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[bookmark: _Toc293477053]Abstract
Stress urinary incontinence (SUI) and pelvic organ prolapse (POP) are common problems that affect many women.  Approximately 1 in 10 women will require surgery to treat one or both conditions during their lifetime.  Recently, surgical repair has utilized non-degradable synthetic mesh which has led to an incidence of serious complications such as exposure in up to 15% of patients.  The main aim of this thesis was to produce a pelvic floor repair material (PFRM), composed of an electrospun synthetic polymeric scaffold seeded with autologous fibroblasts, that is robust enough for surgical handling and has adequate mechanical properties to enforce/or reinforce repair techniques used for SUI and POP at the point of implantation and beyond.  
We produced and evaluated 5 polymeric scaffolds and identified that 2, random fibre electrospun scaffolds composed of PLA and PU, most closely resembled native vaginal tissue in mechanical properties whilst having the best handling characteristics.  The response of fibroblasts on scaffolds to mechanical conditioning was then evaluated using three simple models.  Dynamic uniaxial tension (stretch) using near physiological strains led to organization of the extracellular matrix and was the most promising conditioning technique.  Future work will further assess responses of scaffolds and cell/scaffold combinations to repetitive stretch.  
The response of fibroblasts on scaffolds to a variety of bioactive factors added to the culture media was also assessed.  Dexamethasone and Ascorbic acid supplementation led to significant increases in the production of ECM proteins and mechanical properties of cell-seeded polymeric scaffolds.  In future, it may be useful to integrate these factors into polymeric scaffolds so that they are released into the wound bed with the aim of providing an ongoing stimulus for ECM production and the maintenance of the mechanical integrity of healing tissues.
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[bookmark: _Toc293477060]1.1 Stress Urinary Incontinence
[bookmark: _Toc293477061]1.1.1 Definitions
Stress urinary incontinence (SUI) is defined by the International Continence Society (ICS) as “the involuntary leakage of urine on exertion, or sneezing or coughing” [1].  It is a dysfunction of the storage phase of the micturition cycle.  If the diagnosis is made using a pressure flow study (PFS), the term urodynamic stress incontinence applies.  This is characterized by urine leakage associated with a rise in abdominal pressure, in the absence of a rise in detrusor pressure [2].  In most patients the diagnosis can be made by clinical history and examination alone.  The value of a PFS lies in the exclusion of other underlying lower urinary tract dysfunctions, in particular detrusor overactivity (DOA) [1].  DOA represents non-volitional bladder contractions during the storage phase and is associated with the symptom of urinary urgency (“sudden and compelling desire to void which is difficult to defer”) [1].  If urine leakage occurs in association with urgency, it is termed urgency urinary incontinence (UUI).  When SUI and UUI co-exist, the term mixed urinary incontinence (MUI) is used [2].
[bookmark: _Toc293477062]1.1.2 Prevalence
There is considerable variation in the reported prevalence of SUI due to the variability in definitions, survey methods and populations studied.  The 5th International Consultation on Incontinence provides one of the most exhaustive reviews of the literature.  It summarized that approximately 10% of all women suffer urine leakage at least weekly, whereas 25-45% have occasional leakage.  Isolated SUI was most common, accounting for approximately 50% of all incontinence, MUI was next most common with a reported prevalence between 7.5-25%, whilst UUI was least common affecting 1-7% of women studied [3].  
[bookmark: _Toc293477063]1.1.3 Risk Factors
Multiple risk factors for the development of SUI have been proposed.  For the majority there is a plausible pathophysiological mechanism.  It is important to note that most epidemiological studies of urinary incontinence are cross-sectional in design and cannot be used to assess the temporality of the proposed risk factor to the development of SUI.  For this purpose, longitudinal studies assessing incident urinary incontinence are more helpful but are lacking in the literature.  We focus on 5 factors that are most commonly reproduced in epidemiological studies.

1.1.3.1 Aging  
Cross-sectional studies such as the highly cited Norwegian EPINCONT (Epidemiology of Urinary Incontinence in Nord-Trøndelag) study, have demonstrated an age related increase in SUI prevalence peaking around the time of menopause (ages 40-49) at 60% of all incontinence cases (figure 1.1) [4].  Prevalence then shows a reduction into old age in most studies; by contrast MUI and UUI continue to increase [5, 6].  Although longitudinal data has often failed to demonstrate an age-related trend in incidence of urinary incontinence, several prospective cohort studies show a peak around the menopause, mainly due to SUI [7-9].  There is good evidence from several large randomized controlled trials (RCT) to implicate hormone replacement therapy as a contributor [10, 11].  Several confounding factors associated with the aging process, such as childbirth, increase in body mass index (BMI) and onset of co-morbidities, may also contribute to age related trends.
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Figure 1.1 Prevalence of SUI, UUI, and MUI by age group - pooled estimates from several epidemiological studies[4-6].  Figure redrawn with permission from Reynolds WS, Dmochowski RR, Penson DF.  Epidemiology of stress urinary incontinence in women.  Current urology reports.  2011; 12(5): 370-6

1.1.3.2 Pregnancy and Childbirth  
Pregnancy is associated with a rise in the prevalence of SUI in both nulliparous and multiparous women, from 9% to 31% and 24% to 42% respectively [12].  There is also a significant correlation between number of deliveries and risk of SUI as demonstrated in the EPINCONT study [13].  This risk is more pronounced in women in their 20’s and 30’s [13, 14] and is then attenuated by other factors with ageing.  The mode of delivery is also important, caesarian section is associated with a lower risk of SUI than vaginal delivery (Odds ratio (OR)=0.56) [15], a difference that can be observed within the first 3 months after delivery [16].  

1.1.3.3 Body mass index  
Body mass index is a major and modifiable risk factor for SUI.  Both cross-sectional and longitudinal studies show that weight gain and obesity are associated with a higher prevalence and incidence of SUI [17].  Conversely, there is good evidence from randomized trials showing that behavioral intervention for weight loss improves SUI in obese women [18].  Similarly, several case series of surgically induced weight loss have demonstrated significant improvements in, or cure of, SUI post-operatively [19, 20]

1.1.3.4 Genetics.
Familial studies have often demonstrated significant associations between the occurrence of SUI in 1st degree relatives.  The EPINCONT study found an increased risk of developing symptoms in daughters of mothers with SUI (Relative risk (RR)=1.5, confidence interval (CI) 1.3 to 1.8) and younger sisters of a sibling with SUI (RR=1.8, 1.3 to 2.3) [21].  Although such studies can be criticised, as they do not control for environmental factors that are shared, studying twins (on the assumption they share the same environment) has also shown strong evidence for genetic factors.  Heritability estimates for SUI of over 30% have been derived from several large twin registry studies [22, 23].

1.1.3.5 Race 
The strongest evidence for a racial predilection for SUI is observed in comparisons between white and black women.  White women have approximately double the risk of SUI [24, 25].  Most of this data is from North America and may not be applicable elsewhere.  
[bookmark: _Toc293477064]1.1.4 Health economics
SUI has a high economic burden.  In the U.K. cost related to investigation and management of urinary incontinence occupies approximately 0.3% of the entire national health service budget [26].  In the U.S. the annual direct cost of SUI was estimated at 13.12 billion in 1995 US dollars, more than was spent on osteoporosis or breast cancer [27].  Over two thirds of this was related to routine care encompassing primary care visits and purchasing incontinence pads, whereas treatment related cost accounted for less than 10% [27].  The total lifetime cost of treating a woman with SUI was estimated to be $58,000 US dollars, 1.8 times the medical costs of a similar woman without SUI [28].  These costs are likely to rise given that the demand for care of pelvic floor disorders is forecasted to increase substantially over the next 20 years as a result of population growth and a changing age demographic [29].
[bookmark: _Toc293477065]1.1.5 Impact on Quality of Life (QoL) and Health-related QoL (HRQoL)
It is not surprising that SUI is associated with significant bother for patients and given the considerable stigma associated with urine leakage that it is also detrimental to social and psychosocial aspects of patients’ lives.  In patients with lower urinary tract symptoms, SUI is a significant predictor of anxiety and depression [30].  However when SUI is compared to UUI and MUI, it appears to have the least impact in terms of symptom bother and HRQoL [31, 32].  This is probably explained by the effect of urinary urgency, which is a sudden and unpredictable symptom present in UUI and MUI.  By contrast the situations that lead to stress leakage can often be predicted and avoided to some degree by lifestyle adaptation (e.g. avoiding heavy lifting or jumping).  









[bookmark: _Toc293477066]1.2 Pelvic Organ Prolapse
[bookmark: _Toc293477067]1.2.1 Definition
Pelvic organ prolapse (POP) was defined anatomically, in the recent joint terminology report of the ICS and International Urogynaecology Association, as “the descent of one or more of the anterior vaginal wall, posterior vaginal wall, the uterus (cervix), or the apex of the vagina (vaginal vault or cuff scar after hysterectomy).  The presence of any such sign should be correlated with relevant POP symptoms.  More commonly, symptoms occur when the prolapse is at the level of the hymen or beyond.  POP symptoms are described as “departing from the normal sensation, structure, or function, experienced by the woman in reference to the position of her pelvic organs” [33].  Symptoms are usually worse at the times when gravity might make the POP worse (e.g. after long periods of standing) and better when gravity is not a factor (e.g. lying supine).  POP can occur in association with SUI and it may also mask underlying SUI.  In contemporary practice the site of prolapse is described in terms of the segment of the lower reproductive tract as opposed to terms such as cystocele (bladder), rectocele (rectum) and enterocele (small bowel) which infer an inappropriate certainty that these structures are involved.  Three compartments are described:  
1) Anterior vaginal wall - prolapse usually due to bladder, higher stage also usually involves uterus or vaginal vault.
2) Posterior vaginal wall - usually due to rectum, higher stage usually involves uterine or vaginal vault and less commonly small bowel.
3) Apical-Uterine - cervix or vaginal vault (after hysterectomy). 

[bookmark: _Toc293477068]1.2.2 Classification
Several classifications systems for POP were introduced over the past 50 years.  One of the most commonly used is that of Baden and Walker, known as the “halfway system”.  POP severity is graded on a four-point scale; grade 0-normal, grade 1-halfway to hymenal remnant, grade 2-to hymenal remnant, grade 3-halfway past hymenal remnant and grade 4-maximum descent.   Although this system is easy to understand and use, a need for more detailed classification existed to accurately assess outcomes of treatments.  The Pelvic Organ Prolapse Quantification system (POP-Q) is the most accurate and reproducible method of staging POP and has been recommended by most specialty societies.  The position of 6 points is measured in relation to the fixed reference point of the hymenal remnant as well as the total vaginal length (TVL) and the lengths of perineal body (PB) and the genital hiatus (GH) (figure 1.2.1).  

[image: ]Point Aa Midline of anterior vaginal wall 3 cm proximal to the external urethral meatus.  Point Ba Most distal position of any part of the upper anterior vaginal wall from the vaginal cuff or anterior vaginal fornix to Point Aa.  Point C most distal edge of the cervix or the leading edge of the vaginal cuff. Point D posterior fornix in a woman who still has a cervix-represents the level of uterosacral ligament attachment to the proximal posterior cervix.  Point Bp most distal position of any part of the upper posterior vaginal wall from the vaginal cuff or posterior vaginal fornix to Point Ap. Point A  point located in the midline of the posterior vaginal wall 3 cm proximal to the hymen.  Genital hiatus (GH) is measured from the middle of the external urethral meatus to the posterior midline hymen.  Perineal body (PB) is measured from the posterior margin of the genital hiatus to the midanal opening. Total vaginal length (TVL) is the greatest depth of vagina when Point C or D is reduced to its full normal position

Figure 1.2.1 Pelvic Organ Prolapse Quantification System (POP-Q)-points and landmarks.

Once the points of measurement are taken and recorded, a stage is then assigned according to the most severe part of the prolapse: Stage 0 - No prolapse demonstrated.  Stage I - most distal portion of the prolapse is >1 cm above the level of the hymenal remnant.  Stage II - most distal portion of the prolapse ≤1 cm proximal to or distal to the plane of the hymenal remnant.  Stage III - most distal portion of prolapse is >1 cm below hymenal remnant, but protrudes no further than 2 cm less than TVL.  Stage IV - complete eversion of the total length of the lower genital tract.  POP generally becomes symptomatic at stage II.
[bookmark: _Toc293477069]1.2.3 Prevalence
The prevalence of POP varies considerably depending on whether the diagnosis is based upon symptoms or examination.  Population studies using a symptom based definition of a sensation of a mass bulging into the vagina have reported a prevalence of 5-10% [3].  In studies that based the definition on clinical examination prevalence is between 41–50 %, suggesting that mild POP is common but not always symptomatic [34-36].  Anterior compartment POP is most common, occurring almost twice as often as posterior compartment POP and thrice as often as apical POP [35, 37].  Using hospital discharge date surgical rates for POP (per 10,000 women) were 7, 24, 31, and 17 in reproductive age, peri-menopausal, postmenopausal, and elderly age groups, respectively [38].
[bookmark: _Toc293477070]1.2.4 Risk Factors
1.2.4.1 Hysterectomy
Cross sectional and retrospective studies have demonstrated that hysterectomy is an independent risk factor for the development of POP[39, 40], however longitudinal studies confirming temporality are few.  In a national Swedish cohort study, hysterectomy presented a RR of 1.7 (95% CI, 1.6-1.7) for subsequent POP surgery [41] whilst an older UK study (Oxford Family planning association study) showed a RR of 5.5 (95% CI 3.1-9.7) [42].  In post-hysterectomy patients, prior POP surgery is a significant risk factor for developing post-operative POP (OR 2.8 to 7.9) [43, 44].  Similarly patients in whom the indication for hysterectomy was uterine prolapse are at higher risk of developing vaginal vault prolapse (11.6% v 4.4%) [45].   Vaginal hysterectomy was also found to increase the risk of POP compared to other approaches [46].

1.2.4.2 Pregnancy and Childbirth.  
Although pregnancy itself has not been established as a risk factor for POP, the process of childbirth has consistently been determined to be a substantial predictor for the development of POP [3].  The longitudinal Oxford family planning association study found that parity was the most important risk factor for the development of POP [42].  A woman with two children was 8.4 times as likely to develop POP requiring surgery as a nulliparous woman.  Similarly in the cross-sectional women’s health initiative study, a single delivery was found to confer double the risk of POP with each subsequent delivery adding an incremental rise in risk of 10-20% [37].  Multiple studies have found that caesarian section is associated with a lower risk of POP than vaginal birth [3], although a minority of studies failed to show any difference in risk [47, 48].  In a study of over 4000 women selected at random, having a vaginal delivery was associated with increased risk of POP (RR=1.82, 95% CI 1.04-3.19) [49].  In a nested case-control study including a total of 1.4 million women, caesarian section was associated with lower risk of POP than vaginal birth (Adjusted OR=0.18, 0.16-0.20) [50].  A large longitudinal study demonstrated that incidence rates for POP in women who only had vaginal delivery progressively increased reaching a peak 30 years after first delivery (27 cases per 1000 person years) [51] (figure 1.2.2).  By contrast, women undergoing caesarian section only, showed a much lower incidence with minimal variation over time (1-2 cases per 1000 person years).
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Figure 1.2.2 Change in Incidence of POP with time since first delivery in relation to mode of delivery.  Redrawn with permission from Leijonhufvud A, Lundholm C, Cnattingius S, Granath F, Andolf E, Altman D.  Risks of stress urinary incontinence and pelvic organ prolapse surgery in relation to mode of childbirth.  American journal of obstetrics and gynecology.  2011 Jan: 204:70 e1-7.

1.2.4.3 Genetics 
Consistent with cross-sectional data for SUI, controlled studies have also shown an increased risk of POP in women where there is a family history.  Having a first-degree relative with POP confers an increased risk of POP with unadjusted OR in the range of 2 to 3.  The risk is lessened after adjusting for other factors but still persists [52, 53].  A heritability estimate of 41% for prolapse surgery was derived from the Swedish twin register [23].  
[bookmark: _Toc293477071]1.2.5 Health Economics
Despite the prevalence of POP, little is known about its economic impact.  Most of the data concerning the cost of treatment, specifically surgical management, suggests a significant burden.  A pan-European study demonstrated admission rates for POP surgery of 1.13 per 1000 women in England, 0.87 per 1000 in Germany and 1.14 per 1000 in France during 2005 [54].  Estimated total costs for England, Germany and France were 81 million, 144 million and 83 million euro respectively [54].  In 1997, the cost of POP surgery in the US was estimated to be 1,012 million dollars, for a total of 226,000 procedures [55].  Using age-specific prevalence data and population projections, it was estimated that by 2050 the number of women with POP would increase by a minimum of 46% [56].  However this estimate must be interpreted with caution, as it did not take into account the effect of trends in parity and caesarian section delivery.

1.2.6 Impact upon QoL and HRQoL
Women with POP may report bothersome symptoms and impaired QoL.  Symptoms may be related directly to the prolapse or associated disturbance in urinary or bowel function.  Patients often complain of a vaginal bulge that can be felt or seen with the aid of mirror.  Bleeding, discharge or infection can occur if the dependent part of the prolapse ulcerates.  Some patients suffer pelvic or sacral pain related to the prolapse.  There may be a need to digitally replace the prolapse to aid voiding or defecation.  Sexual dysfunction symptoms include dyspareunia, or obstructed intercourse.

[bookmark: _Toc293477072]1.3 Anatomical basis of pelvic floor support
Although pelvic floor anatomy is complex, essentially support of the pelvic organs is dependent on a combination of striated muscle, connective tissues, and their ligamentous attachment to the bony pelvis, the structures that constitute the pelvic floor.  How much each of these components contributes to normal support is a matter of on-going debate and the literature is replete with inconsistencies in anatomic terminology and even disagreements about the existence of certain structures.  The relevant anatomy of the pelvic floor is reviewed.
[bookmark: _Toc293477073]1.3.1 The levator ani muscle
The levator ani is the single most important muscle group providing pelvic organ support (figure 1.3,1).  It maintains a steady state of contraction by the action of its predominately type 1 muscle fibres (slow twitch) helping to keep the urogenital hiatus closed.  Three different components of different origins and insertions make up the muscle; pubococcygeus, puborectalis and ileococcygeus [57].  The arcus tendineus levator ani (ATLA) is a dense fibrous line that runs from the pubic ramus to the ischial spine.  The pubococcygeus arises from the inner surface of the pubic bones bilaterally.  It is sub-divided into three components according to its fibre attachments; pubovaginalis (medial fibres attaching to lateral vaginal wall), puboperinealis (attaches to perineal body) and puboanalis muscles (attaches to anus at the intersphincteric groove).  The puborectalis arises from pubic bone and passes behind the anorectal junction, above the anal sphincter.  The ileococcygeus is the narrowest and most posterior muscle, arising from the ATLA and attaching in the midline to the fibres from the contralateral side.  The line of attachment is termed the iliococcgeal raphe and extends from anus to coccyx.  Clinically this area is referred to as the levator plate and provides a  “shelf” of support to the rectum, uterus and upper vagina [58].  Recent studies suggest that the Levator ani is innervated directly by the 2nd to 5th sacral roots and not by combination of these roots and the pudendal nerve as was traditionally thought [59].
[bookmark: _Toc293477074]1.3.2 The perineal membrane
The perineal membrane, previously known as the urogenital diaphragm, is a fibrous sheet that lies below the levator ani and spans the opening of the anterior pelvic outlet (figure 1.3.1).  It consists of dorsal and ventral parts, which provide support to the distal vagina and urethra.  The dorsal part is attached medially to the perineal body and distal third of the vagina and laterally to ischiopubic rami.   The ventral part is closely associated with the compressor urethra and urethrovaginal sphincter muscles (the deep transverse perineal muscles).
[bookmark: _Toc293477075]1.3.3 The perineal body
The perineal body is an irregular mass of fibrous tissue and skeletal and smooth muscle.  It lies just deep to the skin in the midline between the vagina and anus and provides support to the distal vagina and rectum (figure 1.3.1).  It is a point of convergence and interlacing of fibres for several muscles including the bulbospongiosus, superficial and deep transverse perineal muscles, puboperinealis and external anal sphincter.  It blends anteriorly with the perineal membrane and superiorly with the rectovaginal septum.  
[bookmark: _Toc293477076]1.3.4 Pelvic floor connective tissues 
1.3.4.1 Parietal and endopelvic fascia
The fascial coverings of the pelvic organs and muscles, and their condensations termed ligaments, play an important role in pelvic organ support.  The fascia that covers the striated muscles is termed parietal fascia and consists of organized collagen fibres.  Its role is to attach the pelvic floor muscle to the bony pelvis and to provide a point of insertion for the endopelvic fascia.  It has three important condensations.  Firstly, the ATLA, arising from the obturator internus muscle, from ischial spine to pubis, which provides a point of insertion for parts of the levator ani.  A further condensation, the arcus tendineus fascia pelvis (ATFP), passes medially to the ATLA, arising from the levator ani from the ischial spine to the inferior aspect of the superior pubic ramus.  The third is the arcus tendineus rectovaginalis (ATRV) which commences at the midpoint of ATFP, courses along the levator ani then terminates at the perineal body.  The endopelvic fascia or visceral fascia is a layer of perivascular connective and loose areolar tissue that surrounds the pelvic viscera.   It differs histologically from the parietal fascia consisting of loose arrangements of elastin, collagen and fatty tissue and encases blood and lymph vessels as well as nerves.
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Figure 1.3.1 Anatomy of pelvic floor musculature.  Superficial perineal muscles and perineal membrane removed on the left to show attachments of levator ani muscles to distal vagina, anus, perineal body, and perineal membrane.  Reproduced with permission from Corton MM.  Anatomy of pelvic floor dysfunction.  Obstetrics and gynecology clinics of North America.  2009 Sep: 36:401-19

1.3.4.2 Ligaments
Uterosacral ligaments - Condensations of endopelvic fascia extending from cervix/upper vagina to sacrum.  Consist mainly of smooth muscle but have a major supportive function
Cardinal ligaments - Condensation of endopelvic fascia extending from lateral aspect cervix/upper vagina to pelvic sidewall.  Consist mainly of perivascular connective tissue and has a major supportive function.
Round ligament - Consists mainly of smooth muscle, extends from uterine cornua through the inguinal canal, terminating in the labia majora.  It has minimal supportive function.

