therefore be 

employed:
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π Ro2 − Ri2 Px = π Ro2 − Ri2 Po

where, Ro
2 − Ri

2
Px refers to the outer and inner radii at any applied pressure (Px), and 

Ro
2 − Ri

2
Po refers to the outer and inner radii measured at 0 kPa (Po).

Therefore, the following equation can be used to calculate Ripx:

RiPx = RoPx
2 − RoPo

2 + RiPo
2

2.3 Extension Testing

Samples were sectioned longitudinally into 20 mm wide rings that represent the distal and 

proximal regions of the penile and bulbar urethra, Figure 2A. This resulted in 3 to 4 rings 

per urethra (n = 31 total). The rings were incised longitudinally and the thickness of each flat 

section was measured using Vernier callipers and a noncontact photography method. The 

average number of individual thickness measurements for each section was 8.2 (Range: 6 to 

9) and the mean recorded value was 4.44±0.64 mm (Range: 3.1 to 5.67 mm). Sections were 

mechanically characterised sequentially under circumferential and then longitudinal 

extension in a ddH2O bath maintained at 37°C using a dedicated device designed for the 

extension of biological soft tissues (CellScale, Canada). This allowed for the regional and 

directional mechanical properties of the urethral tissue to be determined. As the gauge 

length did not exceed 5 mm in any section (Circumferential: Mean = 4.52±0.42 mm, 

Longitudinal: Mean = 4.31±0.42 mm, Range: 4 to 5), the sections are considered to be in 

planar tension as the width to length ratio is greater than 4:1 19. Planar tension testing is 

advantageous compared to pure tension testing as it provides an enlarged contact area 

between the clamps and the tissue which reduces slippage 20.

The sections were firstly orientated in the circumferential direction and the edges were 

placed in clamps that were lined with foam-backed sandpaper. A torque of 7.5 cN.m was 

applied to a single centrally positioned bolt on the tissue clamps. The clamped sections were 

allowed to equilibrate in the water bath for 3 minutes prior to testing. The elastic mechanical 

properties of the sections were characterised by stretching the tissue to a preload of 0.01 N 

and then subjecting it to 10 cycles of extension to a stretch equal to 2.5 times the sample 

gauge length at a displacement rate of 45 mm/min which equates to a rate of 15 % of the 

section gauge length per second, Figure 2B. This rate was chosen as it was shown to 

minimise viscous phenomena (i.e., reduce hysteresis) and prevent the dynamic effects that 

arise at higher rates (i.e., unloading stress exceeding corresponding loading stress) during 

preliminary testing 21,22. Ten cycles were performed to minimise the stress softening effect 

displayed by soft biological tissues 23. The fifth cycle was employed to characterise the 

elastic response of the tissue to extension, as the mechanical response curve was seen to be 

repeatable after the fourth cycle. The extension limit of 2.5 stretch was chosen as this was 

the limit of stretch prior to sample slippage during preliminary testing. The absence of 

sample slippage was confirmed by the absence of slack in the samples following testing.
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The viscous mechanical properties of the tissue were then characterised using stress 

relaxation and creep tests. Sections were extended to a stretch of 2.5 times the gauge length 

at a displacement rate of 45 mm/min and held at this stretch for 300 seconds to examine the 

stress relaxation response of the tissue. Sections were then unloaded and permitted to 

recover for 30 seconds before being extended to a load of 0.4 N and held at this load for 300 

seconds to examine the creep behaviour of the tissue, Figure 2B. Sections were then 

reoriented and both the elastic and viscous testing was repeated in the longitudinal direction. 

Stress relaxation data was analysed using the following model 23:

σ t = 1 − γ1 − γ2 + γ1exp −t
τ1

+ γ2exp −t
τ2

Creep data was analysed using Burger’s four-parameter constitutive model 24:

ε t =
σ0
R1

+
σ0
η1

t +
σ0
R2

1 − exp
−R2t

η2

2.4 Histological and Immunohistochemical Examination

Masson’s trichrome and Verhoeff-Van Gieson stains were employed to histologically 

examine the collagen and elastin content of the urethral tissue matrix following mechanical 

characterisation. Small ring segments (approx. 5 mm) were cut from the middle region of the 

tubular urethras prior to sectioning for extension testing and fixed in their traction-free state 

in 10% formalin, embedded in paraffin, and then sliced into 10 μm thick segments. 

Immunohistochemical staining of muscle actin was also used to identify the smooth and 

striated muscle content of the samples. Images of the stained samples were obtained using a 

Nikon microscope (Eclipse, 90i) at 4x and 20x for gross and detailed imaging respectively. 

The composition of each sample was assessed from the histological images using a 

previously outlined protocol which employs ImageJ to convert collagen composition to the 

mean Gray value of the blue colour intensity of the Mason’s Trichrome stains with respect to 

tissue area 25. This protocol uses hue (121–179), saturation (20–255) and brightness (10–

255) to isolate collagen and is also adapted for elastin and muscle content. Both elastin and 

muscle content are identified using the YUV colour space (elastin: Y=0–120, muscle: Y=0–

145, both: U and V=0–255). Gross morphological characterisation of the sample cross 

section was also performed by examining the histological sections. Shape descriptors of the 

entire cross-section and the lumen were quantified using ImageJ. These descriptors include 

area, perimeter, maximum diameter and minimum diameter.