1.3.4.3 Anterior vaginal wall support
The term pubocervical fascia is often erroneously used to describe the layer that supports the bladder and urethra.  Histological studies have failed to identify a distinct fascial layer between the vagina and the bladder or urethra.  The vaginal wall is composed of three layers: mucosal (epithelium and lamina propria), muscular and adventitial.  It is the muscular and adventitial layers (fibromuscular tissue) that are plicated by surgeons during colporrhaphy [60].  A condensation of connective tissue containing blood and lymphatic vessel and nerves attaches the anterior vaginal wall to the ATFP on either side.

1.3.4.4 Posterior vaginal wall support
Whether there is a distinct layer of fascia between the posterior vaginal wall and rectum has been disputed.  Some have suggested the presence of one or two layers of fascia, termed the recto-vaginal septum, similar to Denonviliers fascia, between the bladder and rectum in men. However others have failed to demonstrate a distinct layer histologically.  The posterior vaginal wall connects to the pelvic sidewall through the ATRV in similar fashion to the connection of anterior wall to ATFP.  The superior limit of the posterior vaginal wall is attached to the cardinal-uterosacral ligament complex.


1.3.4.5 Levels of support
Delancey described three levels of support of the vagina and uterus that provides a useful system of understanding the clinical features of pelvic floor disorders [61].  The connective tissues attaching the uterus and cervix to the pelvic sidewalls, are termed the parametrium and paracolpium respectively.  The three levels of support are connected and interdependent: 
Level I: Is the parametrium (uterosacral ligaments and cardinal ligaments) and the contiguous paracolpium.  These structures attach the upper vagina to the pelvic sidewall.  Level I defects clinically result in apical prolapse (uterine cervical or vaginal vault).  Defects in upper posterior vaginal wall support may result in enterocele.
Level II: Comprises attachment of anterior and posterior vaginal walls to the ATFP and ATRV respectively.  Level II defects may manifest in anterior vaginal wall prolapse, posterior vaginal wall prolapse or SUI.  
Level III:  Consists of the attachments of the last third of the vagina including urethra, pubovaginalis, perineal membrane and perineal body.  Level III support defects may result in descent of the perineum, low rectoceles and faecal incontinence.

[bookmark: _Toc293477077]1.3.5 The female continence structures
The maintenance of urinary continence is complex and is dependent upon adequate levator muscle function, intact anterior vaginal wall support (figure 1.3.2) and a functioning urethral sphincter [62].  These factors work in synergy to maintain sufficient pressure in the urethra to prevent urine leakage.
The urethral sphincter mechanism consists of striated muscle, smooth muscle and vascular cushions (mucosal and sub-mucosal).  Each is thought to contribute equally to resting urethral closure pressure [63].  The sphincter is thickest anteriorly and in its middle portion but is active along the entire length of the urethra.  The extrinsic striated muscle is comprised of 3 muscles.  The sphincter urethrae is innermost and surrounds the mid and proximal urethra.  The compressor urethrae (fans out along the inferior border of the pubis) and urethrovaginal sphincter (encircles urethra and vagina) arch over the urethra as it passes underneath the pubic symphysis.  Innervation is provided by the pudendal nerve from the S2-S4 nerve roots.  Efferent nerves to the urethral sphincter originate in a region of the sacral cord known as Onuf’s nucleus which is under the influence of the pontine micturition centre.  The urethral striated muscle is composed of predominately type I (slow twitch) fibres which maintain the resting tone of the urethra.  Type II (fast twitch) aid continence during sudden increases in abdominal pressure (e.g. coughing).
The urethral smooth muscle lies superficial to the striated muscle and is continuous with the detrusor muscle.  It consists of an inner longitudinal layer and outer circular layer and extends 4 fifths of the urethral length (proximal to distal).  It is under autonomic control, which maintains its tonic contraction during urine storage.  Deep to the smooth muscle is a prominent mucosal and submucosal vascular plexus which is thought to aid continence by providing a watertight seal through coaption the mucosal surfaces.
[image: ] 












Figure 1.3.2 Lateral view of the urethral support structures.  Reproduced with permission from Ashton-Miller JA, DeLancey JO.  Functional anatomy of the female pelvic floor.  Annals of the New York Academy of Sciences.  2007 Apr: 1101:266-96

[bookmark: _Toc293477078]1.4 Proposed mechanisms for the development of pelvic floor disorders
[bookmark: _Toc293477079]1.4.1 What is the mechanism of SUI?
To date the mechanism underlying SUI remains incompletely elucidated.  There are 2 postulated mechanisms; weakness in the supporting tissues of the urethra resulting in “urethral hypermobility” or a defective urethral sphincter mechanism termed “intrinsic sphincter deficiency” (ISD).   It is important to recognize that these 2 mechanisms are not dichotomous but represent a continuum, on which many patients have features of both [64].
Bonney was the first to suggest that SUI occurred due to loss of urethral support based on the observation of abnormal displacement of the anterior vaginal wall in incontinent women [65].  Enhorning later proposed that SUI occurred due to descent of the urethra out with the pelvic cavity, consequent upon a loss in proximal urethral support (Pressure transmission theory).  This was suggested to result in a loss of transmission of intra-abdominal pressure to the urethra leading to urine leakage (figure 1.4.1a) [66].  This theory formed the basis of retropubic suspension procedures which elevate the bladder neck and proximal urethra.
Delancey introduced the hammock theory based on observations in cadavers that the urethra rested on the fused layers of endopelvic and pubocervical fascia attached to the ATFP and levator ani [67].  He hypothesized that increases in abdominal pressure are transmitted to the urethra which is then compressed against the rigid support of the hammock and it was a loss of this compression that led to SUI.  At the same time, Petros and Ulmsten proposed a more complex mechanism centering on laxity in the vaginal wall and pubo-urethral ligaments (integral theory) [68].  The vagina is considered as being suspended between the pubo-urethral ligaments anteriorly and the utero-sacral ligaments posteriorly.  During rest the opposing forces of the pubococcogyeus (anteriorly), levator plate (posteriorly) and longitudinal muscle of anus (inferiorly) act in combination to pull the vagina taught.   During stress the pubococcygeus muscle actively contracts pulling the vaginal hammock around the urethra, immobilizing and closing it.  At the same time the levator plate and longitudinal muscle of the anus act in unison to pull the bladder base inferiorly and posteriorly resulting in the kinking of the urethra in a plane around the pubourethral ligaments (figure 1.4.1b).  SUI is thought to arise due to laxity in the anterior vaginal wall and pubo-urethral ligaments, which the pubococcogyeus is unable compensate for, resulting in failure of urethral closure.  
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Figure 1.4.1 Theoretical mechanisms of urethral leakage (a) Enhorning’s theory of urethral hypermobility showing inadequate urethral compression with urethral descent out with the abdominal cavity leading to leakage.  (b) Schematic representation of the Integral theory of continence showing direction of actions of muscles (PCM-pubococcygeus muscle, LMA-longitudinal muscle of anus, LP-levator plate) and mechanism of mid-urethral kinking 

The concept of defective closure of the urethral sphincter, termed intrinsic sphincter deficiency, was introduced by McGuire based on video-urodynamic findings in women who had persistent SUI despite retropubic suspension procedures [69].   These women had a low proximal urethral closing pressure (>10cmH2O) at rest with minimal or no urethral descent during stress.  McGuire’s designated this as type III incontinence in his classification system based on urethral pressure measurement and cysto-urethrography at rest and straining.  Type I and II incontinence represent a high proximal urethral closing pressure (>10cmH2O) with minimal or gross urethral hypermobility on straining, respectively .   A defective sphincter can be caused by injury to any of its components or somatic or autonomic innervation.  Recognized causes include direct ischaemic compression during childbirth, childbirth related nerve injury, sacral cord injury/lesions, radiation related injury and peri-urethral surgery.  
A problem with many concepts in the field of continence is a lack experimentation to support or reject the hypothesis.  This requires objective and accurate comparison between incontinent and normal subjects to prove or disprove that, for example, there is a significant difference in urethral support.  The advancements and refinements in imaging and urodynamic measurement over the past 2 decades are now making such studies possible.  The Research on Stress incontinence Etiology Study (ROSE), demonstrated that the maximal urethral closure pressure was the parameter with the greatest difference between incontinent subjects and continent controls, far greater than any urethral support parameter [70].  Such work supports the importance of ISD as an underlying mechanism of SUI.
[bookmark: _Toc293477080]1.4.2 What is the mechanism of POP?
In humans the levators and connective tissues synergistically support the pelvic organs, although their relative contributions remains a matter of debate.  At rest the levators are in a state of tonic contraction effectively closing the urogenital hiatus and providing a supportive shelf for the pelvic organs (levator plate) (Figure 1.4.2).  This is in contrast to most quadrapedic mammals, particularly rodents, where the primary function of the levators is movement of the tail.  
It is believed that vaginal birth can result in loss of levator tone through direct injury to the muscle (avulsion) or indirectly by denervation after nerve injury (e.g. stretch or compression) during the 2nd stage of labour.  Based on studies using magnetic resonance imaging (MRI) and more recently three dimensional trans-perineal and endovaginal ultrasound (US), levator avulsion has emerged as a highly significant marker of birth injury with strong associations with POP [71, 72].   Such birth-related injuries, are associated with a 40% decrease in pelvic floor muscle strength [73].  The role of denervation is still disputed; there is certainly evidence that pudendal neuropathy is associated with POP but it has been argued that this is not relevant as the levator ani is actually innervated by the nerves arising from the sacral roots which traverse the superior aspect of the pelvic floor[59].  Some investigators who have taken muscle biopsies from women with POP and found histologic evidence of denervation [74, 75], whereas others were unable to demonstrate such findings [76, 77].  
Increasing stages of POP are found with advancing age [39], it has been tacitly assumed that this is secondary to the adverse effects of age on pelvic floor support.  Certainly aging is associated with skeletal muscle atrophy, causing a reduction in the cross sectional area of many of the striated muscles in the body (by approximately 25-40% between ages 20-60 years) [78].  However convincing evidence of this in the levators is lacking.  Studies in nulliparous women found that age neither affects the cross sectional area or the levator volume on MRI [79] nor the vaginal closure force (quantified using an instrumented vaginal speculum) [80].  Similarly, a study in women with POP showed only a weak relationship between age and US morphometry of the levator hiatus as well as muscle strength as quantified by the modified Oxford grading system [81].
An increase in the size of the levator hiatus is associated with POP [82] [83].  It is proposed that a loss of levator tone, whatever the exact aetiology, is the cause of this.  The outcome is a loss in the normal vaginal axis and lack in support to the pelvic organs particularly during straining (Figure 1.4.2).  Consequently the ligamentous and connective tissue support of the pelvic organs must sustain a greater proportion of the forces conferred by abdominal pressure and the weight of the pelvic organs.  As the connective tissues bear these loads for long periods of time, they progressively stretch which may eventually result in clinically recognized prolapse.  Nearly 100 years ago, Paramore described a useful analogy of a boat moored in a dock to describe this situation [84] (figure 1.4.3)
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Figure 1.4.2 The effect of valsalva on the pelvic floor (a) Pelvic floor in resting state: normal tone in the levator ani with levator plate providing supportive shelf for pelvic organs (b) Normal pelvic floor during straining: normal vaginal axis (blue line) is maintained and levator plate continues to provide support of the pelvic organs (c) Weakened pelvic floor during straining: the vaginal axis becomes more inclined due to sagging of the levator plate, consequently the urogenital hiatus opens up predisposing to the development of POP.  Modified with permission from Corton MM.  Anatomy of pelvic floor dysfunction.  Obstetrics and gynecology clinics of North America.  2009 Sep: 36:401-19
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Figure 1.4.3 Paramore’s analogy of a boat moored in a dock to describe the mechanisms of loss of pelvic organ support in POP.  The boat represents the uterus and vagina, the water the levator ani muscle group, the ropes are the connective tissues/supporting ligaments and the dock is the bony pelvis (a).  If the water level decreases (i.e. loss of pelvic floor muscle function) there is increased tension on the ropes (b) which will eventually stretch and fray causing the boat to drop (c).  Reproduced with permission from Wein et al.  Campbell-Walsh urology 10th edition, Elsevier.

Another question that has generated lively discussion is whether POP is a result of stretch or tearing of the connective tissues.  The former is the traditional viewpoint, where it is thought that the fibromuscular wall of the vagina and its supports are progressively attenuated.  In the latter, which is termed the “site-specific theory”, it is proposed that discrete tears in the fibromuscular wall of the vagina or detachment from the adjacent supportive tissue lead to POP [85].  In theory the surgeon can identify such “fascial” defects and bring together the edges using sutures to restore normal anatomy [86].  Some surgeons adopted site-specific repair surgery in their practice whilst others have remained skeptical.  What proponents of the site-specific theory refer to as the pubocervical and rectovaginal fascia [87, 88], have in fact been identified by pathologists as the anterior and posterior vaginal wall muscularis/adventitia respectively, as discussed previously [60].  In women with enterocele, full thickness vaginal wall biopsy has failed to demonstrate any area where the vaginal wall epithelium touched the peritoneum, in other words, there was no site-specific defect [89].  




[bookmark: _Toc293477081]1.5 The pathogenesis of pelvic floor connective tissue laxity: morphometric and biochemical aspects
With the assertion that connective tissue laxity is a major contributory mechanism in women with SUI and POP, investigators have sought to understand why weakness in the supportive structures of the pelvic organs occurs.  This has led to a wide range of studies of pelvic floor connective tissue structure and function.  In this section we review pelvic floor connective tissue biochemical composition and morphometry in health and pelvic floor dysfunction.  
[bookmark: _Toc293477082]1.5.1 Vaginal wall histology
The 3 layers of the vaginal wall are the mucosa, including the epithelium (non-keratinized stratified squamous) and lamina propria (dense connective tissue populated by fibroblasts), the muscularis (smooth muscle) and the adventitia (discrete connective tissue layer) [90] (figure 1.5.1).  The wall thickness is only around 1-4mm [91] [92] and it is the lamina propria and muscularis that confer most of the tensile strength [61].  The vagina is highly vascular, the arterial supply arises between the muscularis and adventitia and there is an extensive network of capillaries under the epithelium which drain into veins that cross the muscularis layer into the adventitia.
[bookmark: _Toc293477083]1.5.2 Extracellular matrix components
Pelvic floor connective tissues are composed of an extracellular matrix (ECM) consisting of a non-fibrillar ground substance with fibrillar proteins, collagen and elastin.  The fibrillar proteins contribute most to the biomechanical properties and behavior of these tissues.  In the vagina, collagen constitutes 84% of connective tissue ECM and elastin approximately 13% [93].   In addition pelvic floor connective tissue also contain significant amounts of smooth muscle (except the ATFP).  
The ground substance of the ECM is composed of proteoglycans and glycosaminoglycans (GAGs).  These molecules all play roles in ECM remodeling including mediation of cell migration, proliferation and cell adhesion as well as fibril organization.  Hyaluronan is a GAG protein that is important for the water content of the ECM, cell transport and the inflammatory response.  Proteoglycans are composed of a GAG chain and central protein, they are highly hydrophilic molecules and trap water molecules.  There are three main groups of proteoglycans: (1) larger hyelectans (2) small leucine-rich repeat proteoglycans (SLRPs) and (3) heparan sulphate proteoglycans.  Proteoglycans are also responsible for lubricating collagen fibres and thus allowing them to glide one another.
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Figure 1.5.1 Histology of full-thickness biopsy of anterior vaginal wall (a) Hematoxylin–eosin staining (b) staining for smooth muscle α-actin (c) orcein stain for detection of elastic fibres, (c) Masson’s trichrome stain.  Original magnification, ×10.  Reproduced with permission from De Landsheere L, Munaut C, Nusgens B, et al.  Histology of the vaginal wall in women with pelvic organ prolapse: a literature review.  International urogynecology journal.  2013 Dec: 24:2011-20

The fibroblast is the cell that produces the majority of the ECM components.  Structurally, fibroblasts are recognized by their elliptical speckled nucleus with abundant rough endoplasmic reticulum which is surrounded by a branched cytoplasm.  They are known to retain functional memory over several generations when placed ectopically [94].  Fibroblasts exist in several phenotypes and may become myofibroblasts, which express smooth muscle actin and are contractile.  Less active fibroblasts are termed fibrocytes.   
Fibroblasts are responsible for the constant remodeling of pelvic floor ECM, through a finely tuned balance of synthesis and degradation.  Matrix metalloproteinases (MMP) are enzymes that breakdown ECM, their activity is dependent on pro-enzymes and on endogenous inhibitors.  ECM homeostasis is dependent on both biochemical signals from molecules such as cytokines and growth factors as well biophysical signals, such as the mechanical cues passed to the cells from the ECM itself.
 Collagen is the predominant structural protein in tissues and is responsible for conferring tensile strength to tissues thereby limiting deformation and preventing tissue injury.   It has a triple helical structure composed of 3 chains of α-polypeptides stabilized with hydrogen bonds [95].  α-polypeptides consist mostly of amino acids glycine and proline, which facilitate its triple helical structure.  There is some covalent crosslinking within helices and also between helices.  Over 25 different types of collagen exist in man.  In the pelvic floor collagen molecules that polymerise to form fibrils, termed fibrillar collagens, are prevalent.  
Collagens type I and III are the most common in the pelvic floor connective tissues [96].  Collagen I is the strongest, forming thicker fibrils whilst collagen III forms smaller fibrils of lower strength and is more common in tissues that require greater flexibility [97].  A further collagen molecule of low tensile strength, type V, also occurs in the pelvic floor but is of minor quantitative importance.  Types I and III collagen co-polymerise and surround type V collagen to form hybrid fibrils [96].  It is general accepted that a higher ratio of type I to Type III collagen leads to stronger fibres [98, 99].   
Fibrillar collagen biosynthesis is a complex multistep process commencing with transcription of the collagen genes within the nucleus then ribosomal proteins synthesis (translation) followed by post-translation modification, secretion and finally fibril formation [100].   Initially genes for pro-alpha chains are transcribed into mRNAs.  Next the mRNA is translated on the rough endoplasmic reticulum into pre-pro-αpolypeptide chains that are extruded into its lumen, where the signal sequence is removed.  Hydroxylation of selected proline and lysine residues then occurs (vitamin C is an essential co-factor in this step) followed by glycosylation of select hydroxylysl residues with glucose and galactose.  Next three pro-αpolypeptide chains assemble, and disulphide bonds form within and between chains (beginning at the C terminal propeptide extension).  A triple helix then forms and the molecule is termed procollagen, this molecule is then transported to the golgi apparatus where it undergoes one final post-translational modification.  The procollagen molecule is then secreted in a vacuole from the golgi apparatus and then out of the cell.  The N-terminal and C terminal propetides are then cleaved to from tropocollogen.  Tropocollagen then undergoes self-assembly into fibrils, with subsequent covalent crosslinking between collagen molecules (catalyzed by the enzyme lysl oxidase) resulting in formation of mature collagen fibres (figure 1.5.2).  These fibres are then organized into bundles.
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Figure 1.5.2 Schematic of collagen fibril, collagen fibre and primary fibre bundles.  Proteoglycans (P) and glycosaminoglycans (G) surround the collagen fibres.  Reproduced with permission from Sharma SR, Poddar, R., Sen, P., Andrews, J.T.  Effect of vitamin C on collagen biosynthesis and degree of birefringence in polarization sensitive optical coherence tomography (PS-OCT).  African Journal of Biotechnology.  2008: 7:2049-54


Collagen fibrillogenesis is regulated by several SLRPs.  Decorin is particularly plentiful in connective tissue ECM, decorin deficient mice demonstrate impaired fibrillogenesis and reduced tendon mechanical strength [101].  It is postulated to have a role in collagen crosslinking as it binds near lysine residues which are key in crosslinking [102].  Lumican and fibromodulin both bind to the collagen fibril at the same site [103].  Fibromodulin deficient mice demonstrate defective collagen fibrils [104] while lumican gene knock out mice exhibit fragile skin [105].  Combined deficiency of lumican and fibromodulin appears to result in greater connective tissue weakness [106].
Collagen is degraded by MMPs, of which there are over 20 types.   They are produced intra-cellularly then released as pro-enzymes in to the extracellular space.  The interstitial collagenases (MMP-1 MMP-8 and MMP-13) cleave fibrillar collagen and gelatinases (MMP-2 and MMP-9) breakdown the resulting denatured peptides [107].  In addition to pro-enzyme production, the activity of MMPs is dependent on endogenous inhibitors that are either serum-borne or tissue-derived inhibitors of MMPs (TIMP), which bind to MMPs and inhibit their activity.
Elastin is the other key structural protein in pelvic floor connective tissues and confers the property of elasticity, by stretching under load and returning to its original configuration [108] when the load is removed.  This gives tissues the property of resilience against repetitive strain [109], consequently elastic fibres are found mainly in extensible tissues which undergo repetitive stretch through an individual’s lifetime without major injury (e.g.  skin, vascular, lung tissue).  Unlike collagen, elastic fibres do not exhibit a pronounced hierarchical organization.  A useful analogy that relates the composite mechanical functions of elastin and collagen is that of a nylon stocking whose rubber band provides a function similar to elastin whereas the role of nylon is akin to collagen.
Elastic fibres consist of cross-linked tropoelastin molecules, supplemented by complex ECM components.  The principle supplementary components are glycoproteins termed fibrillins, although more than 30 others have been identified [110].  The elasticity of elastin is due to its arrangement of alternating hydrophobic and hydrophilic domains which form beta spirals that readily stretch [111].  The hydrophobic domains contain valine, glycine and proline residues while lysine predominates in the hydrophilic domains.  
Elastic fibre synthesis begins in the mid-gestational period completing early in the post-natal period.  Thereafter no new elastin is generally made except in the remodeling of the pelvic organs during pregnancy [112, 113], as such it is unsurprising that elastin has the longest half-life of any protein in the body, approximately 74 years [114].  Elastic fibre synthesis is an ordered and highly regulated process that is based on the formation of a microfibrillar network which forms a scaffold for the deposition of tropoelastin (figure 1.5.3).  There is only one elastin gene which is transcribed to produce tropoelastin molecules which are secreted into the extracellular space [115].   Tropoelastin molecules then spontaneously associate with each other through the process of coacervation to form micron-sized spheres [116].  Soluble fibrillin is secreted from the fibroblast and deposited in the ECM where additional supplementary molecules, including fibulins and microfibril associated glycoprotein 1, promote association with tropoelastin spheres.  Finally mature elastic fibres are formed when lysine residues are converted to allysine by oxidation leading to the formation of stable elastin crosslinks, desmosine and isodesmosine.  The lysl-oxidase 1-4 (LOX) and the lysl oxidase-like 1 (LOX1) enzymes catalyse the crosslinking process.
The degradation of elastic fibres in healthy individuals is slow due to the extensive nature of the crosslinking between molecules.  It is controlled by elastolytic enzymes, including serine proteases like neutrophil elastase [117], cysteine proteases (cathepsins L, S and K) and MMPs such as MMP-2, 9 and 12 [118].  If damage to elastin occurs due to injury or disease, an aberrant remodeling process occurs whereby new elastin deposited in a haphazard fashion.  The resultant tissue lacks the mechanical properties of healthy tissue [119].
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Figure 1.5.3: Elastic fibre formation.  Step 1- fibrillin fibres secreted from cell form networks in the ECM.  Steps 2-3 tropoelastin molecules associate with each other to form spheres which associate with the fibrillin network.  Step 4-Stable elastin crosslinks occur to form mature elastic fibres.  Redrawn with permission from Saitow CB, Wise, S.G., Weiss, A.S., Castellot, J.J., Kaplan, D.L.  Elastin biology and tissue engineering with adult cells.  BioMol Concepts 2013: 4:173-85
[bookmark: _Toc293477084]1.5.3 Connective tissue changes in SUI and POP 
Investigators have performed morphological, histological and biochemical studies on pelvic floor connective tissues in women with POP and SUI seeking to understand the pathophysiological basis of these disorders.  The usual design of such studies is to compare tissue samples from women with POP or SUI to controls.  This literature is small, heterogeneous and has often drawn conflicting results.  The studies are difficult to compare due to differences in quantification methods (many are qualitative) and the diverse tissue sampling methods and biopsy protocols of which a paucity of details is often given.  Several comprehensive reviews of this literature have failed to draw definitive conclusions [90, 96, 107, 120].  We discuss and summarize the main findings of these studies.

1.5.3.1 Histomorphological changes
Vaginal wall atrophy is thought to occur as an effect of loss of oestrogenisation associated with the menopause [121] although morphometric studies are lacking.  Several immunohistochemical studies have demonstrated an abnormal vaginal muscularis layer with a reduced fraction of non-vascular smooth muscle in vaginal tissue from patients with POP compared to controls (Figure 1.5.4) [122-126].  It was proposed that this is due to a loss of the smooth muscle phenotype [122, 123] or an increased rate of smooth muscle cell apoptosis [125].  Conversely others have found no significant difference in smooth muscle content [127, 128].  A study by Kannan et al. found very little differences in histomorphology between prolapsed and non-prolapsed tissues in the same patients suggesting the differences between women with POP/SUI and controls is not explained by intra-individual variability related to sampling error [128].  Relatively few studies have assessed changes in vaginal wall vascularity.  Two studies found evidence of increased dilated veins in the lamina propria of women with POP which may be due to venous compression secondary to the effect of gravity on the prolapse [122, 124].
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Figure 1.5.4 Vaginal wall smooth muscle content in health and POP (a) Normal vaginal wall: smooth muscle of the muscularis is well organized in discrete fascicles constituting 45% of total cross-sectional area (b) Woman with POP: smooth muscle bundles are smaller and disorganized.  Smooth muscle content in this location of the vagina is decreased significantly (by 22%) compared with the normal well-suspended vagina.  Reproduced with permission from Word RA, Pathi S, Schaffer JI.  Pathophysiology of pelvic organ prolapse.  Obstetrics and gynecology clinics of North America.  2009 Sep: 36:521-39 and Boreham MK, Wai CY, Miller RT, Schaffer JI, Word RA.  Morphometric analysis of smooth muscle in the anterior vaginal wall of women with pelvic organ prolapse.  American journal of obstetrics and gynecology.  2002 Jul: 187:56-63


1.5.3.2 Biochemical changes
Studies investigating collagen related changes in the pelvic floor connective tissue ECM are inconclusive.  These studies either aimed to quantify collagen content or the rate of collagen synthesis or breakdown.   Most studies that assessed total collagen content in women with SUI and/or POP show a relative reduction (up to 60%) compared to controls; including the vaginal epithelium [129], vaginal wall [130, 131], periurethral ligaments [132] and the round ligaments [133].  Similarly in women with POP, lower total collagen was found in the parametrium and vaginal apex [134], uterosacral ligaments [135] (figure 1.5.5) and in the paraurethral ligaments of women <53yrs but not older  [136].   Conversely others have found an increase in total collagen in vaginal “fascia”, cardinal and uterosacral ligaments [137] and vaginal wall (full thickness)[130] in women with POP and SUI.  In many studies there is an increase in collagen III [130, 135, 138, 139] although this is by no means a consistent finding [140].  Increased collagen III is typical of a tissue redmodelling after injury [141] and it was suggested an increase in the pelvic floor signifies a reparative process in response to overstretching of tissues [96].  Conversely collagen III, is associated with more distensible weaker tissues which may be a contributor to tissue laxity [90].  In summary the available literature suggests that overall collagen content is reduced in women with POP and SUI and that collagen III levels are increased.
A simple approach to determining whether reduced collagen content in tissues of women with SUI and POP is due to decreased synthesis is to culture fibroblasts isolated from tissue biopsies and assess collagen production.  Makinen et al.  found that collagen production in fibroblasts from women with POP was similar to age-matched controls [142].  Similarly Chen et al.  noted no difference between patients with SUI and continent controls [131].  More recently investigators have studied specific markers of collagen production.  Edwall et al.  studied blood and tissue levels of collagen Type I carboxyterminal telopeptide (ICTP) and procollagen type I carboxyterminal propeptide (PICP), markers of collagen I breakdown and formation respectively, in women with SUI and controls [143].  An increased level of ITCP and PICP was observed in the SUI group suggesting an increased synthesis after collagen breakdown.  Conversely another study of uterosacral ligament biopsies found no difference in ITCP and PICP levels between women with POP+SUI and controls, although the POP+SUI group showed significantly less collagen content using the hydroxproline assay [144].  Summarising this data, there is no conclusive evidence that collagen synthesis is reduced in POP and SUI.
Studies assessing collagen degradation have focused on MMPs, measuring synthesis of actual MMP or pro-MMP levels.  Jackson and colleagues were the first to describe increased MMP activity in vaginal epithelial tissue of women with POP finding increased pro-MMP-2, MMP-2 and MMP-9 activity compared to controls [129].  Moalli and colleagues found increased MMP-9 but not MMP-2 levels [96] in women with POP whereas Phillips et al found no difference in MMP-2 and MMP-9 but increased pro-MMP-2 [103].  Similarly Chen et al found no change in MMP-2 or MMP-9 in women with POP+SUI but reduced TIMP-1 levels [131].  In conclusion the data concerning MMPs, although not conclusive, point towards the possibility of increased collagen degradation in POP and SUI.
Whether the collagen changes found in pelvic floor tissues are representative of a systemic process affecting collagen metabolism is an interesting question.  There is some evidence that suggests women with Ehlers-Danlos syndrome (an inherited systemic collagenopathy) have a high incidence of pelvic floor dysfunction [145, 146] whilst young women with prolapse have a higher incidence of hernia surgery than controls [147, 148].  Some investigators have noted reduced collagen content in the skin (by up to 40%) from women with SUI compared to continent controls [133, 149].  Taking this further, comparisons of the ability of fibroblasts to produce collagen have shown mixed results.  Falconer et al.  showed a 30% reduction in collagen production in skin fibroblasts in women with SUI compared to continent controls.   Conversely, Chen et al. found no difference [131].  One study found increased levels of the helical peptide α-1 (collagen breakdown product) in the urine of women with SUI [150], although it is not possible to attribute this to local or systemic degradation.   In summary, reduced collagen levels have been observed in the skin of women with SUI in one study-not confirmed.  If confirmed this would point toward a systemic problem, the exact cause of this is yet to be determined and as is evident there are very few definitive studies in this area.
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Figure 1.5.5 Immunohistochemistry photomicrographs of uterosacral ligament biopsies from women with and without POP.  The respective ECM proteins are stained in brown.  Samples from Post-menopausal POP patients had characteristically lower expression of collagen type I and elastin but higher expression of collagen III when compared to pre-menopausal patients without POP. Reproduced from Aznal SS, Meng, F.G., Nalliah, S, Tay, A., Chinniah, K., Jamil, M.F.  Biochemical evaluation of the supporting structure of the pelvic organs in selected numbers of premenopausal and postmenopausal Malaysian women.  Indian Journal of Pathology and Microbiology.  2012: 55:450-5

Connective tissue diseases in which there is aberrant elastin synthesis, such as Marfan’s syndrome and cuta laxa, are associated with an increased incidence of POP and SUI [146].  Several studies have indicated a reduced elastin content in the pelvic floor connective tissue in women with POP and/or SUI using immunohistochemistry [135, 138, 151] (figure 1.5.5), (tropoelastin) by western blotting[152],  (mRNA) by northern blot analysis [153], measuring cross-links with desmosine [154], immunofluorescence [155] and quantitative polymerase chain reaction[117].  Conversely other studies found no difference between patients with POP and controls, using immunohistochemistry [156] or by measuring cross-links with desmosine [129] and one study found an increase in mature elastin content using the latter method [157].  The study of elastin in human tissues is challenging and most analytic methods have limitations; elastin at mRNA level or tropoelastin may not reflect mature elastin content whilst changes in desmosine crosslinks may be reflective of impaired crosslinking rather than actual elastin concentration.  Immunohistochemistry is considered the most direct measure of mature elastin in tissues [151].  
Recently, gene-targeting studies have demonstrated that 2 molecules involved in elastin synthesis, LOXL1 and fibullin-5, may play an important role in the pathogenesis of POP.  In LOXL1 knock out mice, many develop spontaneous POP by 3 months or after parturition [158].  Similarly, approximately 90% of mice where the fibullin-5 gene is knocked out develop POP.   In women with POP several studies have shown Fibulin-5 expression to be reduced, including biopsies from uterosacral ligaments [159, 160] and the vaginal wall [161, 162].  Conversely, a study assessing uterosacral ligaments detected an increase compared to controls [154].   LOXL1 expression was also found to be reduced along with the LOX enzymes in the vaginal tissue [163] and uterosacral ligaments [154] of women with POP, although other authors found an increase in uterosacral ligaments [159].  
Some studies also suggest increased elastin degradation.  Elastase activity has been shown to be three times higher systemically in women with SUI [164]  whilst levels of alpha-1-anti-trypsin , an inhibitor of neutrophil elastase, were found to be reduced in peri-urethral specimens in women with SUI [117].  
In summary although the literature assessing elastin in pelvic floor dysfunction is quite diverse, overall it suggests POP is associated with reduced elastin content with defects in the normal mechanism of elastin synthesis as well as increased degradation.



[bookmark: _Toc293477085]1.6 Pelvic floor tissue biomechanics
Biomechanics is the application of the mathematical discipline of mechanics to biological systems.  Knowledge of the mechanical function of load bearing tissue is imperative to understanding mechanisms of disease as biomechanical changes are ultimately what determine whether morphological and biochemical changes manifest in pathology.  Although the concept of biomechanics is not entirely foreign to urologists and urogynaecologists, it is only relatively recently that theoretical and experimental biomechanics were applied to the study of pelvic floor disorders.  
The primary function of the pelvic floor is to bear loads and resists increases in intra-abdominal pressure.  Theoretically, the forces transmitted to it arise from (1) the effect of gravity on the intra-abdominal organs i.e. the bowels, uterus and bladder  (2) Intra-abdominal pressure due to breathing, movement, coughing straining etc.  Very little data exists on the magnitude of these forces.  Ashton Miller and Delancey attempted to quantify these forces based on bladder pressure measurements during urodynamics, where pressure is usually measured in centimeters of water (cm/H20) [165].  The pressure in the bladder in the upright position during urine storage (i.e.  bladder relaxed) is on average 40cm/H2O.  It is proposed that as the bladder is situated just above the pelvic floor this can be approximated to be the hydrostatic load on the pelvic floor during standing [165].  Using the average area of the pelvic floor in women, 94 cm2 [165], the forces acting on the pelvic floor were calculated at 37 Newtons (N) standing, 19N supine, 129N during coughing and 92N during straining [166].
[bookmark: _Toc293477086]1.6.1 Measuring mechanical properties
Pelvic floor connective tissue is considered to be a passive tissue, meaning that it is capable of transferring force but, unlike muscle, not capable of generating it.  The mechanical properties of passive tissue are determined by the composition of the ECM, as discussed above, as well as its spatial organization.  In general tissue biomechanics can be defined in terms of (1) structural properties-the displacement in response to a load (2) mechanical properties- the stress (force divided by cross sectional area)-strain (displacement relative to initial length) relationship.  The key difference is that mechanical properties are independent of the size of the sample being tested and hence allow a provide a more accurate reflection of the structure and composition of a tissue.
A variety of testing methods are used to determine the mechanical properties of tissues, by far the most commonly used and simplest is the uniaxial test.  In this, a sample is fixed between two clamps one of which is attached to a load cell then stretched to the point of failure.  The resultant values for stress (in N) and strain at corresponding time points allow the generation of a stress-strain curve.  The curve for connective tissue is non-linear and consists of an initial toe region, a linear region followed by a non-linear region (figure 1.6.1a).  This non-linearity can be explained by the wavy configuration of collagen fibres, termed crimp (figure 1.6.1c,d), and the composite behavior of collagen and elastin fibres (figure 1.6.1e).  
The mechanical properties that are derived from the curve include the Young’s modulus (YM), calculated from the slope of linear region.  This equates to the stiffness of the material.  The ultimate tensile strength (UTS) is the peak of the curve and the represents the maximum stress (N/mm2 or Megapascals (MPa)) the material can withstand before failing.  The strain at UTS is the degree of elongation at the point of failure, relative to the starting length of the material being tested.
To determine mechanical properties accurately it is essential that the measurements of cross-sectional area of sample and strain are accurate.  There are two ways of measuring sample cross sectional area; contact and non-contact [167, 168].  Contact methods can introduce error due to the requirement to apply pressure, which can compress samples, and the non-regular surfaces of biological samples.  Non-contact methods using laser micrometry can avoid these problems and are considered more accurate (up to 0.2%) [93].  Similarly in determining strain, fixing a sample between 2 clamp ends is problematic, as strains vary greatly in the sample depending on proximity to the clamp[169].  Optical techniques that use video tracking can overcome this problem [170].  
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Figure 1.6.1 Non-linear stress strain behavior of connective tissue and proposed explanation (a) Stress-strain curve of connective tissue demonstrating initial toe region, followed by linear region from the which the young’s modulus (stiffness) is calculated, following the elastic limit, the tissue undergoes plastic deformation (irreversibly stretched) before peaking (ultimate tensile strength) then failing (b) Scanning electron microscopy demonstrating collagen fibre crimp (left) at rest and uncrimping on loading  (right) (c) Schematic demonstrating (i) uncrimping of collagen fibres in toe region, (ii) Fibres orientated in direction of stretch in linear region  (iii) Fibres become deformed and start to fracture (iv) Fibres break.  (d) Elastin contributes to tissue mechanical behaviour at low strains  (before uncrimping) and collagen contributes at higher strains (once collagen fibres are uncrimped).  Note the difference in strains between collagen and elastin.  

There are several concerns in using the uniaxial test for biological tissue.  Firstly, taking a small tissue sample and testing it ex vivo may not be representative of the biomechanical function provided by an organ or structure in its entirety.  Secondly testing in one dimension may not be consistent with the in vivo loading conditions, specifically the pelvic floor is subjected to multiaxial loads in the body.  Furthermore many connective tissues (including vaginal tissue [171]) have the property of anisotropy whereby the stress-strain relationship is dependent on the direction the material is stretched.  Complicating matters even further is the phenomenon of axial coupling whereby the mechanical properties of a tissue in one direction are dependent on the degree of stress applied in the other [172].  The limitations of applying uniaxial tests to planar tissues can be overcome by using a multiaxial testing protocol, although these are more complex [172].  
[bookmark: _Toc293477087]1.6.2 Mechanical behavior of connective tissues
Connective tissue does not behave in an entirely elastic fashion when subjected to cycles of repetitive loading rather it displays time dependent mechanical behavior termed viscoelasticity i.e.  has features of a viscous fluid and elastic solid [173-175].  Specifically, when connective is unloaded the stress-strain curve follows a different path to that produced by loading; this is referred to as hysteresis and represents dissipation of energy (a property of viscose fluids)(figure 1.6.2a).  Other features of this behavior are creep, (elongation over time when subjected to a constant load) and stress relaxation (decrease in stress when tissue is subjected to constant stretch).  A further related feature is that with cyclical stretch (to a prescribed strain) a reduction in stress occurs i.e. it becomes easier to stretch the tissue with successive stretches, thus the curve shifts rightwards (figure 1.6.2b).  This can be a likened to a rubber balloon which becomes more compliant after it is inflated/deflated several times [176].  This phenomenon is termed stress softening (or the Mullins effect) [177].  After around 10 cycles, the loading-unloading curves are reproducible and the amount of hysteresis is significantly reduced, at this point the tissue is said to be pseudo-elastic.  After a period of rest the tissue, recovers and if stretched again will begin at the 1st cycle.  
The mechanical behavior of connective tissue is attributable to its composition of elastin, collagen and proteoglycans that trap water and the complex interaction between these molecules.  This behavior helps to prevent fatigue failure of tissues with repetitive loading and is the reason why “warming up” (gently stretching muscles and connective tissues) prior to exercise reduces the risk of injury.  In terms of the pelvic floor, this behavior allows tissues to mechanical adapt during childbirth without major injury [62].  Conversely this behavior is likely to contribute to SUI and POP when muscular support is deficient (Paramore's analogy see figure 1.4.2).
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Figure 1.6.2 Viscoelastic behavior of connective tissue (a) Connective tissue demonstrates hysteresis on unloading, indicating loss of energy (b) Cyclical strain of connective tissue demonstrating rightward shift of curves.  

[bookmark: _Toc293477088]1.6.3 What is the evidence for deficient mechanical properties in SUI and POP? 
Whilst many studies have characterized the mechanical properties of pelvic floor tissues in animals (reviewed in [93]) only a handful have studied women.  Animal data is difficult to apply to the human situation as in many species the levators function primarily to move the tail.  In addition there are significant inter-species differences in parity, relative fetal head size and longevity.
Most of the available human studies assess vaginal tissue rather than the pelvic ligaments.  In general, tissue biopsies are obtained from tissue excised during POP surgery or from cadavers.  A minority of studies obtained tissue from healthy women without POP undergoing pelvic surgery.  The most common testing method is the standard uniaxial test to failure for which most studies obtained values for all or some of the classic parameters; YM, UTS and strain at UTS.
On reviewing this literature it is apparent there is considerable variability in the measurements obtained in vaginal tissue samples from both healthy women and those with POP.  These studies are summarized in table 1.6.1 along with the range of values for UTS, YM and strain at UTS.  Of the four studies that assessed UTS, three showed higher values in tissues from women with POP compared to samples from controls [91, 178, 179], whilst another study showed the opposite [180].  Of the two studies that compared the YM of tissues from women with POP and controls, two showed significantly higher values in women with POP [179, 180] whilst the other showed the reverse [91].  A further study that used a mathematical model to assess tissue stiffness at low (10%) and high deformation, showed POP tissues to be more stiff [181].  Both studies that assessed strain at UTS showed lower values in tissues from women with POP [178, 180].
A limitation of standard uniaxial testing is that it requires a relatively large sample to ensure reliable clamping (e.g. 5x25mm in [180]) and given the ethical issues implicit in taking samples from healthy women, several authors have sought to use either non-invasive methods of assessing mechanical properties [182, 183] or techniques that can derive mechanical measurements from smaller tissue samples (e.g.  5x5mm in [184], 10x10mm in [185]).  These methods allowed the derivation of measurements that approximate to tissue stiffness but do not make any assessment of UTS (studies summarized in table 1.6.2).  Of four studies comparing tissues of women with POP and healthy controls, 2 showed significantly greater stiffness in POP tissues [184, 185] whilst 2 studies demonstrated the opposite [182, 183].  An interesting finding in the study by Epstein et al [182], where a cutometry device was also used to gauge skin stiffness, was the lack of difference between women with POP and controls,  countering the suggestion that connective tissue laxity is a systemic problem.
Table 1.6.1 Studies describing mechanical properties of vaginal tissue using standard uniaxial testing
	Study
	Sample
	Strain    rate (mm/s)
	Groups

	Young’s Modulus    (MPa)
	Ultimate   Tensile  strength    (Mpa)
	Strain at ultimate tensile strength 
	Notes 

	Goh et al 
2002[186]
	Anterior vaginal   wall.
Living donors.
	0.8
	Premenopausal POP
Postmenopausal POP
	11.5
14.35
	-
-
       
	-
-
	Significant difference in YM

	Lei et al 
2007[180]




	Vaginal fornix strip Anterior wall.
Living donors.

	0.8
	Premenopausal no POP 
(n=14)
Premenopausal POP
(n=9)
Postmenopausal no POP
(n=14)
Postmenopausal POP
(n=9)
	6.65

9.45

10.26

12.10
	0.79

0.60

0.42

0.27
                        
	0.68

0.50

0.37

0.14
	Significant difference in all parameters between POP and    control samples for both premenopausal and     postmenopausal groups

	Zimmern           et al
2009[91]
	Anterior vaginal  wall.
Living donors -POP) Cadavers-No POP
	0.5
	No POP
(n=3)
POP
(n=23)
	10.2

8.4
	1.4

2.1
	-

-
	

	Rubod et al  2008[178]
	Anterior vaginal wall.
Living donors -POP 
Cadaver -no POP
	0.002
	Postmenopausal no POP
(n=5)
Postmenopausal POP
(n=5)
	-

-           
	1.398

3.82            
	0.35

0.32
	Unclear whether data for UTS normalized to   cross sectional area of individual samples or an average of all samples.