2.5 Scanning Electron Microscopy

An additional human urethra sample was sectioned to expose the luminal, abluminal and 

cross-section surfaces prior to examination using scanning electron microscopy (SEM). The 

samples were prepared for SEM using a previously outlined method of fixation, chemical 

dehydration and drying to maintain tissue structure 26. Briefly, the tissue sections were 

initially cleaned in fresh phosphate buffered saline and fixed in methanol (Fisher Scientific, 

Product code: 10020260) for 10 min. The fixed sections were washed in ethanol prior to 

passing through ascending increments of ethanol (99.5% (v/v)) (Fisher Scientific, Product 
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code: 10644795) and ddH2O mixtures (30% ethanol up to 100% ethanol in increments of 

30%, 50%, 70%, 80%, 90% and 95% ethanol) for ten minutes at each increment. The 

dehydrated sections were chemically dried in a hexamethyldisilazane (Sigma–Aldrich, 

Product code: 440191) and ethanol mixture (50:50) for 10 min prior to being transferred into 

100% hexamethyldisilazane for 10 min. The sections were left in a fume hood overnight 

prior to gold plating at 30 mA for 120 s using an Emitech K550 (Emitech Ltd. UK). SEM 

imaging (Hitachi SU-70 High-Technologies Europe GmbH, Germany) was performed at an 

accelerating voltage of 10 kV with a magnification of either x100 or x200.

2.6 Construction of a Novel Tissue Engineered Urethral Scaffold

Scaffolds were constructed from collagen (bovine deep flexor tendon) and elastin (bovine 

neck ligament) to assess their suitability to act as a more biomimetic urethral scaffold 

compared to existing gold standard materials. These two proteins were selected as they are 

two of the main constituents of the urethral tissue matrix, they exhibit viscoelastic 

mechanical properties, and they also provide appropriate cues to native cells 27. The tissue 

characterisation performed during this study revealed that the ratio of elastin to collagen in 

the native urethral tissue is 0.3:1 (See Section 3.3). Therefore, an elastin to collagen ratio of 

0.3:1 was used to fabricate our biomimetic scaffolds, in order to mimic the native tissue. 

Bilayered scaffolds were fabricated with an inner desiccated film layer and an outer freeze-

dried layer. The dense luminal layer is intended to prevent urine infiltration and offer a 

smooth surface for epithelialisation, while the outer porous layer is intended to facilitate 

endogenous cell infiltration upon implantation. A co-suspension of collagen and elastin was 

prepared in an acetic acid solution as per 27. Briefly, 0.5% w/v type I microfibrillar collagen 

from bovine deep flexor tendon (Integra Life Sciences, Plainsboro, NJ) and 0.15% w/v 

elastin from bovine neck ligament (Sigma-Aldrich, Germany) were added to a 0.05 M acetic 

acid solution. The suspension was added to a mixing vessel, cooled to 4°C, and blended 

using an overhead blender (Ultra Turrax T18, IKA Works Inc., Wilmington, NC) at a speed 

of 12,000 rpm to homogenise the suspension. A vacuum chamber was then used to degas the 

suspension.

Dense collagen-elastin films were produced by adding 7 mL of the suspension to a 2025 

mm2 square stainless steel mould secured to a polytetrafluoroethylene plate and leaving the 

suspension uncovered in a fume hood for 24 h. The films were rehydrated in a 0.05 M acetic 

acid solution and an additional 14 mL of the suspension was added to the mould. The 

suspension was frozen at a cooling rate of 0.9°C/minute to a final freezing temperature of 

−40°C, in order to produce a porous layer with a homogenous pore structure, and then dried 

at 0°C for 17 h using a freeze-drier system (Advantage EL, Vir-Tis Co., Gardiner NY) 28. 

The scaffolds were sterilised and crosslinked as per 29. Briefly, the films were subjected to a 

treatment of 105°C for 24 h at 0.05 bar in a vacuum oven (Vacucell 22, MMM, Germany).

2.7 Characterisation of the Novel Urethral Scaffold

The mechanical properties of the bilayered scaffold were characterised using the extension 

tests previously outlined in Section 2.3. Briefly, samples were sectioned into 15 × 15 mm 

sections. The number of individual thickness measurements for each sample was 9 and the 

mean recorded value was 3.61±0.06 mm (Range: 3.55 to 3.7 mm). Samples were 
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mechanically characterised in a single orientation (n = 3) and then separate samples were 

characterised in the opposite orientation (n = 3). The elastic and viscous mechanical 

properties of the samples were characterised in the same manner as the urethral tissue with 

the exception of extension limit which was set to 1.5 times the sample gauge length.

The burst pressure of the dense inner layer was tested to ensure that the scaffold can 

withstand the physiological pressure generated during voiding (10 kPa). Tubular samples of 

the dense inner layer were formed by wrapping the films around a 5 mm mandrel prior to 

rehydration. The films were then allowed to dry overnight and rehydrated in ddH2O prior to 

testing. Samples were mounted within a custom fabricated burst pressure apparatus and 

pressure was increased at a constant rate using a syringe pump until the sample burst. 

Pressure was recorded using a digital pressure manometer.