	Gabriel et al 2011[92]
	Anterior and posterior vaginal  wall.              Cadavers
	0.002 
	No POP
(n=11)
	-
	-
	17
	

	Martins et al 2013[179]
	Anterior and posterior vaginal wall.                      Living donors -POP
Cadavers-no POP
	-
	No POP 
(n=15)
POP
(n=40)
	6.9 (10.5)*

13.1 (9.5)*
*Posterior
	2.6 (3.5)*

5.3 (3.2)*
	-

-
	POP significantly higher values for both UTS and YM.

	Jean-Charles     et al     2010[181]
	Full thickness   vaginal wall

	0.002
	No POP
(n=10)
POP
(n=19)
	Used a mathematical model to determine tissue stiffness at low   and high deformation.


	POP group significantly greater stiffness compared to controls at both moderate and large deformation

	Ranges:
	

	
	Non-POP tissue
POP tissue
	6.65-10.26
8.4-14.35
	0.42-2.6
0.27-5.3
	0.350.68
0.14-0.50
	




Table 1.6.2 Stiffness of vaginal tissue assessed using methods other than standard uniaxial testing.
	Study
	Sample
	Testing
method
	Groups

	Measure of Stiffness
	Findings

	Zhou et al
2012[185]
	Full thickness Vaginal wall Living donor
	Scanning haptic microscope
	Pre-menopausal no POP
(n= 15)
Pre-menopausal POP*
Post-menopausal POP*
*n=18 for both these groups combined
	Elasticity Constant
	POP group show significantly greater elasticity constant   as compared to premenopausal controls.

	Epstein et al 
2007[182]
	Left vaginal wall

	Dermalab     skin probe
	No POP
(n=23)
POP
(n=25)
	Stiffness index
	POP group showed significantly lower   stiffness index than controls.  No significant difference in skin stiffness between the two groups.


	Egorov et al 
2012[183]
	Vagina

	Vaginal    Tactile     imager
	No POP
(n=18)
POP (III)
(n=13)
	Young’s   Modulus
	POP group show significantly lower stiffness index than   controls.

	Feola et al  
2013[184]
	Full thickness anterior vaginal wall

	Rheological shear  test
	Pre-menopausal no POP
(n= 12)
Pre-menopausal POP
(n=18)
Post-menopausal POP
(n=18)
	Complex modulus
	POP group shows significantly greater complex modulus than controls.



Only three studies assessed mechanical properties of pelvic ligaments (table 1.6.3) although these structures are also important in pelvic organ support.  All looked at tissues from cadavers without apparent POP.  Two studies performed uniaxial tests on uterosacral ligaments [187, 188] (level I support structures).    Martins et al found values for UTS and YM much higher that any found for vaginal tissue from healthy women [187].  This finding is supported by the study by Rivaux et al [188] where uterosacral ligaments were found to display greater rigidity when compared to vaginal tissue samples in an earlier study [181].   A third study assessed suture-tearing resistance of structures used as surgical anchoring points (ileopectineal ligament, sacrospinous ligament, ATFP) [189].  There was wide variation in values between individuals, by ligament type as well as ligament laterality.
Table 1.6.3 Studies assessing mechanical properties of pelvic ligaments.
	Study
	Sample
	Testing
method
	Groups

	Mechanical measurements
	Findings

	Martins et al 2013[187]
	Intermediate part of the uterosacral ligament

	Standard  uniaxial test
	Cadavers without        clinical POP (n=15)
	YM-14.1 MPa
UTS-6.3 MPa
	Nulliparous women had significantly lower YM (by 5.5MPa) and UTS (by 4 MPa)  than parous women.

	Rivaux et al 2013[188]
	Section of    uterosacral ligament
	Uniaxial test
	Cadavers without clinically relevant POP (n=22)
	Rigidity at low and high deformation
	Utererosacral ligaments more   rigid than round and broad ligaments.  Uterosacral ligaments more rigid than vaginal tissue in [181]

	Cosson et al 2003[189]
	Iliopectonineal ligament, sacrospinous  ligament and  ATFP 
	Suture      through ligament
	Cadavers without POP (n=29)
	Suture tearing resistance
	Great variation in tearing values (20N to 200N).  Variation between individuals, type of ligaments and side of ligament.  Ileopectineal>sacropinous >ATFP.



There are several possible explanations for the contradictory findings between these studies.  Firstly, several potential confounding factors which may influence tissue mechanics are not controlled for in the majority of studies.  These include menopausal status [186, 190], hormone replacement therapy [190], weight, parity [187] and race.  Secondly, different biopsy protocols, which were frequently not detailed, may influence testing.  Specifically, mechanical properties have been shown to differ depending on biopsy site (e.g. anterior or posterior vaginal wall [181]).  Similarly, the way that the biopsy is taken is likely to be important (e.g.  longitudinally versus transverse [181], full or partial thickness).  Finally, whilst fresh cadaveric tissue has been found to maintain stable passive mechanical properties for up to 7 days post-mortem [191], differences in methods of sample preparation and storage may influence results.  These include preservation time, temperature, hydration state [91, 192], freeze thaw conditions [180]).  The size of error introduced by these factors is largely unknown.   
If the studies that show tissues from patients with POP are mechanically inferior are to be believed, then this would provide a simple, logical explanation for the occurrence of POP/SUI and fit together with the biochemical findings of reduced collagen content and abnormal collagen ratios in these tissues.  Studies demonstrating greater strength and stiffness in POP tissues are more difficult to reconcile.  One possible explanation is that tissues have remodeled in response to greater mechanical loads (e.g.  pregnancies, weight gain) [187], yet despite this the relative deficiency in muscular support is too great to overcome.  Another possibility is that the tissue is continuing to remodel after the development of the prolapse although this is impossible to confirm as all studies were based on tests at a single time point [184].  Moreover no study assessed the relative contribution of the pelvic ligaments and vaginal wall.  Given the evidence of intra-individual variation in ligament strength [189], it is not implausible that weakening could occur in the vagina but not the ligaments and vice versa.  However as similar metabolic changes have been demonstrated in the ligaments it is probable that they are also mechanically deficient.
In summary, although the widely held view is that pelvic floor connective tissues are mechanically inferior in women with POP and SUI, the available data is actually inconclusive.  

[bookmark: _Toc293477089]1.7 Biomaterials in pelvic floor reconstruction
Surgery represents the most definitive and durable treatment of SUI and POP.  Recent studies from the U.K. [193], U.S.[194], Australia[195] and the Netherlands [196], have established that women have a lifetime risk of requiring a surgical procedure for SUI or POP in the range of 10-20%.  The peak in incidence appears to be in the 7th decade [194, 197, 198].  Moreover 30% of those undergoing surgery, go on to have further surgery for recurrence [193].  Given the ageing populations of developed nations it can be expected that pelvic floor surgery will place an increasing demand on health care resources and assume a greater position on the health care agenda.
Over the past 2 decades, we have seen two major trends in pelvic floor reconstructive surgery with far reaching implications.  Firstly, the introduction of minimally invasive approaches using trocar guided surgical kits.  Such procedures were popularized on the basis that they were less invasive, had a faster recovery time and simplified complex anatomical concepts associated with traditional surgery.  Secondly, the wider use of biomaterials, specifically non-absorbable synthetic meshes, to enforce or reinforce surgical repair.  According to medical device manufacturer estimates, approximately 33 percent of POP repair procedures and 80 percent of anti-incontinence procedures utilize biomaterials [199].  
Over the past decade, there has been growing concern that these techniques and materials are associated with serious complications in a significant minority of patients.  Regulatory bodies such as the food and drug administration (FDA) in the US and UK medicines and healthcare regulatory agency (MHRA) have issued alerts and statements warning patients and surgeons of these complications [199], [200].  There has also been well-publicized legal action against manufacturers and more recently market withdrawal of mesh kits in North America [201].    Currently there is much debate about which techniques and which material, if any, should be used in the reconstruction of the pelvic floor.  
[bookmark: _Toc293477090]1.7.1 Biomaterials: synthetic and biological 
Most traditional methods of repairing SUI and POP constitute what are termed native tissue repairs (NTR).  The tissues are anchored or plicated using absorbable or permanent sutures.  The integrity of the repair is dependent upon the tissues themselves and the process of scarring.  Scarring is the default way in which healing in the body takes place.  Scar tissue consists of unorganized whorls of collagen with little elastin and typically has a third of the strength of healthy connective tissue due to the lack collagen alignment along line of stress.  It is therefore is not best suited to resisting chronic loads.
Biomaterials augmentation seeks to overcome these deficiencies.  A biomaterial has been defined as ‘‘any substance or combination of substances, other than drugs, synthetic or natural in origin, which can be used for any period of time, which augments or replaces partially or totally any tissue, organ or function of the body, in order to maintain or improve the quality of life of the individual’’ [202].  A variety of biomaterials, classified into synthetic and biological grafts, have been used to date in the pelvic floor.

1.7.1.1 Synthetic meshes
Meshes are predominately composed of non-absorbable thermoplastic polymers.  They are classified in to 4 groups based on the basis of porosity (microporous or macroporous) and filamentous structure (monofilmanent of multifilament)(Table 1.7.1) [203].  Microporous meshes have pores less than 10μm whilst macroporous meshes have pores >70μm.  The earlier clinical experience with type II (microporous/multifilament fibres) and III (macroporous and microporous/multifilament fibres) meshes was negative [204, 205].  In contemporary practice macroporous monofilament polypropylene (PPL) (pore size of 1500μm) is most commonly used.


1.7.1.2 Biological grafts
Biological grafts can be classified as autologous, allogenous and xenogenous (summarized in table 1.7.2).  Autologous grafts are usually fascial, harvested from the abdominal wall (rectus sheath) or the thigh (fascia lata).  There is a risk of morbidity at the donor site including hernia, pain, scar and nerve injury, which limits the quantity of tissue that can be harvested.  

Table 1.7.1 Classification of synthetic mesh based on filament structure and porosity
	Type
	Examples
	Porosity
	Filamentous structure

	I
	Polypropylene, Marlex
	Macro-porous (>75 microns)
	Mono-filament

	II
	Expanded polytetrafluoroethylene
	Micro-porous (<10 microns)
	Mono and Multi-filament

	III
	Polyethylene terepthalate             
Polyglactic acid (Vicryl)
	Macro-porous
	Multi-filament

	IV
	Polyatex (Silicone)
	Sub-micronic
	Monofilament



In order avoid donor site morbidity, allografts (cadaveric fascia lata, cadaveric dermis) and xenografts (porcine dermis, porcine small intestinal submucosa (SIS), bovine pericardium) were introduced.  These materials essentially comprise decellularised predominately collagen ECMs.  Early generation allografts and xenografts undergo processing (mechanical, osmotic and chemical) to remove the cellular components and render them non-immunogenic.  Proteins are typically conserved between species and so are typically well tolerated.  Chemical cross-linking was introduced to render the grafts resistant to enzymatic degradation in the body.  Grafts are sterilized using gamma or electron beam irradiation.  Newer generation grafts undergo less harsh methods of decellularisation and sterilization in order to retain complex ECM components (glycoproteins, glycosaminoglycans, and growth factors) and preserve the natural tissue architecture.
A concern with the use of allografts is the inconsistency in their quality as they are often donated by the elderly where there is an age-related weakening in connective tissues [206], additionally there is concern that the  processing techniques may further affect mechanical properties.  In particular, freeze drying can cause ice crystal formation and may weaken the collagen structure in the fascia [207].  Allografts are obtained from donor tissue banks and although fastidious precautions are taken in their procurement, concerns remain regarding the potential risk of viral and prion disease transmission.  The risk of human immunodeficiency virus transmission is estimated to be one in eight million.  Nevertheless there is yet to be a reported case of disease transmission with the use of these grafts.  The effectiveness of the decellularisation process was also questioned with the finding of DNA in allograft fascia [208].  DNA has also been found in porcine SIS [209].

Table 1.7.2 Biological grafts used in pelvic floor surgery.
	Biomaterial
	Brand
	Sterilization                 Method
	Modification 
	Elastin          content 
	Matrix molecules

	Cross-linked      Porcine dermis
	Pelvicol, PelviLace
	Irradiated
	Crosslinked with       hexamethylene-di-isocyanate (HMDI)
	High
	Inactivated

	Porcine small intestinal       submucosa
	Fortagen             (cross-linked)
	Irradiated
	Crosslinked with carbodimide
	Low
	Inactivated

	
	Surgisis
	Ethylene oxide
	Nil
	Low 
	Growth factors, muco-polysachharides   & adhesive proteins 

	Cadaveric dermis
	Tutoplast
	γ-irradiated                (low dose)
	Freeze dried, solvent dehydration
	High
	Inactivated

	Cadaveric  fascia
	Tutoplast
	γ-irradiated                (low dose)
	Freeze dried,
Solvent dehydration
	Moderate
	Inactivated

	Bovine pericardium
	Veritas
	Irradiated
	Nil
	Low 
	Assumed 

	Autologous fascia
	-
	-
	Nil
	Moderate
	ECM Intact 



[bookmark: _Toc293477091]1.7.2 What is the evidence for the use of biomaterials in pelvic floor reconstruction?
Summarising the data on outcomes for the use of different biomaterials in SUI and POP surgery is a major challenge.  Studies are highly heterogeneous due to differences in surgical techniques, frequent reporting of combinations of procedures and variations in study populations (e.g.  primary versus recurrent disease), outcome measures, definitions of cure and length of follow up.  We have attempted to summarise this literature by focusing on studies that:-
(1) Separately evaluated individual biomaterials
(2) Assessed objective success rates:- Cough testing or pad testing in SUI and anatomic success in  POP (based on clinical examination).  
(3) Assessed complications occurring with each procedure/biomaterial.
We have considered only data from published meta-analysis and individual RCTs, where follow up was at least 12 months.  

1.7.2.1 Surgery for SUI
1.7.2.1.1 Native tissue repair
Open retropubic colposuspension is usually performed through a transabdominal approach and involves attaching the periurethral tissues to the iliopectineal ligament with multiple sutures (Burch Colposuspension).  The aim is to restore pressure transmission to the urethra by fixing it in an intrabdominal position.  A variation to this is the suspension of bladder neck onto the periosteum of the symphysis pubis (Marshall-Marchetti-Krantz procedure).  Complications can include difficulty voiding or urinary retention, de novo urinary urgency, osteitis pubis, in addition to general complications relating to transabdominal surgery.  A Cochrane review of 53 studies (n=5,224) demonstrated an overall success rate of 68.9-88.0% [210]. In the long term case series have shown success at 7 years of 84% [211], however at 14 years, rates decline to 44% [212].
  
1.7.2.1.2 Sling/Tape procedures
Pubovaginal slings (PVS) were introduced over 100 years ago.  A strip of fascia is placed underneath the proximal urethra and the ends are tunneled through the retropubic space before being fixed to the anterior rectus fascia.  Alternatively “a sling on a string” method can be used which reduces the length of graft required.  Both methods require abdominal and vaginal incisions.  A variety of different biomaterials have been used in place of autologous fascia.  
Mid-urethral tapes (MUT) were developed by Ulmsten and Petros in the early 1990’s [213].  A thin tape of PPL mesh is placed in a “tension-free” fashion underneath the mid-urethra [214].  During stress the tape acts to induce a kink in the urethra at its midpoint, compensating for laxity in pubourethral ligament (a cause of SUI in the integral theory), thereby preventing leakage [215].  There is now a plethora of commercially available kits that utilize trocars through 2 anatomical approaches.  A typical kit comprises two trocars connected by a long thin segment of mesh (figure 1.7.1a).  The procedure takes less than an hour and can be performed under local or regional anaesthetic on a day case basis.  
The originally described retropubic approach involves the blind passage of the trocar through an anterior vaginal wall incision via the retropubic space and out through the suprapubic skin (figure 1.7.1b).  In the trans-obturator approach the trocar is guided through the obturator foramen and out the through the groin (figure 1.7.1c) avoiding intrabdominal passage [216].  The mesh is then cut at the level of the skin and the puncture sites closed.  
        

[image: ]
Figure 1.7.1 Mid urethral tape surgical approaches (a) Trocar guided mesh tape kit (b) Retropubic approach for mid urethral tape insertion (c) Trans-obturator approach.  Reproduced with permission from   Bullock TL, Ghoniem G, Klutke CG, Staskin DR.  Advances in female stress urinary incontinence: mid-urethral slings.  BJU international 2006; 98 Suppl 1:32-40; discussion 1-2.             

1.7.2.1.3 Studies comparing individual biomaterials used in sling/tape procedures to native tissue repair (table 1.7.3)
Three RCTs compared autologous rectus fascia PVS to NTR.  Albo et al.  reported an RCT comparing autologous fascia (rectus) pubovaginal sling to Burch colposuspenison.  Overall success (combined objective and subjective) specific to SUI at 24 months was 66% versus 49% (P<0.001).  Voiding dysfunction occurred in 14% and de novo urgency in 3% [217].  Demerici et al.  compared autologous rectus fascia PVS to Burch colposuspension, finding 94% versus 88% cured (objective) (no significant difference) at 12 months follow-up [218].  Detrusor overactivity occurred in 5.9%.  Bai et al.  reported 92.8% versus 87.8% objective success of autologous fascia PVS compared to Burch colposuspension at 12 month follow up (p<0.05) [219].  Urinary retention was found in 7.1% of PVS group.
Ogah et al.  meta-analysed three RCTs that assessed objective cure rates.  A 79% versus 77% cure rate was found for MUT versus open colposuspension, follow up ranged from 12 to 48 months [220].  In meta-analysis of 6 studies assessing complications, voiding dysfunction occurred in 5.5 % whilst de novo urgency occurred in 8.9%.  Exposure occurred in 3.2%.  


Table 1.7.3  Slings/tapes versus NTR in SUI surgery
	Biomaterial
	Success rate
	Length of follow-up (months)
	Success vs.  NTR
	Graft related complications
	Studies       assessed

	Autologous fascia
	66-94%
	12-24
	≥ Equivalent
	Voiding dysf 7.1-14%
De novo urgency 3-5.9%

	3 RCTs [217-219]

	PPL MUT    
	79%
	12-48
	Equivalent
	Voiding dysf  5.5%
De novo urgency 8.9%
Exposure 3.2%
	1 Meta-analysis (3 RCTs) [220]



1.7.2.1.4 Studies comparing individual biological grafts used in sling/tape procedures to MUT (table 1.7.4)
Bai et al.  compared autologous fascia PVS to MUT.  At 12 months follow up combined subjective and objective success was 92.8% versus 90.3% for the PVS and MUT groups respectively (p<0.05) [219].  Conversely, other studies found no significant difference at up 24 months follow-up [221-223].  One RCT compared cadaveric fascia lata PVS to MUT, finding no significant difference in objective success, 79% versus 70.8% respectively[224].  Two RCTs compared trans-obturator cross-linked porcine dermis (Pelvilace) to MUT.  At 24 months follow-up Paparella et al.  found objective cure was 88.2 vs.  88.8%, for porcine dermis and MUT respectively [225] with no incidences of voiding dysfunction or exposure in either group.  Similarly, Ugurlucan et al.  found no difference in objective success whilst voiding dysfunction, although high preoperatively, decreased postoperatively in both groups [226].  
In conclusion, autologous fascial slings and MUT both provide equivalent objective success to NTR, whilst being less invasive.  Autologous fascia slings are equally as effective as MUT, but more invasive and associated with a greater incidence of voiding dysfunction whereas MUT are associated with exposure in 3.2%.  Less evidence is available for cadaveric fascia and cross-linked porcine dermis (trans-obturator kit) slings, which show equivalent success to MUT.  
Table 1.7.4 Biological slings versus PPL tapes
	Biomaterial
	Success rate
	Length of follow-up (months)
	Success vs.  PPL MUT
	Graft related complications
	Studies assessed

	Autologous fascia
	47.6-93.7% 
	12-24
	Equivalent
	-
	4 RCTs [219, 221-223]

	Cadaveric fascia
	79% 
	12
	Equivalent
	De novo urgency incontinence 22%
	1 RCT [224]

	Crosslinked Porcine dermis (trans-obturator)
	88.8-94%
	12-24
	Equivalent
	Voiding dysf 0%
Exposure 0%
	2 RCT [225, 226]



1.7.2.2 Surgery for anterior compartment POP (table 1.7.5)
1.7.2.2.1 Native tissue repair
Anterior colporrhaphy involves dissection of the vaginal epithelium off the attenuated vaginal wall muscularis/adventitia and plication of the latter in the midline with delayed absorbable suture after which the flaps of redundant epithelial tissue are excised and the epithelium is closed.  Complications can include bleeding, haematoma, inadvertent cystotomy, suture placement in the bladder and dyspareunia.  Anterior colporrhaphy was traditionally viewed as a reliable procedure for anterior prolapse with older series’ showing success in the range of 80 to 100 % [227].  However an influential study by Olsen and colleagues, published in 1997 [197], found a reoperation rate of 29% leading to a change in prevailing attitudes and a shift toward augmented repairs.  
Paravaginal repair is a site-specific repair technique that aims to correct a loss of lateral support by “re-attaching” the lateral vaginal sulcus to its attachment along the ATFP.  This can be performed through a vaginal or abdominal approach.  Complications can include excessive bleeding and haematoma (transfusion rate 16%).  Vaginal paravaginal repair has success rates in the range of 67 to 100 % in case series, whilst the abdominal route has a rate of 75–97 % [227].  No RCTs assessing paravaginal repair in isolation were found.