Suture retention force of the bilayered scaffold was quantified using the American National 

Standard Institute–Association for the Advancement of Medical Instruments (ANSI/AAMI) 

VP20 standards. Briefly, a 7–0 polypropylene (SURGIPRO II, Syneture) was placed through 

the scaffold ~2 mm from the scaffold edge. The ends of the suture were secured in the upper 

pneumatic clamp of a tensile testing device (Instron model 5543A) using labelling tape 

(Fisher Scientific) and the scaffold was secured in the lower clamp. A pre-load of 0.01 N 

was applied and load-displacement curves were recorded at a displacement rate of 2 

mm/min until failure. Maximum load prior to suture pull-out is reported as suture retention 

force.

The upper, lower and cross sectional aspects of the bilayered scaffold were characterised 

using SEM as outlined previously in Section 2.5. Briefly, samples were gold plated and 

imaged at an accelerating voltage of 10 kV with a magnification of either x100 or x200. 

Mean pore size of the bilayered scaffold was calculated from the upper and cross-section 

micrographs as the mean maximum diameter of 50 pores. In all cases, the results obtained 

from scaffold characterisation were compared to the native tissue and also to commercially 

available small Intestinal submucosa (SIS; Cook, Indiana) and urinary bladder matrix 

(UBM; Acell, Indiana) as these are the current gold standard tissue engineered materials for 

urethral repair applications (as reviewed in 9). Commercially available materials were tested 

in an identical manner to the bilayered scaffold material.

2.8 In vivo Assessment of Cell Infiltration in the Urethral Scaffold

Urethral scaffolds were implanted subcutaneously in a murine model to examine the cellular 

infiltration into each scaffold after 1 week. A 1 week time point was chosen as it has been 

previous shown to coincide with peak macrophage infiltration within tissue engineered 

grafts 30. Animal procedures were performed using a protocol approved by the University of 

Pittsburgh Institutional Animal Care and Use Committee. Details of how the in vivo studies 

adhered to the ARRIVE guidelines are outlined in the Supplementary Information. Scaffolds 

were surgically implanted as subcutaneous implants in Lewis rats (n = 5). Briefly, 4–6 

month old rats, weighing between 200 to 300 grams, were anesthetized using ketamine (30 

mg/kg) and kept under sedation for the duration of the surgery using nose cone 

administration of isoflurane (1.5 L/min in oxygen). The dorsal skin was shaved and three 

separate incisions measuring approximately 2 cm were made at equidistance in the dorsal 
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skin. A collagen-elastin, SIS or UBM scaffold (10 mm diameter) was then placed in the 

incision. The dorsal skin was closed with 3–0 polyglactin sutures (McKesson, Richmond, 

Va). Buprenorphine hydrochloride (500 μl per rat) was administered postoperatively every 

12 h for the first 72 h.

After 1 week, rats were euthanized using isoflurane and a single intracardiac injection of 10 

units/kg rat of heparin/KCl. The graft and adjacent tissue were excised using a 14 mm 

biopsy punch. The explant was placed in a 4% paraformaldehyde solution (Sigma-Aldrich, 

#158127), paraffin embedded and sectioned for histological analysis. Sections were stained 

for the presence of macrophages using a primary antibody for CD68 (BioRad, MCA341GA) 

and a Cy5 secondary. Sections were then counter stained with DAPI and mounted prior to 

imaging with a fluorescent microscope (Nikon Digital Eclipse 90i).

2.9 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego, 

CA, USA). The normality of all variables was examined using Shapiro-Wilk tests. 

Significant differences were identified between groups of continuous variables using 

Student’s t-test for normally distributed data and exact 2-tailed Mann-Whitney U tests for 

non-normally distributed data. Correlations between variables were assessed using 2-tailed 

parametric bivariate analysis. Regression analysis was performed to examine the relationship 

between continuous variables. A p-value of less than 0.05 is considered statistically 

significant.

3 Results

3.1 Pressure-Diameter Testing of Urethra Samples

Pressure-diameter testing of the urethra samples was performed to characterise the baseline 

mechanical properties of the tissue. Figure 1 shows the mechanical results obtained from 

static and dynamic pressure-diameter testing of intact human male urethras (n = 9). The 

results reveal a nonlinear response typical of biological tissue whereby the urethral tissue 

becomes stiffer at higher intraluminal pressures during both static and dynamic loading in all 

samples, Figures 1B and C. The stiffening effect is further evidenced by the increasing 

incremental modulus exhibited by each sample during both static and dynamic loading, 

Figures 1D and E. The pronounced viscoelastic behaviour of the tissue is evidenced in 

Figure 1F by the increases in stretch observed at each pressure increment when comparing 

static loading to dynamic loading (p < 0.05). However, a similar increase in incremental 

modulus is not observed at each pressure increment when comparing static and dynamic 

loading (p > 0.05), Figure 1G. Table 1 displays the mean Beta stiffness, compliance and 

incremental modulus of the samples under static and dynamic loading. The reduction in 

compliance across all pressure ranges (p < 0.05) and the increase in Beta stiffness during 

dynamic loading compared to static loading (p < 0.05) further demonstrates the pronounced 

viscoelastic behaviour of the tissue.
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3.2 Extension Testing of Urethra Sections

Extension testing of urethra sections was performed to examine the directional and regional 

variance of the tissue mechanical response. Figure 2 shows the mechanical results obtained 

from uniaxial extension testing (n = 31). Figure 2C shows the patient averaged responses of 

the urethral tissue to planar tension testing in the circumferential and longitudinal direction. 