1.7.2.2.2 Biomaterial repair 
Augmentation of the repair is most commonly performed with PPL mesh.  Materials can be placed as on overlay over the colporrhaphy, anchored (e.g.  to the ATFP on either side) or inserted using armed trocar-guided mesh delivery system.
A recent Cochrane review looked at 10 RCTs comparing PPL mesh to NTR in the management of anterior compartment prolapse and found anatomic recurrence rates of 14% and 46% respectively (RR 3.3) at 12-36 month follow-up [228].  In terms of complications, bladder injury occurred in 2.4% of the mesh group compared to 0.3% in NTR (RR 0.19).  There was no significant difference in rates of dyspareunia, 7% and 4% for mesh and NTR respectively.  Mesh exposure occurred in 11.4% of patients and 6.8% required re-operation to correct this.  Mesh was associated with an overall greater risk of pain, exposure, recurrence and further surgery for SUI than NTR (10% versus 5%).  A meta-analysis of two RCTs (follow-up 12-24 months) found an absorbable synthetic mesh (polyglactin) to have a lower risk of recurrence than NTR (RR 1.39) [228].  Only 1 instance of exposure occurred between the two studies, no other mesh related complications were reported.
Cross-linked porcine dermis is the most commonly studied biological graft in the anterior compartment (5 RCT’s).  Success rates vary from 38%-93%, at follow-up ranging from 12 to 36 months.  In the Cochrane meta-analysis cross-linked porcine dermis shows a lower risk of recurrence than NTR (RR 1.7) [228].  In the case series with the longest follow (5 years) the success rate was 82% [229].  Common complications included exposure (0-4.4%) and dyspareunia (3-8%).  
SIS was studied in 1 RCT.  Success at 12 months was 86% compared to 59% for NTR (p=0.03) [230], 17% of patients experienced dyspareunia with SIS (similar to NTR, 15%) [230].     
Cadaveric Fascia was studied in 1 RCT where anatomic success was reported in 79% at mean follow-up of 13 months versus 71% for NTR (p=0.229) [231].  There were no major complications.  
Bovine pericardium was studied in a single RCT with a success rate of 77% at 24-month follow up versus 63% for NTR (p=0.509), no major complications occurred [232].  
In conclusion, in the anterior compartment polypropylene mesh provides superior anatomic support whilst having a high rate of exposure and bladder injury.   Cross-linked porcine dermis is superior to NTR but is associated with exposure.  SIS is the only other biological material to demonstrate benefit over NTR.  The use of other biological grafts is not supported by the evidence.

Table 1.7.5 Outcomes of different biomaterials in anterior compartment POP surgery in terms of anatomic success, success relative to NTR and common complications.
	Biomaterial
	Anatomic
Success rate
	Length of follow up (months)
	Success Versus      NTR
	Graft related complications
	Studies       assessed

	PPL mesh (Amid 1)
	86%
	12-36
	Superior 
	Exposure 11%
Bladder injury 2.4%
Dyspareunia 7% 
Re-operation 6.8%
	Meta-analysis        (10 RCTs) [228]

	Polyglactin mesh
	42-75%
	12-24
	Superior
	Exposure 1%
	Meta-analysis          (2 RCTs) [228]

	Cross-linked Porcine dermis 
	38-93%
	12-36
	Superior
	Exposure 0-4.4%
Dyspareunia 3-8%
	Meta-analysis        (5 RCTs) [228]

	Non-cross-linked SIS
	86%
	12
	Superior
	Dyspareunia 17%
	1 RCT [230]

	Cadaveric fascia 
	79%
	13 (mean)
	Equivalent
	Nil 
	1 RCT [231]

	Bovine pericardium
	77%
	24
	Equivalent
	Nil
	1 RCT [232]








1.7.2.3 Surgery for posterior compartment POP (table 1.7.6)
1.7.2.3.1 Native tissue repair
Posterior colporrhaphy or site-specific repairs are the traditional approaches used in posterior compartment prolapse.  The former follows the same principles of plication in anterior colporrhapy where as the latter involve identifying and repairing discrete “fascial” defects using interrupted sutures.  Posterior colporrhaphy has a mean reported anatomical success rate of 83 % (range 76–96 %) with 18 % experiencing postoperative dyspareunia [233].  Site-specific repair has a mean anatomical success rate of 83 % (range 56–100 %) with a mean postoperative dyspareunia rate of 18 % [233].  

1.7.2.3.2 Augmented repairs
Augmented repairs in this compartment can be performed in a similar fashion to the techniques described for the anterior compartment.  Several trials have assessed posterior compartment native tissue repairs and PPL mesh however these included combined repairs with other compartments and outcomes have not been reported for the posterior compartment in isolation (see section on apical augmented repair).  
Polyglactin mesh augmentation showed no advantage over NTR in a single RCT, the recurrence rate was 10.4 versus 9.2% respectively at 12 months follow up [234].  No graft related complications occurred.  
Non-cross-linked porcine SIS was assessed in 2 RCTs, with follow up from 15-17 months [235, 236].  In meta-analysis of these two studies, anatomic failure was higher with SIS compared to NTR, 21% versus 10% respectively (RR 0.5) [228].  Post-op dyspareunia rates ranged from 6-12.5%, not significantly different to NTR.  Exposure was not reported
Cross-linked porcine dermis was assessed in a single RCT with 36 month follow up, which showed a success rate of 38% versus 43% for NTR [237].  Exposure occurred in 4.4%.  
In conclusion, the current evidence does not support an advantage to augmentation in the posterior compartment using available biomaterials.

Table 1.7.6 Outcomes of different biomaterials in posterior compartment POP surgery in terms of anatomic success, success versus NTR and common complications.
	Biomaterial
	Success rates

	Length of 
Follow-up (months)
	Success Versus NTR
	Graft related Complications
	Studies assessed

	PPL mesh (Amid I)
	-----------------------------------------------Not assessed independently---------------------------------------------------

	Polyglactin mesh
	89.6%
	12
	Equivalent
	Nil
	1 RCT [234]

	Crosslinked Porcine dermis
	38%
	36
	Equivalent  
	Exposure 4.4%
	1 RCT [237]

	Non cross-linked SIS
	79%
	14-17
	Inferior
	Dyspareunia            6-12.5%
	2 RCTs     [235, 236]



1.7.2.4 Surgery for apical compartment POP (table 1.7.7)
Apical prolapse rarely occurs without anterior or posterior compartment prolapse, and so it is common to combine repair with one of the procedures described above.  When the uterus is in situ, patients most commonly undergo a vaginal hysterectomy along with a vaginal procedure to establish level I support.  

1.7.2.4.1 Native tissue repair
Uterosacral ligament suspension (USLS) involves the placement of 1-3 permanent sutures to attach the utero-sacral ligaments to the vaginal wall.  The procedure restores the normal vaginal axis and can be performed intra or extra-peritoneally and through a vaginal or abdominal.  The evidence supporting the use of USLS mainly consists of uncontrolled retrospective case series which show a mean anatomic success rate of 85 % (range 48-96 %) and a mean reoperation rate for prolapse of 5.8 % [238].  The major complication is ureteric kinking or injury occurring in as many as 11% of cases [239].  
Sacrospinous ligament suspension (SSLS) involves attaching the vaginal vault to the sacropinous ligaments with permanent or delayed absorbable sutures.  The sutures are placed 1-2cm medial to the ischial spines.  The procedure can be performed unilaterally or bilaterally either through an anterior paravaginal or posterior vaginal approach.  Anatomic recurrence of apical prolapse is uncommon (2.4 to 19%) however recurrence in the anterior compartment is more frequent (6 to 28.5%) [238] attributed to posterior deflection of the vaginal axis.  There is a risk of sacral/pudendal nerve injury or pudendal vessel bleeding (transfusion rate 2%).  A recent RCT found no difference in objective or subjective outcomes between USLS and SSLS at 2 years [240].

1.7.2.4.2 Biomaterial repair
Apical transvaginal mesh insertion involves fixation of PPL mesh to the sacrospinous ligament using different minimally invasive kit specific techniques.  The mesh is usually also designed to provide anterior and/or posterior compartment support.  The success rate of transvaginal PPL meshes for apical prolapse in level 3 evidence ranges from 87 to 100 % [238].  The major problem with transvaginal PPL mesh is exposure which occurs in up to 15 % of instances [238].  One RCT demonstrated that PPL mesh had similar anatomic success at 1 year when compared to NTR (anterior/posterior colporrhaphy + USLS or SSLS), 62.5 vs. 69.7% respectively (p>0.05), but was underpowered due to early termination because of a high exposure rate (>15%)[241].  This 15% exposure incidence after only 12 months is a clear indicator of the extent of the problems which have subsequently become evident.  Another RCT with 2-year follow-up reported significantly lower success for transvaginal PPL mesh versus sacrocolpopexy, 43 vs 77% respectively (p<0.001) [242].  There was a greater exposure rate in the transvaginal mesh (13%) compared to the sacrocolpopexy group, though this was not statistically significant (p=0.07).
Abdominal sacrocolpopexy (ASC) is most commonly performed when patients who have had prior hysterectomy develop apical prolapse.  The peritoneum is incised and the vesicovaginal and rectovaginal spaces are dissected.  A Y-shaped mesh is stitched to the vaginal wall, anteriorly and posteriorly.  The other end is then sutured to the anterior longitudinal ligament overlying the sacrum.  The mesh is placed without tension, and extraperitonealised.  When defined as no apical prolapse, the success rates range from 78 to 100% [238].  When defined as no recurrent prolapse (any) lower success is generally reported in the range of 56–100 % [238].  Meta-analysis of 3 RCTs comparing ASC to SSLS (mean follow ups 24-30 months), demonstrate recurrence rates of 3.6% and 15.3% respectively [228].  However operating time and recovery time are longer and costs are higher with ASC[228].  Due to the relative invasiveness of the transabdominal approach compared to the vaginal route, ASC is usually reserved for patients deemed to be at high risk of failure.  Complications include ileus (5%) wound infection (4.6 %), haemorrhage or transfusion in (4.4 %), bladder injury (3.1 %), ureteric injury (1.0 %) and bowel injury (1.6 %)[243].  There are no published RCTs comparing ASC with USLS or with transvaginal mesh procedures.  
Only one RCT assessed anatomic success of other biological grafts compared to PPL in ASC.  Culligan et al compared cadaveric fascia lata to type 1 PPL mesh.  At 12 months follow up, no apical recurrence occurred in either group, however recurrence in other sites was more common with cadaveric fascia compared to PPL mesh, 32% versus 9% respectively (RR=3.58) [244].  Five-year data from this study demonstrated greater recurrence with cadaveric fascia compared to PPL, 31% versus 6.9% (p=0.02) [245].  Recurrences in both groups were either in the anterior or posterior compartments.  Exposure occurred in 3.7% of the mesh group and none of the cadaveric fascia group.  
A secondary analysis of an RCT looking at SUI outcomes following ASC provides further evidence of the exposure rates with different biomaterials.  At 24-month follow-up, exposure rates for PPL, polytetrafluoroethylene, polyester, cross-linked porcine dermis were 5.1%, 19%, 7.5% and 9.1% respectively (not significantly different to PPL) [246].
In conclusion, ASC provides superior outcomes compared to NTR.  PPL mesh in ASC provides superior long-term anatomic outcomes compared to cadaveric fascia lata.  Cross-linked porcine dermis is associated with similar exposure rates to PPL.  Transvaginal PPL mesh shows inferior outcomes to ASC, and higher rates of exposure (>15%) when compared to NTR.

Table 1.7.7 Outcomes of different biomaterials in apical prolapse surgery in terms of anatomic success, success versus NTR and ASC with PPL mesh, and common complications.
	Biomaterial
	Success           rates
	Length of 
Follow-up (months)
	Success vs.
NTR
	Success vs.  
ASC PPL
	Graft related Complications
	Studies   Assessed

	Transvaginal:
	
	
	
	
	
	

	 PPL mesh (Amid I)
	43-62.5%
	12
	Equivalent
	Inferior
	Exposure 13-15%
	2 RCTs   [241,242]

	Sacrocolpopexy:
	
	
	
	
	
	

	PPL mesh (Amid I)
	91- 96.4%
	24-60
	Superior
	-
	Exposure 5.1%
	3 RCTs                 2o RCT   [228,246]

	Cadaveric Fascia
	69% 

	60
	Not assessed
	Inferior
	Exposure 0%
	1 RCT                  2o RCT   [244,246]

	Cross-linked                                                          porcine dermis
	Not assessed
	60
	Not assessed
	Not assessed
	Exposure 9.1%
	2o RCT [246]



[bookmark: _Toc293477092]1.7.3 What are the underlying reasons for failure and complications with biomaterials used in pelvic floor surgery?
Our current understanding of the mechanisms and determinants of a successful outcome with biomaterials in pelvic floor surgery is incomplete.  Mechanical properties at baseline are likely to be important, but on their own do not explain clinical outcomes [247].  In this section we consider the impact of host responses, the physical and mechanical properties, of biomaterials and the complex interaction between these factors following implantation.  We focus on the data from human studies where possible as animal immunology may differ substantially, thus transferring data on biocompatibility may not be appropriate.  
1.7.3.1 PPL meshes  
The host response to any implanted non-absorbable biomaterial is fairly standard and follows the following course: initial blood-material interactions, provisional matrix formation, acute inflammation, chronic inflammation, granulation tissue development, foreign body reaction (FBR), and fibrosis [248].  The interaction of implant with the blood in the wound bed leads to the adsorption of proteins to the surface of implant within nanoseconds of implantation.  This results in the formation of a provisional matrix (or biofilm) which is rich in mitogens, chemo-attractants, cytokines, growth factors, and other bioactive agents.  These factors are responsible for the modulation, proliferation and activation of cell populations in the inflammatory and wound healing responses.  An acute inflammatory response then ensues, characterized by the presence of neutrophil polymorphs.  Degranulation of mast cells results in the release of histamine, a central mediator of the acute inflammatory response to biomaterials, in addition to interleukins 3 and 4 which are also thought to play significant roles.  
The acute inflammatory response usually subsides within a week.  Chronic inflammation follows, characterized by the local presence of mononuclear cells (monocytes and lymphocytes).  With materials that are considered relatively biocompatible this response usually lasts no longer than 2 weeks.  Persistence of chronic inflammation beyond this usually indicates infection.  Resolution of inflammation is followed by granulation tissue identified by the presence of macrophages, the infiltration of fibroblasts, and neovascularization.  There is a 1-2 cell layer of macrophages, monocytes and foreign body giant cells between the granulation tissue and the implant.  This constitutes the FBR, which is the end-stage of the inflammatory and wound healing responses following implantation of any non-degradable biomaterials [248].  The granulation tissue is gradually replaced by collagen deposited by the fibroblasts and the implant is surrounded in scar tissue.
Although PPL is considered one of the most biocompatible thermoplastic polymers, in practice there is a significant risk of local complications after implantation.  Several design modifications in contemporary products attempt to reduce the risk [249].  Macropores are said to allow the admittance of immune cells, neo-vascularisation and collagen ingrowth [250].  This is thought to accelerate and enhance host tissue integration and reduce the risk of mesh infection, encapsulation and extrusion.  Monofilament meshes are considered preferable to multifament meshes, the concern with the latter is that bacteria may colonize the sub 10μm interces between fibres which are inaccessible to the larger host immune cells (9-20μm) [251].   There is a direct relationship between mesh size and the magnitude of the inflammatory response [252], consequently there has been a trend toward lighter weight meshes with reduced surface areas.  
Whilst the initial inflammatory phases are necessary for host cell ingrowth and integration of mesh into a fibrous scar, a severe or prolonged response is undesirable and may be responsible for some of the complications we have seen with mesh, in particular mesh exposure, pain and dyspareunia.  PPL causes a fairly vigorous FBR [253] which lessens with time but never entirely abates [254] (figure 1.7.2).  This FBR leads to up-regulation of MMPs and pro-inflammatory cytokines [255].  This is speculated to lead to persistent extracellular matrix remodelling and inflammation at the mesh-host interface which maybe the cause of exposure [255].  In PPL explanted for exposure a more severe FBR was found than in mesh explanted for other reasons [256].  
Most patients do not suffer complications and it maybe that individuals who do, are predisposed in some way.  Women who developed mesh exposure were found to have pre-operative cytokine levels that were 3 times greater than women who did not [257].  The vaginal environment itself may be a contributory, as mesh implanted in the abdominal wall typically does not result in the same complications.  Thus PPL has been used in abdominal hernia repair for many years with a low incidence of complications [258].  Studies in rabbits demonstrating an increased inflammatory response to meshes implanted in the vagina compared to the abdominal wall support this supposition [259].
Sub-clinical bacterial infection may also be a factor in the genesis of mesh complications.  As a surgical rule prosthetics are not implanted in contaminated fields, however the vagina even after surgical prep remains a clean-contaminated environment [260].  It has been suggested that during transvaginal placement bacteria may become attached to the surface of the mesh where they exists in a protective self-produced biofilm [261].  In a study where mesh was excised for de novo urinary urgency, in 83% of subjects there was evidence of bacteria in excised tissue compared to only 5% of controls [262].

[image: ]
Figure 1.7.2 Typical host responses to current materials used in pelvic floor surgery from human studies.  (a) PPL: peri-mesh biopsy at 12 months shows persistence of mast cells (large arrow) in addition to fibroblasts (small arrows) collagen fibres and elastic fibres (high magnification) (reproduced with permission from[254]) (b) Cadaveric fascia lata: at 19 months graft degradation (arrows) (x25) (reproduced with permission from[263])(c) Cross-linked porcine dermis:   at 4.5 months there is mild fibroblast proliferation, neovascularization, mild lymphocytic reaction, and new collagen formation at the periphery of the graft (arrows) (x10)(reproduced with permission from[264]) (d) Non cross-linked SIS: remodeling graft with no evidence of foreign body reaction, arrows represent areas of reduced fibroblast density representing areas of residual graft(x200)(reproduced with permission from[265]) (e) Rectus fascia:  pre-implantation(x50) (f) Rectus fascia: at 4 years longitudinally organized collagen fibres and extensive vascularization of graft (x50) (reproduced with permission from[266]).

Although surgeons consider PPL to be non-biodegradable, there is evidence to the contrary.  Mesh explanted from patients with abdominal wall hernia showed evidence of surface cracking, peeling and fissuring [267].  Even after chemical removal of adherent tissue explanted mesh remained contracted suggesting that permanent conformational changes are induced within the body.  It is postulated that these changes occur as result of oxidative degradation due to effect of powerful oxidants produced by macrophages (e.g. hydrogen peroxide) during the inflammatory response [268].   
Oxidative changes typically cause polypropylene to become brittle [269].  In mechanical terms the mesh becomes weaker and stiffer, these changes have been confirmed in rabbits after mesh implantation in the vaginal wall (table 1.7.8).  Recently, stiffer meshes were found to have a negative impact on both the contractile (active) and passive mechanical properties of vaginal tissue in rhesus macaques [270].  This is attributed to a phenomenon termed stress shielding, widely recognized in orthopaedic implantation.  Essentially the stiffer material buffers or “shields” the adjacent tissue from experiencing the physiological loads.  In the absence of loading, the tissue degenerates.  This may possibly contribute to the development of mesh exposure.

1.7.3.2 Older generation biological grafts
Processing of older generation biological grafts, both allografts and xenografts, essentially removes cellular components but also denatures or removes many of the complex molecules (e.g.cytokines, growth factors).  This typically result in degradation of the grafts, with a variable degree of chronic inflammation and eventual replacement by dense fibrous connective tissue i.e. a scar (destructive remodeling).  Mesh implantation in rabbit vaginal wall demonstrates that these grafts typically lose strength (+/- stiffness) as they are degraded (table 1.7.8) whilst re-exploration in patients after cadaveric graft implantion has demonstrated grafts to be thinned (or absent) with minimal cell infiltration and neovascularity [263, 271] (figure 1.7.2).  This may explain their lack of efficacy when compared to native tissue repair.  
Table 1.7.8 Summary of host immune response and change in mechanical properties after implantation of biomaterials studied in pelvic floor surgery.
	Biomaterial
	Proprietary name
	In-vivo degradation
	Long-term immune response 
	Change in Mechanical properties after ≥ 3months implantation*

	
	
	
	
	Strength 
	Stiffness

	PPL mesh (Amid I)
	-
	?Non-degradable
	FB response
Fibrosis/Integration
	Decreased
	Increased       

	Polyglactin mesh
	Vicryl
	Weeks
	
	
	

	Crosslinked Porcine dermis 
	Pelvicol, PelviLace
	Years
	FB response
Fibrosis/Encapsulation
	Unchanged
	Unchanged

	Porcine SIS
	Fortagen (cross-linked)
	Years
	FB response 
Fibrosis/Encapsulation 
	-
	-

	
	Surgisis
	Months
	Constructive remodeling 
	-
	-

	Cadaveric dermis
	Tutoplast
	Months
	Destructive remodeling
	Decreased
	Increased

	Cadaveric fascia
	Tutoplast
	Months
	Destructive remodeling
	Decreased
	Decreased

	Bovine pericardium
	Veritas
	Months
	Constructive remodeling (presumed)
	-
	-

	Autologous fascia
	-
	? Months
	Constructive remodeling 
	Unchanged
	Unchanged


*Based on review of three studies where materials were implanted in rabbit vagina[247].

In order to overcome the problem of graft degradation, chemical collagen cross-linking was introduced.  Such grafts are able to maintain tensile strength and stiffness due to their resistance to degradation (table 1.7.8, and this correlates with their anatomic success when used in anterior compartment POP.  However crosslinking prevents host cells from penetrating the graft and integrating it into the native tissue [272].  Consequently these grafts are recognized as a foreign body and a similar sequence of events described for non-absorbable implants occurs resulting in encapsulation of grafts with a variable amount of degradation [273] (figure 1.7.2).  The incidence of exposure with cross-linked porcine dermal grafts reported in clinical studies may thus be explained by similar factors as those described for PPL mesh.  
1.7.3.3 Newer generation biological grafts
The ECM contains a mixture of structural and functional molecules that are organized in a three-dimensional architecture.  This includes fibrillar proteins, glycosaminoglycans and bioactive molecules, including growth factors and cytokines.  The list of growth factors is extensive and includes vascular endothelial growth factor, platelet derived growth factor amongst others[274].  These molecules act as important modulators of cell behavior.  With newer generation biological grafts (e.g. Surgisis) there has been an effort to preserve the ECM in as close to its natural state as possible, by using less destructive processing methods thereby retaining these molecules within their normal spatial organization.  Following implantation grafts undergo degradation during which these molecules are released into the wound bed where they influence the healing process through antibacterial, chemotactic (to progenitor and non-progenitor populations), angiogenic and mitogenic properties [275-277].
There is evidence that newer generation grafts undergo what is termed constructive remodeling [278].  This is a process whereby an implant undergoes degradation, cellular infiltration and vascularization before becoming differentiated into a three-dimensional organized site-appropriate tissue [279].  This is the exact opposite of destructive remodeling which results in scar tissue.  
Macrophages are thought to have a central role in determining remodeling outcomes.  A phenotypic classification of macrophages similar to the Th1 and Th2 system described for lymphocytes was recently introduced [280].  M1 macrophages are pro-inflammatory and cytotoxic, they function to promote phagocytosis of material recognized as foreign and the killing of pathogens[281].  They are associated with a chronic inflammatory response and scar formation.  By contrast type M2 macrophages lead to an immuno-regulatory response that results in repair of tissues by constructive remodeling[281].  M1 and M2 macrophages are distinguished by cell surface markers and cytokine and gene expression profiles [281].
The exact mechanisms by which newer generation biomaterials are capable of modulating the host macrophage population towards a constructive remodeling phenotype are not well understood.  Rapid degradation allowing the release of cytokines and growth factors into the wound bed is thought to be key.  Radioactive labeling studies have shown that porcine SIS completely degrades within 3 months following implantation [282].  Chemical crosslinking prevents this process from occurring and is associated with an M1 response [283].  The presence of dead cellular material was also shown to impair the ability of grafts to remodel [284].
Studies in rabbits and dogs have shown that newer generation biological materials can restore the strength and stiffness of tissues [285, 286] though this is difficult to correlate to clinical outcomes in POP and SUI given the limited clinical evidence available.  Moreover the human data supporting a remodeling response to new generation biological grafts in the female pelvic floor is very limited.  One study has shown histological evidence of remodeling in SIS slings implanted into women with SUI (figure 1.7.2), however all the patients biopsied had recurrent incontinence [265] 

1.7.3.3 Autologous fascia
Autologous fascia represents an unadulterated cellularised natural scaffold.  Histopathologic examination of tissue biopsies from patients undergoing revision sling surgery for SUI suggests that autologous fascia undergoes a constructive remodeling process when transplanted to the pelvic floor[266, 271].  Initially there is a minimal inflammatory response (which has resolved by 3 weeks), this is followed moderate fibroblast infiltration and neovascularization [266, 271].  There is no evidence of a significant foreign body type reaction.   By 4 years the graft is extensively vascularized, cellularised and shows evidence of longitudinal organization along lines of stress [266] (figure 1.7.2).  This data is limited by the fact it is derived from a few patients all of whom were being re-operated on for failure or complications.  In vivo studies (rabbit vagina model) show that it retains its strength and stiffness in the body for at least 3 months (table 1.7.8).  These findings correlate with the body of robust clinical data that supports the use of autologous fascia as a sling material in SUI.

[bookmark: _Toc293477093]1.8 Tissue engineering approaches to developing a biomaterial for pelvic floor reconstruction
Tissue engineering uses the principles of cell transplantation, materials science, and engineering toward the development of biological substitutes that can restore and maintain normal function in diseased or degenerated tissue [287].  Acellular scaffolds, that rely on the body to populate the construct with cells, can be used.  Alternatively scaffolds can be seeded with cells [288] extracted from a tissue sample taken from the patient.  The cells are isolated and expanded in culture before being seeded on to the scaffold [289].  Autologous cells are used to avoid the risk of cross infection and host rejection.  The desired outcome is complete integration of the implanted material and restoration of function of the tissue or organ.
Tissue engineered implants intended for load bearing should initially have the mechanical properties to fulfill the normal supportive role of the weakened tissue.  With time as the construct degrades and weakens, it is hoped that by reciprocation new tissue forms (produced by the transplanted cells) which then assumes the responsibility of load bearing.  To design an implant that successfully fulfills this sequence is a major challenge.  This discipline has been termed functional tissue engineering [290].  
[bookmark: _Toc293477094]1.8.1 Pre-clinical studies
Given the complications of PPL mesh and the deficiencies of acellular grafts, studies investigating tissue-engineered implants have focused on cell-seeded degradable scaffolds.  These studies are few and have reached only a preliminary stage (table 1.8).  They demonstrate that a variety of cell types can be seeded on and attach to a range of scaffolds where they may form relevant ECM proteins.  In vivo work in animal SUI models demonstrates the curative potential of tissue-engineered repairs.  Such models are useful for assessing host response but they do not have the ECM defects that underlie SUI in women nor do they recreate the upright posture of humans.    
Table 1.8. Studies investigating tissue-engineered repair materials for pelvic floor surgery
	Authors
	Cells
	Scaffold
	Summary
	Outcomes

	Lu et al[291].   
	Muscle derived stem cells
	SIS
	In-vitro study.  Cells seeded for 1, 4 and 8 weeks

	Cells produced myotubes with evidence of contractile activity

	Ho et al[292].
	Muscle derived stem cells
	SIS
	In vitro and in vivo studies.  Cells seeded on to SIS.  Then implanted to repair vaginal defects in rats.
	Cells differentiated into smooth muscle cells.  Repair of vaginal defects with no fibrosis

	Cannon et al[293].
	Muscle derived stem cells
	SIS
	Cells seeded onto SIS and implanted into a rat SUI model.
	Leak point pressure equivalent to normal controls

	Skala et al[294]  
	Vaginal fibroblasts
	7 different scaffolds
	In vitro study.  Cells seeded on to 7 materials used in vaginal surgery.  Cell attachment assessed
	Xenograft were best in terms of attachment but showed signs of degradation in culture

	Mangera et al[295]
	Oral fibroblasts
	7 different scaffolds
	In vitro study.  7 materials seeded with cells.  Attachment of cells, ECM production and biomechanical properties assessed after 2 weeks culture
	SIS and electrospun PLA were the optimal scaffolds in terms of cell attachment, ECM production with Biomechanical properties similar to  healthy native tissue

	Zou et al[296].  
	Bone marrow derived stem cells
	Knitted Silk
	In vitro study.  Cell-seeded onto scaffolds and implanted rat model of SUI.  Explanted material tested for collagen content and tensile strength at 12 weeks.
	Leak point pressure equivalent to normal controls.  Higher collagen content and greater strength than silk only (no cells) implants.


                   
[bookmark: _Toc293477095]1.8.2 Previous work from Sheffield
In 2009, our group began investigating 7 different scaffolds materials seeded with oral fibroblasts (OF) as potential alternatives to currently used materials.  Scaffolds were seeded with OF for a period of 14 days before undergoing testing.  Electrospun polylactic acid (PLA) and 4-ply porcine SIS were the 2 best performing scaffolds in terms of cell attachment and proliferation, formation of fibrillar ECM proteins and mechanical properties.  PLA is an FDA approved organic polymer derived from cornstarch, which is broken in the body by ester hydrolysis to from lactic acid and water.  The technique of electrospinning was used to construct a microfibre microporous scaffold.  
A major advantage of PLA over SIS which arguably makes it more desirable as a scaffold is a lack of animal tissue (and associated risk of disease transmission).  When compared to the target range of mechanical values for healthy vaginal tissue, PLA scaffolds cultured with OF had slightly greater UTS but lower YM.  The range of healthy vaginal tissues were obtained from the study by Lei et al [180].  Collagen I and III expression was good but elastin, which is important for tissue recoil, was poor on PLA scaffolds seeded with OF.  This may have implications for the graft’s ability to withstand stretching.

[bookmark: _Toc293477096]1.9 Aims, rationale and objectives
[bookmark: _Toc293477097]1.9.1 Aims
To develop a tissue-engineered pelvic floor repair material (PFRM), composed of an electrospun synthetic polymeric scaffold seeded with autologous fibroblasts, that is robust enough for surgical handling and has adequate mechanical properties to enforce/or reinforce repair techniques used for SUI and POP at the point of implantation and post implantation.
[bookmark: _Toc293477098]1.9.2 Rationale 
A key step in functional tissue engineering is to define the mechanical properties of the tissue that is to be regenerated, in its healthy or pre-disease state.  This provides a guideline of the properties required to meet the in vivo loading conditions.  In previous work we based the guideline range on values obtained from standard uniaxial testing of vaginal wall samples from healthy women in the literature.  In updating the review of the literature, we found the upper limit of UTS for healthy vaginal tissue to be more than three times higher than previously found (2.6MPa versus 0.79 MPa) whilst the upper limit for YM remained the same (10.26 MPa).   This is important as a material that is too weak could fail under physiological loads whilst a material that is too lax could fail to provide adequate support.  We now propose that a PFRM should possess greater mechanical properties than native vaginal tissue.  The reasons for this are as follows:-
· The two procedures where there is most evidence that biomaterials provide superior outcomes to NTR are slings/tapes for SUI and in anterior compartment POP repair.  In both these contexts, the focus is on restoring level II support.  However the deficiencies in pelvic organ support in women with POP/SUI are likely to be global; including level I connective structures (e.g.  uterosacral ligaments) and the levators.  Thus a strong argument can be made that a PFRM should have greater properties than those in healthy women to account for the global deficiencies that exist in women with POP/SUI.  
· PLA scaffolds are degradable, in an ideal situation the load bearing function is gradually transferred to the new tissue formed as the scaffold degrades without ever falling below a critical point where adequate support is not provided and repairs are at risk of failure.  It is not yet clear how fast the scaffold mechanical properties will change in vivo but with baseline properties at or below the level of native tissues there is, theoretically, a greater risk of implant failure (Figure 1.9).  



Figure 1.9 The diagram illustrates how baseline tensile properties may affect outcome of a PFRM in vivo.  Low baseline strength may predispose to early failure of the PFRM and recurrence of symptoms.  How soon baseline tensile properties decline in vivo and how much by are currently unknown as indicated by “?”  on y and x axis.  

The lack of available data on the physiological loads that biomaterials are subjected in the pelvic floor along with the absence of any animal or human studies assessing change in mechanical properties of PFRMs with time ultimately makes it impossible to define the optimal baseline mechanical properties.  As such we propose that autologous fascia, which is both stronger and stiffer than vaginal tissue (table 1.9), provides a useful surrogate guideline.  We will therefore seek to investigate simple reproducible methods and techniques to develop a PFRM with mechanical properties that are similar to autologous fascia.

Table 1.9: Studies assessing mechanical properties of anterior rectus sheath by uniaxial testing
	Study
	Sample
	Testing in relation to direction of collagen fibres

	Strain     rate     (mm/s)
	Young’s Modulus    (MPa)
	Ultimate   Tensile strength    (MPa)
	Ultimate   tensile        strain

	Ben Abdelounis et al 2013[297]
	Anterior rectus sheath 3 cadavers (1 male, 2 female)—16 samples
	Perpendicular

	0.17

1000
	5.6

14.0
	-

2.2  
	-

0.251

	Hollinsky and Sandberg 2007[298]
	Anterior rectus sheath 66 cadavers (30 male, 36 female)
	Perpendicular

Parallel 
	0.17

0.17
	-

-
	3.4

8.5
	-

-

	Rath et al 1997 [299]
	Anterior rectus sheath 30 cadavers (16 female, 14 male)
	Perpendicular
	-
	- 
	7.57           
	0.37

	Ranges:
	
	           Perpendicular
                              Parallel
	
	5.6-14.0
-
	2.2-7.57
8.5
	0.251-0.37
-



[bookmark: _Toc293477099]1.9.3 Experimental objectives
There are three broad experimental approaches: 
(1) Manipulation of the scaffold production process to improve both the mechanical and handling properties of scaffold materials.  
(2) Mechanical conditioning of fibroblasts on scaffolds during culture to induce the formation and organization of fibrillar proteins collagen and elastin.
(3) Chemical conditioning using media additives to induce fibroblasts on scaffolds to produce fibrillar proteins collagen and elastin.  

The specific experimental objectives are:
1, To perform a comparative assessment of PLA scaffolds (random, aligned and hybrid orientation) and 2 polyurethane (PU) scaffolds in terms of:
· Mechanical properties uniaxial stress-strain testing 
· Response to cyclical uniaxial stretch.
· Handling properties: tear resistance strength, suture resistance strength and ball burst strength 
· Wettability: water contact angle and swelling ratios
· Cell attachment, cell growth and ECM production
· In vitro degradation and change in mechanical properties
2, To assess the effect of mechanical conditioning of fibroblasts on polymeric scaffolds using intermittent static multiaxial tension, fluid shear stress and dynamic uniaxial tension upon:
· Cell attachment and growth
· ECM production
· Mechanical properties
3, To assess the effect of chemical conditioning of fibroblasts on PLA scaffolds using readily available non-recombinant factors (including ascorbic acid, oestrogen, glycolic acid, retinoic acid and dexamethasone) upon:
· Cell attachment and growth
· ECM production
· Mechanical properties
[bookmark: _Toc293477100]1.9.4 Main hypothesis
Mechanical conditioning, chemical conditioning and modification of scaffold processing will impact upon the mechanical properties of a PFRM.
[bookmark: _Toc293477101]Chapter 2.  Materials and Methods
[bookmark: _Toc293477102]2.1 Cells
[bookmark: _Toc293477103]2.1.1 Source 
Fibroblasts derived from human oral mucosa were used for the entire series of experiments.  The sources of these were surplus oral mucosa harvested for the purpose of urethroplasty procedures at Sheffield Teaching Hospital NHS trust.  Full informed consent was obtained from the patients donating the tissue and a consent form was signed.  All tissue used was anonymised and remained so under a research tissue bank license (No.  08/H1308/39) registered with the Human Tissue Authority.
[bookmark: _Toc293477104]2.1.2 Isolation
Buccal mucosa specimens were dissected into 1-2cm2 pieces then placed into an incubator for 12 hours at 4°C in  0.4% Difco-trypsin plus 0.1% w/v D-glucose in phosphate buffered saline (PBS), pH 7.45 (Difco Labs, Michigan, USA).  The epidermal layer was then dissected off the dermis under sterile conditions and then disposed of.  Mincing of dermis using a scalpel and 1 ml of Dulbeccos modified Eagles Medium (DMEM) supplemented with 10 % foetal calf serum (FCS), Penicillin streptomycin, Glutamate and Fungizone was then undertaken.  The minced tissue was then incubated at 37oC (5% CO2 atmosphere) in 10ml of collagenase A (0.05% in 10% DMEM) for 12 hours.  The cell suspension was then centrifuged at 335.4G for a total of ten minutes.  The supernatant was then decanted and the cell pellet was then resuspended in 10% DMEM after which a cell count was performed using trypan blue staining.  The cells were then seeded into T25 flasks ensuring a minimum of 5000 cells per flask prior to further incubation at 37oC (5% CO2 atmosphere).	

[bookmark: _Toc293477105]2.1.3 Culture
Daily inspections of cell morphology, proliferation and media were undertaken using a light microscope to ensure adequate progress and exclude infection.  The media used was DMEM and this was changed every 2 days.  Cells were passaged when approximately 80% confluent.  At passage, the media was discarded, followed by thrice washing out the flask with PBS (12 ml), then 5ml of trypsin/EDTA (Ethylenediaminetetraacetic acid) was added to each T75 flask and incubated for 5mins at 37oC (5% CO2 atmosphere).   Ten percent FCS DMEM was added to the suspension to deactivate the trypsin/EDTA after which centrifugation of the suspension at 83.85g for 5 minutes was performed.  Following this, the supernatant was decanted, re-suspended in 10% FCS DMEM and then a cell count was performed.  Cells seeded per flask depended on the requirement of the particular experiment.
[bookmark: _Toc293477106]2.1.4 Seeding
Sterile electrospun scaffolds were sectioned within a sterile laminar flow hood into segments of various size and shape depending on the specific model being investigated (see description of each model).  Prepared cells were counted using a haemocytometer and seeded on to the sections of scaffolds at approximately 250,000 cells per cm2 of scaffold.  Ten percent DMEM was then added to immerse the scaffold in the particular model, before incubating at 37oC (5% CO2 atmosphere) to allow cells to attach before commencement of loading exercises.  For the two-dimensional (2D) chemical stimulation experiments cells were seeded in 24 well plates (no scaffolds) at 50,000 cells per well.  
[bookmark: _Toc293477107]2.2 Preparation of electrospun Scaffolds
Preparation of the scaffolds followed a standardized and reproducible method in dedicated clean room conditions.  Polymers were first dissolved in solvent and mixed for 12 hours to produce a solution.  The solvents and ratio of polymer to solvent for the 3 different polymers used are given in table 2.1

Table 2.1 Polymers and solvents used to produce electrospun scaffolds
	Polymer
	Source
	Solvent
	Concentration

	Poly-L-lactide 
	Goodfellow 
	Dichloromethane
	9.1%

	Z1 Polyurethane
	Biomer 
Technologies
	Dimethyformide/tetrahydrofuran 50:50
	6%

	Z3 Polyurethane 
	Biomer 
Technologies
	Dimethyformide/tetrahydrofuran 70:30
	10%



The resultant solution was then divided equally amongst 4 x 5ml syringes which were then mounted on a syringe driver, part of a purpose built electrospinning rig located in a sterile laminar flow hood within a clean room (figure 2.1).  Sterile blunt tipped needles were then attached to the syringes ensuring the tips were at the required distance from a rotating cylindrical collector.  The collector was wrapped in 2 layers of autoclaved aluminum foil with the burnished side outermost.  A perforated 6x6 cm copper plate was then fitted over the needles, ensuring good contact with each needle before applying a crocodile clip (connected to the voltage generator) to the plate.  The spinning collector was switched on and the syringe driver set at 30ml/minute.  The metal collector was then connected to a voltage generator set at 17kV and earthed.  Throughout the process excess build up of polymer solution at the needle tip was removed using a sterile nonconductive rod ensuring strands without globules were produced.  The electrospinning process was completed when the syringes were empty.  The resultant sheet of scaffold was then removed along with attached foil.  

[image: ]
Figure 2.1 Electrospinning rig in clean room
[bookmark: _Toc293477108]2.3 Effect of mechanical conditioning 
All experiments in the following models were conducted with cell-seeded scaffolds subjected to mechanical conditioning, cell-seeded scaffolds kept in static conditions and non-seeded scaffolds. Experiments were conducted over a 14-day period and run in triplicate with each experiment being repeated 3 times.  Ten percent FCS DMEM, as previously described, was used as the medium of choice and was changed 3 times per week.
[bookmark: _Toc293477109]2.3.1 Intermittent static multiaxial tension
The concept of the design was to simply model the pelvic floor by placing ball bearings on top of a suspended scaffold seeded with cells [300].  The ball bearings are subject to the influence of gravity and so the scaffolds subjected to multiaxial tension.  ScaffdexTM rings were cut to reduce their height in a six well plate.  The end that was removed (non-clamp end) was then used as a base and placed in the 6-well plate.  The opposite end was used to clamp a scaffold measuring 3x3cm.   The construct was then inverted and placed onto the aforementioned base resulting in the restrained scaffold being suspended at approximately 0.3mm above the bottom of the well (Figure 2.2a).  Four ball bearings, each weighing 0.261g, could later be placed on top of the scaffold with the scaffold taking their full weight (Figure 2.2b).  One million cells were seeded per scaffold.  

[image: ]
Figure 2.2  (a) Method of constructing the intermittent static multiaxial tension model (b) Ball bearings placed on top of scaffolds.

The variable tested in this model was the length of time the cell-seeded scaffolds were subjected to the weight of the 4 ball bearings.    Three different regimes were tested (1) 12 hours loading followed by 12 hours rest (2) 24 hours loading followed by 24 hours rest and (3) 48 hours loading followed by 48 hours rest.   It was hypothesized that more frequent alteration in loading/rest periods would result in increased ECM production and mechanical properties more akin to native paravaginal tissue.
[bookmark: _Toc293477110]2.3.2 Fluid shear stress 
In this model, PLA scaffolds were sectioned into 2.5x1cm pieces and then seeded with 500,000 cells in 6 well plates seeded on to an area of 1cm2 using sterile small stainless steel rings.  Incubation for 48 hours then commenced after which the scaffolds were placed in new 6-well plates arranged along the longitudinal axis of the wells.  Sterile dental wire that was shaped into 2.5 by 2.5 cm squares was then placed above the scaffold in the well plate securing it in place (figure 2.3).  Following this the media was exchanged with a fresh 2 ml of media completely immersing the scaffold.  The 6-well plates were placed on a rocking platform and rocked along their longitudinal axis at a tilt angle of 6o at 40 rocks per minute for 2 hours (figure 2.3).  This generated oscillatory fluid flow which subjects cells to fluid shear stress that varies in a sinusoidal manner and peaks at 0.041 Pa [301].  The volume of media and tilt angle ensured the scaffold was immersed throughout the rocking cycle.  After rocking the wells were returned to the incubator.  The static controls were also left out at room temperature for the duration of rocking.

[image: ]

Figure 2.3 (a) Schematic demonstrating scaffolds (grey rectangles) fixed to the bottom of 6-well plates using dental wire restraints.  (B) Platform rocker with a tilt angle of 6o.  (c) Schematic of a rocking cycle, demonstrating well containing media and scaffolds (grey shaded area) submerged in media, dashed arrows represent direction of fluid flow.

[bookmark: _Toc293477111]2.3.3 Dynamic uniaxial tension
The Ebers TC-3 bioreactor in the horizontal configuration was used to deliver dynamic uniaxial strain.  Scaffold were cut in to 2x1cm sections and placed into grips of individual chambers in sterile tissue culture hoods.  Next 40ml of media was added to each chamber.  The glass lid of the chambers were closed and the chambers were transferred and then fixed into position in the Ebers TC-3 bioreactor.  The actuation system was programmed to deliver 10% strain to the samples at a rate of 30 cycles per minute for 12 hours of the day.  The program was run for 7 days before experiments were terminated.  

[image: ]
Figure 2.4 Set up of dynamic uniaxial tension model (a) Ebers Bioreactor with hood open (b) Individual chamber demonstrating sample in grips (c) Chambers connected to the actuation system before programmed strain.