Differences between the directional responses are not observed at any stress level for the 

patient averaged mechanical responses (p > 0.05), Figure 2C. Furthermore, differences 

between directional responses to extension are not observed at any stress level for the region 

averaged mechanical responses (p > 0.05), Supplementary Figure S2. Differences between 

regional responses to extension are not observed during circumferential or longitudinal 

extension (p > 0.05), Figures 2D and E. A comparison of the circumferential stress 

calculated in the samples during the application of intraluminal pressure and the 

circumferential extension test results is included in the Supplementary Information.

Figure 2G–I display the stress relaxation of the samples in response to sustained extension, 

while Table 2 displays the parameters that define this response. Figure 2J–L defines the 

creep of the samples in response to sustained force, while Table 3 display the parameters that 

define this response. Differences are not observed in terms of the relaxation or creep 

parameters that define the response to sustained extension or stress in the circumferential or 

longitudinal direction (p > 0.05). Similarly, differences are not observed between the regions 

in terms of the relaxation or creep parameters for circumferential or longitudinal loading (p 

> 0.05).

3.3 Assessment of Urethral Tissue Composition

Histological staining of the urethra samples was performed to characterise the composition 

and morphology of the tissue, and to relate these parameters to the mechanical behaviour of 

the samples. Figure 3A shows histological images of elastin, muscle and collagen 

distribution in each sample. Figures 3B to D show selected stained samples under increased 

magnification. The images illustrate the inner non-porous submucosa layer adjacent to the 

lumen and the outer porous corpus spongiosum. Figures 3E to G illustrate the location and 

morphology of the structural proteins and cells. Elastin is located mainly in the submucosal 

and inner muscular layers, and displays a wavy fibrous conformation. Striated muscle fibres 

are constrained to the outer adventitial layer with smooth muscle cells located throughout 

the inner muscular layer. Collagen fibres are located throughout the structure with coiled, 

wavy collagen fibres located in organised bundles in the outer adventitial layer. Table 4 

demonstrates the area and percentage area that the components occupy in each sample. On 

average, collagen occupies 59.02±7.21%, elastin occupies 17.05±5.21% and muscle 

occupies 23.93±5.2% of the urethra cross-section. The ratio of elastin to collagen content 

(0.3±0.11) is also included in Table 4 as it was subsequently utilised in the fabrication of a 

novel biomimetic urethral scaffold. The colour intensity per tissue area is employed to 

examine the relationship between composition and tissue mechanics as previously outlined 

for tissue extracellular matrix characterisation 25.

Figures 3H to K show linear regression of the significant relationships identified between 

tissue composition and tissue mechanics as characterised by the application of static 
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intraluminal pressure. Positive relationships exist between elastin content and compliance in 

the low pressure range (p < 0.05), and between collagen content and Beta stiffness (p < 0.05) 

and incremental modulus in the mid (p < 0.05) and high (p < 0.05) pressure ranges. A 

significant relationship is not present between tissue mechanics and muscle content. This 

could be attributed to the absence of muscle activators in the ddH2O bath 14,15. However, 

axial pre-stretch of the samples prior to de-tethering demonstrates positive relationships with 

elastin (p < 0.05) and muscle content (p < 0.005). Furthermore, axial pre-stretch displays a 

negative relationship with age (p < 0.05). Pearson’s correlation coefficients relating tissue 

composition and mechanics are included in Supplementary Table S1.

3.4 Assessment of Urethral Tissue Gross Morphology

Figure 4 shows linear regression of the relationships identified between urethra cross-section 

or lumen shape descriptors and tissue mechanics as characterised by the application of static 

intraluminal pressure. Maximum sample diameter correlates with Beta Stiffness (p < 0.05), 

compliance in the high pressure range (p < 0.05), overall incremental modulus (p < 0.05) 

and incremental modulus in the mid (p < 0.05) and high (p < 0.01) pressure ranges. 

Furthermore, maximum sample diameter also correlates with collagen content (p < 0.05). 

The perimeter of the lumen correlates with Beta stiffness (p < 0.05), overall incremental 

modulus (p < 0.05) and compliance/incremental modulus in the mid (p < 0.05) and high (p < 

0.05) pressure ranges. Supplementary Table S2 and S3 show the Pearson’s correlation 

coefficients relating overall and lumen shape descriptors with tissue mechanics and collagen 

content. Supplementary Table S4 shows the overall and lumen geometrical dimensions of 

the human urethral samples characterised in this study.

3.5 Tissue Engineered Urethral Scaffold Characterisation

The mechanical properties and structure of the bilayered scaffold were characterised and 

compared to the native tissue and gold standard tissue engineering scaffolds; SIS and UBM. 

Figure 5 shows the results of mechanically and structurally characterising the native tissue 

and tissue engineered scaffolds. The mechanical properties of the tissue engineered materials 

and the native tissue are compared by calculating the modulus of each material in both the 

low and high stretch regions to account for the nonlinear mechanical response of the 

materials to extension as outlined previously 31. The SIS and UBM exhibit moduli 284.11 

and 783.1 times higher than the native tissue in the low stretch region (p ≤ 0.0001), 

respectively, Figure 5B. Furthermore, the SIS and UBM exhibit moduli 413.6 and 585.2 

times higher than the native tissue stiffness in the high stretch region (p < 0.0001), Figure 

5C. However, the bilayered scaffold exhibits a modulus only 11.79 times higher than the 

native tissue in the low stretch region (p > 0.05) and 3.98 times higher in the high stretch 

region (p > 0.05), Figure 5B and C. All constructs exhibit similar creep behaviour, which is 

reduced compared to the native tissue Figure 5. However, the bilayered scaffold exhibits 

increased stress relaxation compared to the native tissue, SIS and UBM, Figure 5E.