[bookmark: _Toc293477112]2.4 Effect of chemical conditioning
[bookmark: _Toc293477113]2.4.1 Additives to increase collagen production
Initially 3 additives (Ascorbic acid (AA-2p), 17 β-oestradiol and glycolic acid) at 3 concentrations were tested in 2D culture (cells seeded on tissue culture plastic) to assess the effect on collagen production and cell viability.  AA-2p is an analogue of vitamin C which remains non-hydrolysed in solution for longer than vitamin C.  The concentrations of AA-2p were selected on the basis of preliminary work (unpublished) in our laboratory identifying concentrations found to increase collagen production in fibroblasts.  Glycolic acid was used at concentrations previously found to stimulate increased collagen production in the literature[302].  For 17 β-oestradiol we used physiological concentrations[303], as increasing concentrations were reported to impair collagen synthesis in fibroblasts[304, 305].  Experiments were run over 14 days.  Next, the best performing additive was tested in 3D culture (on scaffolds) over 14 days.  Media was changed 3 times per week for the 2-week duration of experiments.  Experiments were performed in triplicate (3 samples per concentration being tested) and repeated 3 times (i.e. a total of 9 samples per concentration being tested).
[bookmark: _Toc293477114]2.4.2 Additives to increase elastin production
Cell-seeded PLA scaffolds were cultured in 10% FCS DMEM supplemented with dexamethasone at molar concentrations of 10-5 and 10-9 or 10% FCS DMEM supplemented with retinoic acid at molar concentrations of 10-7 and 10-11.  Media was changed 3 times per week for the 2-week duration of experiments.  Experiments were performed in triplicate 3 times
[bookmark: _Toc293477115]2.5 Scaffold Modification
[bookmark: _Toc293477116]2.5.1 Heat annealing scaffolds
Heat annealing is the process by which a material is heated above its glass transition temperature so that that the mechanical properties are changed.  After following the aforementioned procedure for scaffold production PLA scaffolds were annealed at two different temperature, 60oC or 80oC, and for different durations 1, 3 or 6 hours (all at 60 oC).
[bookmark: _Toc293477117]2.5.2 Modifying fibre orientation in electrospun scaffolds
Scaffolds with parallel alignment of fibres were constructed by modifying the electrospinning process.  The distance of the needle tip to the collector was reduced to 5cm and the speed of rotation of the collector was increased 600 rotations per minute.  Hybrid scaffolds with mixture of parallel aligned and randomly orientated fibres were produced by using 2 syringe pumps each mounted with 4 x 5ml syringe pumps (each syringe filled with 2.5ml of polymer solution) (figure 2.5).  The collector was set to a speed of 600 rotations per minute.   On one side the needle tips were 17cm away from the collector leading to generation of randomly orientated fibres whilst on the other side the needle tips were placed 5 cm away.
[image: ]
Figure 2.5 Schematic demonstrating electrospinning of hybrid scaffolds consisting of both parallel fibres and random orientated fibres.
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[bookmark: _Toc293477118]2.6 Testing 
[bookmark: _Toc293477119]2.6.1 Cell Attachment and proliferation
2.6.1.1 AlamarBlueTM assay
AlamarBlue (AbD serotec, Kiddlington, UK) is a non-toxic calometric cell viability assay.  It consists of the blue dye, resazurin, that is reduced to red fluorescent dye, resorufin, by metabolically active cells.  After three washes of the scaffold with sterile PBS, 1 ml of AlamarBlue (10% dilution in PBS) per 200, 000 cells seeded was used per well plate ensuring coverage of the scaffold.  The plates were then incubated for 1 hour at 37oC in a 5% CO2 atmosphere.  Thereafter the colour change was observed from blue to violet/pink confirming cell attachment (figure 2.6).  The stain was then read at 570nm (manufacturers recommendations) in a spectrophotometer (Bio-TEK, NorthStar Scientific LTD, Leeds, UK).  This procedure was performed on day 1, day 7 and day 14 for each experiment.  The data was analyzed to obtain the percentage change in colorimetric absorbance relative to day 0.

[image: ]

Figure 2.6 Colour change observed after incubation with AlamarBlueTM assay.  Left  pre-incubation and right post incubation

2.6.1.2 MTT assay
MTT (A3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) is a terminal calometric cell viability assay.  The yellow terazole salt is reduced to purple formazan in living cells.  This is easily visualized.  An acidified isopropanol solution is added to dissolve the purple formazan product into a colored solution.  The absorbance of this colored solution is quantified reading the absorbance at a wavelength of 540 nm in a spectrophotometer.  The level of absorbance is correlated to the quantity of formazan salt and represents the number of living cells.

2.6.1.3 DAPI staining
DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) is a fluorescent DNA stain.  This was used to determine the presence and location of cell nuclei at the end of each experiment by the use of fluorescence imaging.  A cross section of the scaffold traversing the seeded area and reaching to the periphery was cut and fixed in 3.7% formaldehyde (in PBS) in 24 well plates.  Following this 0.8ml of DAPI (Gibco Invitrogen, Paisley, UK) 1ng/ml diluted in 10 ml of PBS was added to each well and incubated at 37oC in a 5% CO2 atmosphere for a period of 40 minutes.  Thereafter each sample was washed 3 times in PBS and studied using the fluorescent microscope (Axon ImageXpressTM Molecular Devices limited, Union city, CA) at  λex385nm/λem461nm imaging along the whole length of the scaffold strips.
[bookmark: _Toc293477120]2.6.2 Immunofluorescence imaging (Collagens I, III and Elastin)
ECM components Collagen I, III and elastin were qualitatively assessed by the use of fluorescein isothiocyanate labeled (FITC) antibodies.  Samples were washed thrice in PBS after DAPI staining and then 2ml of bovine serum albumin (1%) was added to each sample to decrease non-specific binding before being washed again 30 minutes later with PBS.  The primary antibodies, that included goat anti-human collagen I, III, and rabbit anti-human alpha-elastin (sensitive to both alpha and beta elastin) (AbD serotec, Oxford, UK), were then added at volume of 100μl (diluted 1 in 50 in PBS) before being incubated for 30 minutes 37o C in a 5% CO2 atmosphere.  Finally 100μl of secondary antibodies, anti-goat IgG and anti-rabbit IgG (AbD serotec, Oxford, UK) (Diluted 1:50 in PBS), was added and the samples incubated at 37oC in a 5% CO2 atmosphere for 30 minutes and washed three times with PBS.  The aforementioned fluorescence microscope was used to image the scaffold.  The position of nuclei (DAPI stained) and collagen I, III and elastin were ascertained by switching between DAPI and FITC filters respectively.  Excitation and emission wavelengths for FITC were λex495nm/λem515nm.  Filters for DAPI are as previously described.
[bookmark: _Toc293477121]2.6.3 Total Collagen quantification - Sirius red staining
Total collagen production per scaffold was assessed qualitatively and quantitatively using Sirius red staining.  Sirius red strongly stains collagen fibrils of all types.  After mechanical testing, scaffolds were left in 0.8ml of Sirius red stain in 12 well plates (0.1% Direct red 80 in saturated picric acid for 18 hours Sigma-Aldrich, Dorset, UK).  The constructs were then washed in distilled water to remove excess stain and observed for the colour and consistency of staining (Figure 2.7).  The constructs were then dried and weighed.  Following this 3ml of 0.2M NaOH:Methanol 1:1 solution was added to each well plate and left for 15 minutes to allow the methanol to evaporate.  The absorbance was then read at 490nm in a spectrophotometer (Bio-TEK, NorthStar Scientific LTD, Leeds, UK).  The absorbance per gram of scaffold was then calculated for each sample, subtracting from this the values for the unseeded controls to obtain a value for new collagen formation.  For the additives experiment conducted in 2D (no scaffolds) only the absorbance reading was used.

[image: ]
Figure 2.7 Sirius red assay-colour change observed when cells were seeded on (a) tissue culture plastic (b) on electrospun scaffolds.
[bookmark: _Toc293477122]2.6.4 Calcium quantification - Alizarin red
Alizarin red S (1,2-dihydroxyanthraquinone) is a red dye that forms a complex with calcium ions through a chelation process.  It is used as an indicator of calcium deposition by cells of an osteogenic lineage.  Alizarin red S dye was added to dH2O (10mg/ml) and added to well plates for 15 minutes.  The excess dye was then washed clear using distilled water and samples were then allowed to air dry in a clean environment before qualitative analysis under light microscope.  The samples were then destained with 5% perchloric acid (v/v) for 15 min which resulted in in a clear-dark yellow solution.  Absorption was read at 405nm.  
[bookmark: _Toc293477123]2.6.5 Mechanical testing
2.6.5.1 Uniaxial stress-strain test
Biomechanical testing was conducted using a uniaxial tensiometer.  The device used in the laboratory was the BOSE Electroforce test instrument (BOSE, Minnesota, USA).  The calibration of a 22 N load cell was checked prior to use in experimental work and found to be satisfactory using linear regression analysis (R2=0.99972)(figure 2.8)
[image: ]        
Figure 2.8  Linear regression analysis of calibration curve of 22N load cell (a) tabulated values (b) graphical representation

The device was pre-tuned to the particular scaffold that was being tested.    In cell-based experiments testing was conducted on day 14.  Each scaffold was sectioned and dried before obtaining measurements of the width and thickness (micrometer).  Samples were then placed between the two grips, ensuring the cell-seeded areas were being tested.  The distance between the grips did not exceed distance 10 mm (figure 2.9).  A ramp test applied at a rate of 0.05mm/s with a maximum displacement of 10mm.  The values obtained were stored electronically and later analysed using Origin software to obtain readings for YM, UTS and % strain at UTS.

2.6.5.2 Tear resistance test
Tear resistance testing was conducted based the American Society for Testing and Materials (ASTM) specification #D2261-07a but not identical to it, due to the size restriction of the tensiometer that was available.  Scaffolds were cut into 20 x 10mm samples.  A 15mm slit was then cut along the longitudinal axis to form 2 tabs (“trouser legs”) (figure 2.10a).  The right tab was clamped in the upper grip of the tensiometer and left tab was clamped in the lower grip (figure 2.10b).  This arrangement led to a 6 mm distance between the grips.  The test was conducted in tension at a strain rate of 5mm/s.  The “tear strength” was taken as the maximal stress recorded before failure.

[image: ]
Figure 2.9 (a) Bose tensiometer device (b) PLA sample held within grips being tested

[image: ]
Figure 2.10 Tear test (a) dashed line marks line where sample has been cut (b) Sample placement in grip


2.6.5.3 Suture retention strength test
Suture retention testing was performed based on the ASTM specification #D2261-07a.  Scaffold samples measuring 20 x 10 mm were cut (figure 2.11a).   A line parallel to the 10mm edge was drawn at 5mm from the edge marking the margin of the lower grip.  The central point 0.25mm from the 10mm edge was marked.   A stainless steel wire with a diameter of 0.2 mm (selected to model the diameter of 3-0 suture) was passed through the scaffold through this central point.  The wire was then twisted to remove any slack and the cute and wrapped in masking tape to ensure a good placement in upper grip (figure 2.11b and c).  The distance between the grips was 5mm.  Samples were tested in tension at a strain rate of 5mm/s until the wire tore.  The suture retention strength was taken as the maximal stress before failure.

[image: ]
Figure 2.11: Suture retention test (a) marking sample (b) wire placed and secured in masking tape (c) sample placement in grips.

2.6.5.4 Ball burst strength test
Ball burst testing was performed using samples measuring 5 x 5cm.  A custom fixture was constructed based on ASTM specification #D3787-07.  Two circular, stainless steel plates with an inner diameter of 25mm were used to clamp the samples and prevent slippage (figure 2.12c).  A 10mm diameter round tip was applied in compression at a strain rate of 5mm/s in a Bruker UMT-3 device  (Bruker cooperation, Coventry, UK) until failure (figure 2.12a and b).  The ball burst strength was recorded was taken as the maximal stress before failure.         
          
[image: ]
Figure 2.12 Ball burst strength test set up (a) Bruker UMT-3 testing device (b) Clamping and mounting of sample in testing device (c) custom made circular clamp

2.6.5.6 Cyclical strain test
To assess viscoelastic properties scaffolds were subjected to 10 sequential cycles of stretching to 10% strain in the BOSE tensiometer using a grip distance of 8mm and frequency of 1 cycle per second.

2.6.6 Scaffold Wettability 
Two measures of scaffold wettability were recorded.

2.6.6.1 Water contact angle measurement 
The water contact angle is a measure of the wettability of the surface of a scaffold.  It was measured using the sessile drop method.  Scaffolds were cut into 10x10mm squares and the water contact angle was measured using a Goniometer (Ramé-hart).  A small droplet of dH2O was dispensed onto the scaffold using a fine gauge needle and angle the droplet made with the surface of the scaffold was then measured.  

2.6.6.2 Swelling ratio
The swelling ratio is a measure of the bulk scaffold wettability.  It is defined as the fractional increase in weight due to water absorption.  Scaffold samples measuring 2.5x2.5cm were weighed and then placed in 5ml of PBS for 10 minutes.  After removal from the PBS scaffolds were placed on filter paper on either side for 10 seconds, then re-weighed.  The absorption of water within the swollen scaffold was calculated by the following equation.
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[bookmark: _Toc293477124]2.6.7 In vitro Scaffold degradation
Scaffold degradation in vitro was assessed.  Scaffolds were cut into 2.5x 2.5cm samples and placed in 6 well plates.  Five ml of PBS was added and the samples were incubated at 37oC for different time periods.  PBS was changed on a once weekly basis.  Three samples were removed per prescribed time point and then dabbed dry with tissue paper before being dried further in vacuum oven at room temperature for 24 hours.  The samples were then re-weighed, and the percentage change in scaffold weight was calculated using the following formula:
[image: ]
Samples were then imaged using scanning electron microscopy and mechanically tested using a uniaxial stress strain test.
[bookmark: _Toc293477125]2.6.8 Scanning electron microscopy
Scanning electron microscopy was used to image scaffold morphology and the confluence of ECM deposition on cell-seeded scaffolds.  

2.6.8.1 Sample preparation
Cell-seeded samples were first washed 3 times in PBS then fixed with 2.5 % glutaraldehyde for 1 hour at room temperature which was then removed and before a further 3 PBS washes.  Scaffolds were then rinsed in distilled water.  Samples were then dehydrated by placement in progressively more concentrated ethanol solutions (35 %, 60 %, 80 %, 90 %, 100 %) for 15 min each.  Next scaffolds were treated with Hexamethyldisilazane (HMDS), first using a 1:1 Ethanol:HMDS solution for 1 hour then using 100 % HMDS for 5 min twice.  The HMDS was removed and the samples were left to dry at room temperature for 24 hours.  

2.6.8.2 Sample imaging
Samples were mounted on 12.5 mm stubs and then sputter coated with approximately 25 nm of gold (Gold coater; Edwards sputter coater S150B, Crawley, England), and then examined using a scanning electron microscope (Philips/FEI XL-20 SEM; Cambridge, UK) at an accelerating voltage of between 10-15 kV and a SPOT size between 2 and 3.  

[bookmark: _Toc293477126]2.7 Statistical analysis
Where P values are given for differences between samples these were calculated using a two-sample t-test with equal variance not assumed.

[bookmark: _Toc293477127]Chapter 3:  Electrospun polymeric scaffolds for pelvic floor tissue engineering – characterisation and optimisation
[bookmark: _Toc293477128]3.1 Chapter Introduction
[bookmark: _Toc293477129]3.1.1 Scaffolds for tissue engineering
Tissue engineering approaches extensively utilise porous 3D scaffolds to provide the right environment for the regeneration of tissues [306].  Scaffolds provide a guide for tissue formation by acting as structural supports for cell attachment and subsequent tissue development [307].  Scaffolds can be pre-seeded with cells and the resulting construct cultured in vitro, with or without physical and biochemical stimulation, to develop mature tissues for implantation.  Alternatively scaffolds implanted without cells rely wholly on host cells to populate the scaffold and the body to provide the necessary mechanical and chemical cues for tissue maturation.   In this thesis, the term scaffold refers to the 3D biomaterial before cells have been added in vitro.  There are several critical considerations when designing scaffolds [308]:
· Cell and host compatibility - Allows cell attachment & host integration
· Mechanical properties - Fulfil load bearing requirements 
· Scaffold architecture - Allows diffusion of nutrient & cell infiltration.
A wide variety of materials, fabrication and processing techniques have been investigated in the development of scaffolds for the regeneration of most tissue types in the body.  
[bookmark: _Toc293477130]3.1.2 Synthetic polymers
Scaffolds are composed from either biological or synthetic materials.  Biological scaffolds are derived from animal or human tissues whereas synthetic scaffolds are made from natural or synthetic polymers [309].  Synthetic polymers have become popular as their physical properties (porosity, degradation time, and mechanical characteristics) can be tailored and show good reproducibility [309].  They are also generally cheaper than biological scaffolds, can be mass-produced and have a long shelf life [309].  
[bookmark: _Toc293477131]3.1.3 Scaffold fabrication using electrospinning
Electrospinning has gained increasing interest as a fabrication technique for scaffolds for use in tissue engineering [310].  The process uses an electric field to produce scaffolds with an inter-connected pore structure and fibre diameters in the nano to micro scale [310].  In the set up depicted in figure 2.1, the electrostatic forces overcome the surface tension of the polymer droplet at the needle tip and a thin jet of polymer is propelled toward the collector beyond a critical charge density [311].  The solvent then evaporates leaving the polymer fibre.  The techniques makes it possible to achieve a very high surface area for a very low density of material thus creating a 3D environment for cells that mimics the native tissue ECM fibres.
[bookmark: _Toc293477132]3.1.4 Electrospun polymeric scaffolds for pelvic floor tissue engineering 
We previously investigated an electrospun scaffold composed of random orientation PLA fibres for pelvic floor tissue engineering [295].  PLA is an FDA approved synthetic biodegradable polymer, in the poly(α-hydroxy esters) class, derived from corn starch.  It is used in health applications such as sutures [312], orthopaedic fixation devices [313] and drug delivery devices[314].  PLA is a semi-crystalline and amorphous polymer which exists as two stereoisomers; Poly-L-lactic acid (PLLA) and Poly-D-lactic acid (PLDA) [315].  It has a glass transition temperature between 55-65oC and a melting temperature of around 170oC.  In the body, it is degraded by ester hydrolysis into lactic acid and water and can take months to years to be entirely broken down, depending on the amount implanted.  In our previous study PLA showed good biocompatibility in comparison to 6 other synthetic and biological scaffolds though its mechanical properties when seeded with OF were less than desired [295].  With the aim of increasing the mechanical properties of PLA scaffolds we will introduce alignment to the fibres.  The scaffolds that will be assessed are:-
· Random fibre PLA:  untreated (uPLArandom) and heat treated (PLArandom)
· Parallel fibre PLA (PLAparallel)
· Mixture of random and parallel fibre PLA (PLAhybrid)
In addition electrospun scaffolds composed of polyurethane (PU) will also be assessed.  PUs are a large group of polymers with a diverse range of chemical compositions and properties.  They have been used extensively in implanted medical devices for many years due to their relative biocompatibility, high molecular stability in vivo and mechanical durability [316].  In particular PU’s display a high degree of flexibility and do not tear easily and so have been used for insulation of cardiac pacing leads, urethral catheters, intra-aortic balloons and breast implants[317].  PU’s are broken down by hydrolysis of the urethane bond with production of low molecular weight fragments, in addition to oxidation and enzymatic degradation [318].  With traditional PU’s degradation occurs so slowly that they are considered biostable [319].  More recently investigators have developed PU’s that are less stable, considered as biodegradable, but which retain the same mechanical characteristics [320].  These characteristics, including being highly stretchable with a tendency to recoil, are particularly desirable for soft tissue engineering applications [321].  We will study scaffolds composed of two commercially available medical grade polyether PU’s, considered as biostable.  
· Random fibre Z1 PU (PUZ1)
· Random fibre Z3 PU (PUZ3)
All Scaffolds were characterized in terms of their structure and comparatively assessed in terms of their mechanical properties, handling properties, wettability and biocompatibility with the aim of identifying the most suitable scaffold for the application.
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[bookmark: _Toc293477133]3.2 Electrospun scaffold morphology, fibre diameter and pore size
Scaffold structure is known to strongly influence cellular activity both in vitro and in vivo, and in particular cellular growth and infiltration [322].  In this section we use scanning electron microscopy and imageJ software to characterise the structure of scaffolds in terms of fibre morphology, fibre diameter and pore size.
[bookmark: _Toc293477134]3.2.1 Morphology
Scanning electron microscopy imaging confirmed the random orientation of random fibre scaffolds (figure 3.2.1 a,b, e and f) and aligned orientation of parallel fibre scaffolds (figure 3.2.1.c).  A mixture of random and parallel orientation was observed for hybrid scaffolds (figure 3.2.1d).  
[bookmark: _Toc293477135]3.2.2 Fibre diameter
All scaffolds had a mean fibre diameter above 3μm (table 3.2.1).  The smallest mean diameter was in PUZ1 scaffolds (3.16μm) and the largest mean diameter found was in PLAparallel scaffolds (3.95μm).  
[bookmark: _Toc293477136]3.2.3 Pore size
A pore was defined as an area devoid of scaffold fibres and bordered by immediately overlapping fibres.  The outline of this area in surface pores was measured using the polygonal tool in the ImajeJ software.  All scaffolds had a mean pore diameter above 50 μm2 (table 3.2.1).  The smallest pores were in PUZ3 (mean=50.37μm2) whilst the largest pores were observed in PLAparallel scaffolds (mean=191.76 μm2).  
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Figure 3.2.1 Scaffold fibre orientation, fibre diameter and pore size.  (a) untreated PLA random fibre scaffolds (b) heat treated PLA random fibre scaffolds (c) PLA parallel fibre scaffolds (d) PLA hybrid fibre (mixed random and parallel) scaffolds.
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Figure 3.2.1 cont.  (e) Random fibre Z1 PU scaffolds (f) random fibre Z3 PU scaffolds


    
                  Table 3.2.1 Mean fibre diameter and Mean pore size of electrospun scaffolds
[image: ]