Figure 5F shows the upper, lower and cross-sectional faces of the native tissue and tissue 

engineered scaffolds. The abluminal surface of the native tissue appears porous while the 

luminal surface appears as a non-porous barrier. The cross-section appears populated with 

collapsed pores that likely resembled the porous corpus spongiosum visible in histological 
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sections (see Figure 3B to D), prior to deformation of the structure due to tissue preparation 

for SEM. The structure of the bilayered scaffold is porous on the upper face and cross-

section, while the SIS and UBM are formed from dense laminated sheets that do not exhibit 

a porous structure on either the upper face or cross-section. The lower face of all three 

scaffolds appears as a non-porous barrier, Figure 5F. The mean pore size of the bilayered 

scaffold is 95.28±21.25 μm and 147.02±39.75 μm on the upper face and cross-section, 

respectively. No pores were visible on the lower face. The burst strength of the tubular inner 

layer of the bilayered scaffold was 40.11±5.93 kPa, a value that is 4 times higher than the 

maximum recorded value for intra-urethral pressure during voiding 16. The suture retention 

force of the bilayered scaffold was 602.41±71.27 mN, a value previously shown to be 

sufficient for anchorage of tissue engineered scaffolds to tubular soft tissues 32.

3.6 In vivo Assessment of Cellular Infiltration in the Urethral Scaffolds

Urethral scaffolds were implanted subcutaneously in a murine model to examine the cellular 

infiltration that occurs in each scaffold after 1 week. Figure 6 displays qualitative and 

quantitative analysis of the explanted urethral scaffolds. Figure 6B to D shows 

immunofluorescent staining of the explanted scaffolds. Figure 6E reveals that the bilayered 

scaffold facilitates increased cell infiltration relative to controls (p < 0.05). However, cellular 

density of the bilayered scaffold is not increased (p > 0.05), Figure 6F. There is no difference 

in the fraction of CD68 positive cells that the 3 scaffold types attract (p > 0.05), Figure 6G. 

It can be observed that cellular infiltration of the SIS and UBM scaffolds is largely restricted 

to the lateral edges of the scaffolds, Figure 6B to C. This contrasts with the cellular 

infiltration observed in the bilayered scaffold whereby cells are not restricted to the lateral 

edges but are also able to penetrate the upper face of the scaffold resulting in more complete 

and even cell infiltration, Figure 6B. This point is highlighted by examining an area of 

interest that is 0.1 mm2 at a depth of 100 μm from the upper face (inset boxes in Figures 6B 

to D). Figure 6H demonstrates that there is dramatically increased cellular infiltration within 

this area of interest in the bilayered scaffold compared to SIS and UBM (p < 0.05). 

However, the number of cells that infiltrate the bilayered scaffold is significantly reduced at 

increasing penetration depths (200 and 300 μm) relative to the upper face, Supplementary 

Figure S4.

4 Discussion

This study addresses a crucial gap in the literature, that previously restricted the 

development of biomimetic urethral scaffolds, by comprehensively investigating the 

relationship between urethral tissue mechanics, composition and gross structure. We then 

utilised these data to develop the first biomimetic urethral scaffold and demonstrate that it’s 

physical properties more accurately mimic the native tissue than the existing gold standard 

tissue engineered options; SIS and UBM. Urethral tissue exhibited a viscoelastic, pressure 

stiffening response, during the application of intraluminal pressure (Figure 1). Furthermore, 

both the elastic and viscous responses of the tissue to extension are free of regional or 

directional variance (Figure 2). The mechanics of the tissue are shown to correlate with 

composition, whereby elastin and collagen content correlate with mechanical properties in 

the low and mid/high pressure ranges, respectively (Figure 3). These data were used to 
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inform the design of a novel bilayered scaffold which is shown to be more mimetic of 

human urethral tissue in terms of mechanical properties, composition and gross structure 

compared to the currently employed tissue engineered gold standards (Figure 5). 

Furthermore, our biomimetic scaffold demonstrates more uniform cell infiltration compared 

to SIS and UBM when implanted subcutaneously in a rat model for 1 week (Figure 6).

We perform the first study to comprehensively characterise the physical properties of human 

urethral tissue. However, the mechanical behaviour characterised in this study has been 

observed previously in both murine and equine models. Specifically, the mechanical 

response of murine and equine urethral tissue is viscoelastic and free from regional or 

directional variance 2,21. The extension response of formalin-fixed cadaveric urethral tissue 

previously demonstrated some apparent anisotropy in a limited number of samples 33. 

However, formalin fixation dramatically alters the stiffness 13,34–37, failure 34 and 

directionality 35 of soft tissues, and data derived from such tissue should be regarded with 

caution. The direct relationship observed between tissue mechanics and composition has not 

been previously characterised in the urethra. Our data reveal that the relationship is typical 

of other tubular soft biological tissues such as arteries whereby elastin and collagen are the 

primary load bearing structures in the low and high pressure ranges, respectively 23. 

Although in vivo studies of urethral tissue biomechanics would act as the most appropriate 

comparison to confirm the ex vivo data generated as part of this study, in vivo studies to date 

do not provide appropriate comparisons having focused on the female urethra 22,38 or the 

male prostatic urethra 39,40. Our results also demonstrate that the mechanical properties of 

SIS and UBM vary greatly from the native tissue, a finding that is supported by previous 

reports of SIS and UBM mechanical properties (see Supplementary Table S5). Furthermore, 

structural characterisation of SIS and UBM confirms that their densely packed laminates are 

not analogous to the structure of the native tissue and may restrict cellular infiltration, a 

claim that our in vivo data support. Our findings highlight the need for a tissue engineered 

scaffold that is biomimetic of the native urethral tissue, such as is developed in this study.

Numerous clinical and preclinical studies have investigated acellular collagen based 

scaffolds for use in urethral tissue engineering 8. However, studies of elastin based scaffolds 

for such indications are limited. Xie et al demonstrated that collagen urethral grafts better 

maintain diameter, while elastin urethral grafts reduce inflammation and fibrosis, therefore 

suggesting that a scaffold fabricated from both materials would act as an appropriate urethral 

graft 41. Bilayered scaffolds with impermeable inner layers and porous outer layers have 

been employed previously in preclinical studies of urethral grafting 42,43. However, previous 

bilayered scaffolds were fabricated from silk fibroin and exhibited mechanical properties 

equivalent to SIS 44, therefore not replicating the composition or mechanics of the native 

tissue. The increased cell infiltration observed through the upper face of the bilayered 

scaffold relative to controls is anticipated to assist in overcoming the poor outcomes 

observed in long and tubular urethral grafting indications, which have been attributed to the 

increased endogenous cell infiltration and tissue ingrowth required to bridge the scaffold 9. 

Although pre-seeding scaffolds with cells can also improve tissue ingrowth 45–47, the cost of 

producing such grafts is estimated to be 6 times that of acellular scaffolds with 2–4 weeks of 

preparation required 48, thereby supporting the need for an effective acellular urethral 

scaffold.
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There are some limitations to this study. Firstly, our samples were obtained from transgender 

patients who received long term oestrogen hormone treatment prior to surgery. However, 

there is no evidence to suggest that hormone therapy alters the structure or mechanics of the 

urethra or surrounding tissues. Additionally, oestrogen is present in the penises of men not 

engaged in hormone therapy and is believed to play a role in blood vessel regulation 49. 

Therefore, the effects of hormone treatment on sample mechanics and composition in this 

study were not considered. Secondly, samples were frozen at −20°C prior to testing to 

facilitate transport of the tissue. Although freezing at this temperature has no significant 

effects on soft tissue mechanics 12,13, freezing without cryoprotective additives can damage 

cells and may therefore have altered the concentration of smooth and striated muscle cells 

detected in this study 50. Future studies wishing to characterise the mechanical properties of 

human urethral tissue under active smooth muscle contraction should test samples fresh 

following excision and also include smooth muscle cell activators that trigger a contractile 

response of the cells 14,15. Thirdly, work remains to fully characterise the 3D distribution of 

tissue components, the tissue micro-architecture, and the presentation of tissue-specific 

bioactive molecules. Such features play an important role in the engraftment and survival of 

the endogenous cells that infiltrate a urethral scaffold through the presentation of appropriate 

binding sites and geometrical constraints 51,52. Future tissue characterisation is therefore 

required to more comprehensively inform the design of urethral tissue-mimetic scaffolds.

The findings of this study provide the most appropriate data to date for informing the design 

of urethral grafting material and therefore have considerable implications for the design of 

tissue engineered urethral scaffolds. Specifically, future urethral scaffolds should be 

isotropic and can be used to replace both bulbar and penile urethral defects. Furthermore, the 

correlation between tissue composition and mechanics highlights the important role that 

structural proteins can play in the design of tissue engineered urethral scaffolds. The positive 

preliminary findings observed for our biomimetic urethral scaffold warrant additional in vivo 
studies. It is intended to implant this novel scaffold in a rabbit model with an induced 

stricture 8 for up to 6 months in order to further assess the clinical potential of this promising 

treatment option. The long term remodelling will be assessed via mechanical 

characterisation of the explanted graft in addition to staining for smooth muscle cell 

infiltration, ECM deposition and neo-tissue vascularisation.

5 Conclusion

This study is the first to comprehensively characterise the passive mechanical properties of 

explanted human male urethra tissue. We then utilised these data to develop a biomimetic 

urethral scaffold. Urethral tissue exhibits a nonlinear pressure stiffening response that is 

distinct during static and dynamic loading. Furthermore, both the elastic and viscous 

responses of the tissue to extension are free from directional and regional variance. Elastin 

and collagen significantly influence tissue mechanics whereby elastin content correlates 

positively with compliance in the low pressure range and collagen content correlates 

positively with overall beta stiffness and incremental modulus in the mid and high pressure 

ranges. Our novel bilayered scaffold is more mechanically, compositionally and structurally 

mimetic of the human male urethra than existing gold-standard tissue engineered materials; 

SIS and UBM. These findings act as a proof-of-concept for a biomimetic off-the-shelf 
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urethral scaffold and warrant further in vivo assessment of the clinical potential of this 

promising treatment option.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
A) Schematic of the experimental apparatus used to perform pressure-diameter testing of the 

human urethral samples characterised in this study. Intraluminal pressure was applied as 

either a dynamic or static pressure profile. The corresponding changes in pressure and 

diameter were monitored using a pressure transducer and video extensometer respectively to 

generate diametric stretch-pressure data. B to G) Mechanical results obtained from pressure-

diameter testing of intact human male urethras (n = 9). B and C) The diametric stretch 

response of samples to static and dynamic loading, respectively. D and E) The incremental 

modulus exhibited by the samples during static and dynamic loading, respectively. F) The 

mean diametric stretch response of the samples under static and dynamic loading, and G) the 

corresponding mean incremental modulus. Error bars depict 1 standard deviation from the 

mean. * indicates significance at p < 0.05 and ** indicates significance at p < 0.01.
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Figure 2: 
A) Human urethra sample and the regions characterised. B) Method of sectioning and 

extending samples during planar tension testing and the manner of loading applied to the 

tissue. C) Direction average response of the tissue to extension in the circumferential and 

longitudinal directions. D and E) Region averaged response of the proximal bulbar, distal 

bulbar, proximal penile and distal penile tissue to planar tension testing in the 

circumferential D) and longitudinal E) directions. G) Direction average response of the 

tissue to sustained stretch in the circumferential and longitudinal directions. H and I) Region 

average response of the tissue to sustained stretch in the circumferential H) and longitudinal 

I) directions. J) Direction average response of the tissue to sustained stress in the 
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circumferential and longitudinal directions. K and L) Region average response of the tissue 

to sustained stress in the circumferential K) and longitudinal L) directions.
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Figure 3: 
A) Verhoeff-Van Gieson (VVG), smooth muscle actin (SMA) and Mason’s trichrome 

(MTC) staining of all samples characterised in this study to identify elastin (black), muscle 

(brown) and collagen (blue) content respectively. Scale bars depict 2 mm. B to D) Magnified 

elastin, muscle and collagen stains depicting the inner non-porous submucosa layer adjacent 

to the lumen and the outer porous corpus spongiosum layer of samples 1, 2 and 8. Scale bars 

depict 100 μm and * depicts the lumen. E to G) Magnified elastin, muscle and collagen 

stains from sample 7. Scale bars depict 100 μm H) Significant positive relationship between 

elastin content and compliance in the low pressure range. I to K) Significant positive 

relationships between collagen content and Beta stiffness and incremental modulus in the 

mid and high pressure regions.
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Figure 4: 
A) Cross sectional profile of urethra samples characterised in this study. Scale bar depicts 2 

mm. B to G) Significant relationships identified between max diameter and (B) Beta 

stiffness, (C) compliance in the high pressure range, (D) overall incremental modulus, 

incremental modulus in the (E) mid and (F) high pressure ranges and (G) collagen content. 

H) Lumen profile of urethra samples characterised in this study. Scale bar depicts 1 mm. I to 
N) Significant relationships identified between perimeter and (I) Beta stiffness, compliance 

in the (J) mid and (K) high pressure ranges, (L) overall incremental modulus and 

incremental modulus in the (M) mid and (N) high pressure regions.
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Figure 5: 
A) Method of fabricating and characterising the collagen-elastin bilayered scaffolds, UBM 

and SIS. B) The modulus of each tissue engineered material in the low stretch region 

compared to the native urethral tissue. C) The modulus of each tissue engineered material in 

the high stretch region compared to the native urethral tissue. D) Creep behaviour of each 

tissue engineered material compared to the native urethral tissue. E) Stress relaxation 

behaviour of each tissue engineered material compared to the native urethral tissue. F) 
Micrographs of the upper face, lower face and cross-section of the native urethra and each 
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tissue engineered material. Scale bars depict 100 μm. Error bars depict 1 standard deviation 

from the mean. **** indicates significance at p ≤ 0.0001.
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Figure 6: 
A Method of implanting the bilayered scaffold and analysing the explanted tissue. B to D) 
Representative immunofluorescecnt images of the explanted scaffolds. Blue indicates 

positive DAPI staining and magenta indicates positive CD68 staining. B) Explanted 

bilayered scaffold C) Explanted SIS scaffold. D) Explanted UBM scaffold. E) The number 

of cells that infiltrated each scaffold type following subcutaneous implantation in a rat 

model. F) The cellular density of each scaffold type. G) The ratio of CD68+ cells to the total 

number of cells present in the explants. H) The number of cells that infiltrate a 0.1mm2 area 

of interest at a distance of 100 μm from the scaffolds upper face (depicted by the inset 

dashed line boxes in B to D). Error bars depict 1 standard deviation from the mean. Scale 

bars depict 100 μm. * indicates significance at p < 0.05.

Cunnane et al. Page 27

Biomaterials. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cunnane et al. Page 28

Table 1:

Beta stiffness, compliance and incremental modulus of the samples under static and dynamic loading. P values 

refer to the statistical significance of differences observed between the samples during the static and dynamic 

loading.

Compliance (kPa−1) Incremental Modulus (kPa)

Stiffness (−) Low Mid High Overall Low Mid High

Static 11.262 
(5.734) 0.093 (0.02) 0.03 (0.012) 0.014 

(0.006)
103.085 
(79.514) 5.884 (3.716) 59.899 

(48.757)
166.123 

(146.566)

Dynamic 20.204 
(10.341) 0.06 (0.023) 0.0175 

(0.011)
0.008 

(0.005)
157.878 
(87.641)

16.252 
(11.817)

95.626 
(58.272)

264.718 
(155.763)

P value 0.031* 0.006** 0.011* 0.031* 0.094 0.04* 0.113 0.094
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Table 2:

Mean values (SD) of the parameters defining the relaxation response of the urethral tissue to sustained 

extension. Tissue was tested in both the circumferential (circ) and longitudinal (long) directions. The tissue 

was also divided into the different regions of the urethra. Significant differences were not identified between 

the responses in terms of test direction or region of the urethra.

Location Direction γ1 γ2 τ1 τ2

Overall
Circ 0.251 (0.069) 0.067 (0.033) 20.491 (6.094) 449.572 (57.139)

Long 0.201 (0.067) 0.055 (0.020) 19.625 (6.363) 475.968 (59.610)

Bulbar Proximal
Circ 0.229 (0.097) 0.057 (0.025) 20.854 (6.244) 443.906 (17.926)

Long 0.223 (0.088) 0.056 (0.029) 19.366 (8.668) 486.060 (56.345)

Bulbar Distal
Circ 0.227 (0.077) 0.076 (0.043) 17.294 (3.505) 473.346 (23.071)

Long 0.163 (0.054) 0.043 (0.001) 17.682 (6.281) 481.790 (86.613)

Penile Proximal
Circ 0.282 (0.039) 0.060 (0.025) 22.631 (5.895) 462.357 (37.485)

Long 0.199 (0.057) 0.053 (0.015) 17.862 (4.847) 459.746 (78.421)

Penile Distal
Circ 0.255 (0.052) 0.083 (0.041) 19.273 (7.121) 429.676 (101.479)

Long 0.198 (0.059) 0.061 (0.016) 22.509 (4.859) 479.509 (27.306)
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Table 3:

Mean values (SD) of the parameters defining the creep response of the urethral tissue to sustained force. 

Tissue was tested in both the circumferential (circ) and longitudinal (long) directions. The tissue was also 

divided into the regions of the urethra. Significant differences were not identified between the responses in 

terms of test direction or region of the urethra.

Location Direction R1 R2 η1 η2

Overall
Circ 3.011 (2.921) 16.481 (7.659) 182331.214 (78362.093) 194.138 (172.033)

Long 2.661 (2.103) 19.665 (11.426) 230899.313 (153152.032) 254.618 (203.740)

Bulbar Proximal
Circ 2.583 (1.256) 12.489 (6.818) 180006.404 (84459.191) 169.903 (217.637)

Long 1.752 (1.283) 19.266 (11.363) 273631.139 (247877.549) 190.602 (187.650)

Bulbar Distal
Circ 3.377 (1.649) 11.707 (4.768) 155210.870 (58735.492) 139.527 (139.973)

Long 2.198 (1.729) 17.754 (20.458) 173777.436 (63340.659) 244.175 (160.605)

Penile Proximal
Circ 2.732 (1.432) 20.746 (8.897) 172955.126 (89930.266) 203.444 (156.406)

Long 3.375 (2.924) 19.765 (10.322) 220039.735 (113887.363) 244.600 (184.001)

Penile Distal
Circ 3.561 (5.150) 16.967 (5.630) 205083.652 (73755.998) 225.353 (180.776)

Long 3.062 (1.864) 20.815 (9.668) 224414.567 (90412.799) 333.292 (255.304)
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Table 4:

Area (mm2) and percentage area (%) occupied in each sample by the tissue matrix components characterised 

in this study. Colour intensity per tissue area of the tissue matrix components characterised in this study for 

each sample.

Area (mm2) Area Percentage (%) Ratio Colour Intensity/Area (Gray value/cm2)

No. Collagen Elastin Muscle Collagen Elastin Muscle Elastin:Collagen Collagen Elastin Muscle

1 40.02 16.78 16.63 54.5 22.85 22.65 0.42 3.9 5.94 4.93

2 57.68 22.08 25.59 54.75 20.96 24.29 0.38 2.51 4.55 3.15

3 43.25 6.31 14.25 67.78 9.88 22.34 0.15 3.3 17.5 5.94

4 65.57 13.55 19.19 66.7 13.78 19.52 0.21 2.43 8.2 4.63

5 30.72 7.88 12.74 59.84 15.34 24.81 0.26 4.1 13.96 6.8

6 51.13 6.95 15.06 69.91 9.51 20.59 0.14 3.46 16.66 5.41

7 26.71 8.72 20.94 47.38 15.47 37.15 0.33 5.17 11.75 4.18

8 57.69 24.54 18.6 57.22 24.34 18.45 0.43 2.6 3.76 4.64

9 37.2 14.91 17.93 53.11 21.29 25.61 0.4 4.8 6.44 4.66

Avg 45.55 13.52 17.88 59.02 17.05 23.93 0.3 3.59 9.86 4.93

SD 12.5 6.3 3.65 7.21 5.21 5.2 0.11 0.94 4.95 0.98
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