[bookmark: _Toc293477137]3.2.4 Section Discussion
Biomaterial structure is an important determinant of clinical outcomes.  In synthetic mesh, microporosity and multifilamentality are associated with poor integration and encapsulation [203].  We therefore sought to characterize and compare the structures of candidate electrospun scaffolds.  
The scaffolds produced were all confirmed as being microfibrous.  Fibre diameters can be varied by altering parameters such as the working distance, flow rate and collector velocity [323].  It was previously thought that nanofibres increase adhesion of cells and proliferation in comparison to microfibres, due to a greater surface area to volume ratio which promotes protein adsorption [324, 325].  Recently, several groups have demonstrated a greater cellular proliferation on microfibres [326, 327] suggesting that the relationship between fibre diameter and cell interactive properties is more complex.  
Fibre diameter has also been shown to be directly linked to pore size [328] which is likely to be the more clinically relevant parameter.  Pore size is thought to be important in determining cell infiltration and the diffusion of nutrients, metabolites and waste products [329].  There is some controversy regarding the optimum way of measuring pore size in electrospun scaffolds [330].  Most authors have measured pore diameter [331]. As this can vary widely due to the irregularity in the shapes pores, we chose to measure the pore area  as described by Sirivisoot et al [332].
Average pores size in all scaffolds was greater than 50 μm2.  The largest pores were observed in PLAparallel which is due to the minimal overlapping of fibres, rather than increased distances between fibres.  All these pore sizes would fall into microporous category (pore diameter <10 μm) in the Amid classification of synthetic mesh.  Microporous synthetic mesh is associated with poor clinical outcomes which Amid attributed to the inability of macrophages to infiltrate the smaller pores.  Thus similar concerns could be raised with these electrospun scaffolds.  
Recently, in vivo studies by our group (rat abdominal wall model) have shown that at 7 days the electrospun random fibre PLA scaffolds become well infiltrated by host cells including macrophages and fibroblasts through their entire thickness [333].  This is potentially explained by the non-woven non-bonded nature of the very thin lightweight fibres which may permit a degree of mobility and allow cells to access.   
It has also been suggested that Amid was incorrect in his suggestion that a macrophage required a 75 µm space to pass [334].  Macrophages have been demonstrated in 5 µm spaces in synthetic mesh explants [335] or by developing lamellopodia, passing through interendothelial gaps 1 µm in width[336].  
The orientation of fibres in scaffolds was reproducible using the modifications to the electrospinning process we introduced.  The impact of fibre orientation on mechanical properties will be explored next.
[bookmark: _Toc293477138]3.3 Comparative assessment of scaffold mechanical properties
A uniaxial test was conducted on all samples to obtain stress-strain curves from which values for UTS, YM and strain at UTS were derived.   The values were compared to a “target range” between the upper limit of autologous rectus fascia and the upper limit for healthy vaginal tissue for UTS and YM.  The idea here, as outlined in the introduction, is to aim for a tissue that is stronger and stiffer than the healthy vaginal tissue range obtained from the literature but not excessively strong and stiff.   Thus, for the strain at UTS the target range was placed between the lower limit of autologous fascia and the lower limit of healthy vaginal tissue, as this would avoid aiming for a tissue that elongates excessively under stress.  Additionally, macroporous PPL mesh (Gynemesh, Ethicon) and porcine SIS (4 ply Surgisis, Cook medical) were tested to provide a comparison, to a contemporary synthetic and biological biomaterial respectively.  We hypothesized that introducing parallel oriented fibres would lead to an increase in UTS and YM of scaffolds.  
[bookmark: _Toc293477139]3.3.1 Ultimate tensile strength
Of the electrospun scaffolds only PLAhybrid and PUZ3 fell within the target range, as did PPL (figure 3.3.1 and table 3.3.1).  PLAparallel was the strongest scaffold, lying above the target range, as did SIS.  PLArandom and PUZ1 scaffolds were both below the target range.
[bookmark: _Toc293477140]3.3.2 Young’s Modulus 
Only PLArandom scaffolds fell within the target range.  PLAparallel and PLAhybrid scaffolds both lay above the target range as did SIS (figure 3.3.2 and table 3.3.2).  PUZ1 and PUZ3 were both below the target range as was PPL.
[bookmark: _Toc293477141]3.3.3 Strain at ultimate tensile strength 
All scaffolds and biomaterials lay above the target range (figure 3.3.3 and table 3.3.3).  PLArandom, PLAparallel and PLAhybrid scaffolds were all not significantly higher than the upper limit of the target range.  PUZ1 and PUZ3 were significantly greater than the upper limit.
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Figure 3.3.1 Ultimate tensile strength of scaffold and biomaterials (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia red horizontal drop bar represents the upper limit for normal vaginal tissue.



Table 3.3.1 Rank and scoring of electrospun scaffolds by ultimate tensile strength
            [image: ]
Score of +++ for scaffolds in target range, ++ for scaffolds not significantly different from upper or lower limit of target range, + for scaffolds significantly different from upper or lower limit of target range.  Significance determined using one-tailed student t-test.  Level of significance p<0.05.
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Figure 3.3.2 Young’s modulus of scaffolds and biomaterials (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the upper limit for normal vaginal tissue.



Table 3.3.2 Rank and scoring of electrospun scaffolds by Young’s modulus
[image: ]
Score of +++ for scaffolds in target range, ++ for scaffolds not significantly different from upper or lower limit of target range, + for scaffolds significantly different from upper or lower limit of target range.  Significance determined using one-tailed student t-test.  Level of significance p<0.05.
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Figure 3.3.3  % Strain at Ultimate tensile strength of scaffolds and biomaterials (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the lower limit for normal vaginal tissue.




            Table 3.3.3 Rank and scoring of electrospun scaffolds by % strain at ultimate tensile strength
            [image: ]
Score of +++ for scaffolds in target range, ++ for scaffolds not significantly different from upper or lower limit of target range, + for scaffolds significantly different from upper or lower limit of target range.  Significance determined using one-tailed student t-test.  Level of significance p<0.05.


[bookmark: _Toc293477142]3.3.4 Section discussion
Studies utilizing confocal laser microscopy have demonstrated that the anterior infraumbilical rectus fascia shows a high degree of parallel organization of ECM fibre bundles [337].  These fibres run in the anatomical transverse and oblique directions (50:50).  As with all connective tissues, fibre orientation influences mechanical characteristics and tissues which exhibit parallel fibre organisation are typically stronger and stiffer in the direction of alignment.   We therefore sought to introduce a variable degree of parallel fibre alignment into PLA scaffolds and investigate the effect of this on mechanical properties.  
Several authors have previously described the use of aligned fibres [338].  Alignment is generally obtained by shortening the working distance (needle tip to collector) and increasing the speed of collector rotation [339, 340].   In addition to using this method to produce parallel fibre scaffolds, we developed our own technique of combining random fibres with aligned fibres by using two syringe pumps either side of the collector.  The principle of using two pumps has been previously described as a method of combining 2 different polymers in to a single scaffold and referred to as two-stream electrospinning [341, 342].  We modified this by placing one pump much closer to the collector to produce the aligned fibres.
The introduction of aligned fibres led to a substantial increase in both the strength and stiffness compared to purely random scaffolds.  These findings have also been reported by other investigators [343, 344].  	The probable explanation for this phenomenon is that a lower proportion of fibres in random fibre scaffolds are clamped at both ends and therefore strained in comparison to parallel fibre scaffolds.   PLAparallel scaffolds were clearly too strong and stiff for what is desired, whereas as PLAhybrid scaffolds had the requisite strength but were too stiff.  PLArandom scaffolds were stiff enough but were weaker than desired. 
There are other parameters that can affect mechanical properties of electrospun sheets including such as the type of polymer [345] and the fibre diameter - thinner fibres are associated with greater stiffness [346, 347]. Fibre diameter is affected by the atmospheric humidity during electrospinning [348]. In addition using various surface coatings (e.g. polydopamine and calcium phosphate) can also make scaffolds stiffer.  
The PU’s were investigated as polymers for comparison in this study due to their elastic properties, offering a great degree of stretch and recoil.  This was reflected in their high % strain at UTS (>70%), and this is likely to be an underestimation due to the fact that the tensiometer did not permit stretching beyond 6mm.  Nevertheless stiffness is the more relevant parameter as this dictates how much a material resists stretch.  Both PUZ1 and PUZ3 exhibited lower stiffness than the target range, which may mean they could fail to provide adequate support in situations of increased stress.  It is interesting to note that PPL mesh, which provides good support clinically, had lower stiffness than the target range but within the range of autologous fascia.  This could be interpreted as indicating that a lower stiffness than we have specified is sufficient.  However it has been shown that PPL has tendency to stiffen considerably post-implantation.  In addition PPL scaffolds trigger a vigorous fibrotic response such which may contribute to increase the stiffness of the mesh in vivo.
The composite scores of scaffolds in terms of uniaxial mechanical properties showed that PLArandom and PLAhybrid scaffolds performed equally best (table 3.10).  The PLArandom scaffolds had been heat-treated post-production to make them easier to handle, we explore this approach in the next section.  


[bookmark: _Toc293477143]3.4 Post-production thermal treatment of PLA scaffolds
Thermal treatment has been described as a method to manipulate the mechanical properties of electrospun scaffolds [349, 350].  In materials science this is commonly referred to as annealing.  We have previously shown that heat annealing poly (lactide-co-glycolide) scaffolds in a dry oven at 60o for 3 hours improved the mechanical and handling properties [351].  PLA has a glass transition temperature between 55-65o and a melting temperature of around 170o.  Annealing occurs anywhere between glass transition and melting temperatures.  The effect of altering the temperature and duration of heat treatment on the mechanical properties of PLA scaffolds will be investigated with the aim of defining the optimum protocol.
[bookmark: _Toc293477144]3.4.1 The effect of duration of heat treatment 
Electrospun PLA scaffolds were heat treated at 60oC for 3 different durations and compared to untreated controls (figure 3.4.1).  All scaffolds showed UTS above the normal range at similar values.  Heat treatment had the effect of significantly increasing the YM although there were no significant differences between different lengths of treatment time.  Heat treatment for 3 hours resulted in a % strain at UTS closest to the target range.
[bookmark: _Toc293477145]3.4.2 The effect of temperature of heat treatment 
Scaffolds were heat annealed at two different temperatures, 60o C and 80o C for three hours and compared to non-treated controls (figure 3.4.2).   Scaffolds annealed at 80o C were significantly stronger than those annealed at 60o C.  In terms of stiffness the converse was true in that at 60O C there was significantly greater YM than at 80o C.  Heat treatment at 60O C resulted in the lowest strain approaching that of the target range.  




[image: ]


[image: ]
Figure 3.4.1 The effect of duration of heat treatment on Uniaxial mechanical properties (a) Ultimate tensile strength of scaffold  (b) Young’s modulus (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the upper limit for normal vaginal tissue.  ****p<0.0001
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Figure 3.4.1 cont.  The effect of duration of heat treatment on uniaxial mechanical properties (c) % strain at ultimate tensile strength (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the lower limit for normal vaginal tissue.  ****p<0.0001
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Figure 3.4.2 The effect of temperature of heat treatment on uniaxial mechanical properties (a) Ultimate tensile strength of scaffold  (b) Young’s modulus (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the upper limit for normal vaginal tissue.  ***p<0.001, ****p<0.0001
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Figure 3.4.2 cont.  The effect of temperature of heat treatment on uniaxial mechanical properties (c) (mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the lower limit for normal vaginal tissue.  ****p<0.0001










[bookmark: _Toc293477146]3.4.3 Section discussion
Heat treatment of scaffolds at 60o C was shown to be superior in terms of stiffness compared to untreated scaffolds.  This effect is thought to occur due to heating scaffolds above the glass transition temperature which increases the crystallinity of the polymer and leads to changes in fibre morphology from purely fibrillar to a mix of fibrillar and nanogranular with greater inter-fibrillar bonding [350].   This is different to the heat treatment previously described by the Atala group to enhance the mechanical properties of electrospun polyepsilon–carpolactone scaffolds [349].  In that study heating was used to melt-bond fibres together.
When comparison was made in annealing time no difference in properties was noted.  A longer annealing time would in theory result in completion in rearrangement of all polymer chains and further growth of crystal structures [352].  When comparison is made between annealing at 60 and 80o C it was evident that at the lower temperature greater stiffness was obtained but a lower strength.  We expected the stiffness to rise with increasing temperature.  Annealing is known to occur at any point between the glass transition temperature and the melting temperature.  Annealing at greater temperatures may lead to melting of lower molecular weight polymer chains  [350] which may be a factor in loss of strength.  As demonstrated in figure 3.2.1b, scanning electron microscopy  showed preservation of fibre diameter and porosity with heat treatment to 60oC. Thus treatment at 60oC for 1 hour sufficiently increases stiffness of PLArandom scaffolds without altering scaffold structure.



[bookmark: _Toc293477147]3.5 Cyclical stretch
The standard uniaxial test described in the previous 2 sections provides information on the starting mechanical properties of the candidate scaffolds.  However once in the body pelvic floor biomaterials are subject to cyclic loading due to rises in intra-abdominal pressure that occur with respiration and movement.  It is therefore pertinent to assess how these scaffold respond to cyclical loads.  In this section we present and describe the representative normalized stress strain curves resulting from ten cycles of stretching materials to a strain of 10% which as demonstrated in figure 3.3.3 is below the strain at UTS of all candidate scaffolds.  Macroporous PPL mesh and 4-ply porcine SIS are again included for comparison.  
[bookmark: _Toc293477148]3.5.1 Electrospun PLA
All PLA scaffolds demonstrated similar initial curves which exhibited hysteresis on unloading (figure 3.5.1).  The largest amount of energy loss occurred in the first cycle, this was most pronounced for the PLAparallel scaffold.  Following this scaffolds only started to become stressed between 4-6% strain (residual strain) compared to from 0% for the 1st cycle.  Peak stress declined after the 1st cycle of stretch to the 5th and had declined further by the 10th.  Peak stress at the 10th cycles was similar for PLArandom and PLAhybrid (<1 MPa) and much greater in PLAparallel scaffolds (>10MPa).
[bookmark: _Toc293477149]3.5.2 Electrospun PU
Both PU scaffolds demonstrated similar curves which exhibited hysteresis on unloading (figure 3.5.2).  The largest amount of energy loss occurred in the first cycle and was similar for both PUZ1 and PUZ3.   Following this the scaffolds showed residual strains between 0-1%.  Peak stress declined after the 1st cycle of stretch then remained stable from the 2nd cycle onward.  Peak stress at the 10th cycle was similar for both PUZ1 and PUz3 scaffolds (<1.5MPa).
[bookmark: _Toc293477150]3.5.3 PPL and SIS
PPL demonstrated hysteresis with the greatest energy loss in the first cycle (figure 3.5.3).  Residual strains were <1%.  Peak stress declined after the 1st cycle of stretch and declined further between the 5th and 10th cycle.  SIS exhibited a convex initial curve in contrast to all other tested materials.  The largest amount of energy loss occurred in the first cycle.  Peak stress appeared to remain constant with subsequent cycles of stress.  Residual strains were less than <1%.  For PPL peak stress at the 10th cycle was much greater (>10MPa) than other scaffolds and SIS.
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Figure 3.5.1 Representative normalised stress-strain curves for PLA scaffolds undergoing ten cycles of stretch to a strain of 10%.  (a) Random fibre scaffolds (b) Parallel fibre scaffolds (c) Hybrid scaffolds.  Graphs on left show 10 cycles superimposed, graphs on right show 1st, 5th and 10th cycles only.
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Figure 3.5.2 Representative normalised stress-strain curves for PU scaffolds undergoing ten cycles of stretch to a strain of 10%.  (a) Random fibre Z1 PU (b) Random fibre Z3 PU.  Graphs on left show 10 cycles superimposed, graph on right show 1st, 5th and 10th cycles only
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Figure 3.5.3 Representative normalised stress-strain curves for biomaterials undergoing ten cycles of stretch to a strain of 10%.  (a) SIS (b) PPL.  Graphs on left show 10 cycles superimposed, graphs on right show 1st, 5th and 10th cycles only.






[bookmark: _Toc293477151]3.5.4 Section Discussion
This pilot work was aimed at exploring how electrospun scaffolds respond to repetitive cycles of stretch.  We chose to stretch materials to 10% as we deemed this to be physiologically appropriate.  Forstermann et al found for rectus fascia maximal physiological loading occurs at strains between 7 and 12%, after applying tensiometry measurements to a geometric model [353].  This range correlates well to the findings of a study utilizing imaging of displacement of passive markers in patients undergoing laparoscopic surgery [354].  A strain of 10% is far below the strain at UTS of all the scaffolds as tested in section 3.3, hence we did not expect any of the materials to fail.  
The main findings were that all the electrospun scaffolds exhibited hysteresis and a reduction of stress with successive cycles of stretch.  These are features of viscoelastic materials.  PLA based scaffolds appeared to experience larger residual strains, indicating a degree of plastic deformation, after the 1st cycle than PU based scaffolds.  The residual strain causes the scaffolds to slacken.  The clinical consequence of this could be inadequate support at low strains, which would in theory be more likely to manifest in patients where a greater degree of sling tension is required (e.g. patients with intrinsic sphincter deficiency).  Nevertheless it is difficult to speculate on this point, as strain in the biomaterial will depend on its intrinsic stiffness and in addition collagenous ingrowth and remodeling.
It should be noted that stretching each scaffold to 10% generated variable degrees of stress.   The relative stresses generated at this point show some correlation with YM found in section 3.3, for example PLAparallel showed the highest values consistent with the highest stiffness.  Interestingly PPL, which showed a lower YM than SIS, generated far greater stress at 10% stretch suggesting a stiffer low strain behavior.  This highlights the complex behavior of biomaterials and the importance of testing at physiologically relevant stresses and strains rather than just at failure.
The alternative method of conducting this work would be to apply cycles to a prescribed stress [355].  If the physiological tensions of a pelvic floor biomaterial undergo were known this method could help predict in vivo behavior e.g. how much the material will stretch by when a patient coughs.   We were unable to accomplish this as we do not know the physiological tensions and moreover the tensiometry device did not permit this type of testing.  To make such testing relevant it would also be important to have a good idea of the dimensions of the final implant.  In view of these issues, normalized stress strain curves are presented which allow for a fair comparison between materials (independent of sample cross-sectional area).
For all the tested scaffolds the peak stress remained fairly unchanged after the initial cycle however as only 10 cycles of stretch were performed it is not possible to infer that this indicates durability.  In the body, pelvic floor biomaterials will probably undergo millions of cycles of stress/strain, this type of testing is beyond the scope of this work.  









[bookmark: _Toc293477152]3.6 Comparative assessment of scaffold handling properties
For any material intended for clinical implantation it is essential that it can withstand the rigors of surgical handling.  In this section we perform a series of tests that recreate some features of surgical handling in order to objectively assess handling characteristics.  Macroporous PPL mesh and 4-ply porcine SIS were also tested to provide a comparison, to a contemporary synthetic and biological biomaterial respectively.
[bookmark: _Toc293477153]3.6.1 Tear resistance
The trouser test is designed to measure how difficult it is to propagate a tear that has already been initiated in a material.  The values presented are normalized to the cross-sectional area to provide a fair comparison as each material had a different thickness.  PLArandom scaffolds exhibited the highest tear resistance strength of the electrospun scaffolds whereas PLAparallel scaffolds had the lowest (figure 3.6.1 and table 3.6.1).  Overall, SIS demonstrated the highest tear resistance.  
[bookmark: _Toc293477154]3.6.2 Suture retention
The suture retention test assesses the ability of material to resist suture pull through.  The values presented are normalized to cross sectional area due to differing scaffold thickness.   PLArandom scaffolds had the highest suture retention strength of the electrospun scaffolds whilst PLAparallel scaffolds had the lowest (figure 3.6.2 and table 3.6.2).  Overall PPL had the highest strength.  
[bookmark: _Toc293477155]3.6.3 Ball burst strength
The ball burst test assesses the ability of a material to resist deformation by a round tip depressor.  PLAparallel scaffolds displayed the highest burst strength of all the electrospun scaffolds, whilst PLA random had the lowest (figure 3.6.3 and table 3.6.3).  Overall SIS had the highest burst strength of all biomaterials.  PUZ3 scaffolds showed the largest deformation whilst PLAparallel was the least deformed at failure of the electrospun scaffolds.  Overall SIS showed the least deformation at failure.
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Figure 3.6.1 Tear resistance strength of scaffolds and biomaterials (mean±SEM, n=9).  



Table 3.6.1 Rank and scoring of electrospun scaffolds by tear resistance strength
[image: ]
Score of (+++) for top ranking scaffold(s), (++) for next scaffold(s) to differ significantly from highest ranking scaffold(s), (+) for next scaffold(s) to differ significantly from scaffolds scoring(++), (-) next scaffold(s) to differ significantly from scaffolds scoring(+).  Significance determined using two-tailed student t-test.  Level of significance p<0.05.
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Figure 3.6.2 Suture retention strength of scaffolds and biomaterials (mean±SEM, n=9) 



Table 3.6.2 Rank and scoring of electrospun scaffolds by suture retention strength
[image: ]
Score of (+++) for top ranking scaffold(s), (++) for next scaffold(s) to differ significantly from highest ranking scaffold(s), (+) for next scaffold(s) to differ significantly from scaffolds scoring(++), (-) next scaffold(s) to differ significantly from scaffolds scoring(+).  Significance determined using two-tailed student t-test.  Level of significance p<0.05.
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Figure 3.6.3 Ball burst strength of scaffolds and biomaterials (a) Ball burst strength normalised to thickness (b) deflection at bursting strength (mean±SEM, n=3




Table 3.6.3 Rank and scoring of electrospun scaffolds by ball burst strength 
[image: ] 
Score of (+++) for top ranking scaffold(s), (++) for next scaffold(s) to differ significantly from highest ranking scaffold(s), (+) for next scaffold(s) to differ significantly from scaffolds scoring(++), (-) next scaffold(s) to differ significantly from scaffolds scoring(+).  Significance determined using two-tailed student t test.  Level of significance p<0.05.









[bookmark: _Toc293477156]3.6.4 Section Discussion
The autologous fascial sling in either of the iterations used in current clinical practice (long sling or the shorter “sling on a string”) is tensioned and secured using sutures.  It is therefore essential that any tissue-engineered graft can hold sutures well.  With cadaveric grafts suture pull through was reported as a cause of  sling failure [356].  PLArandom scaffolds had the highest suture retention strength whilst PLAparallel scaffolds had the lowest.  This is explained by the differences in the number of fibres crossing the path of suture pull through.  It is notable that PLArandom scaffolds had greater suture retention strength than SIS.  This is encouraging, as SIS has been used in the repair of SUI and POP as well as abdominal wall hernia with no clinical reports of suture pull through.
Tear resistance is important as it is likely that scaffolds will need to be cut down to the appropriate size for the particular clinical situation and patient.  The tear resistance mirrored the results of the suture retention test with the greater resistance found in PLArandom scaffolds and the poorest in PLAparallel scaffolds.  Again this is explained by the lack of crossing fibres in the latter.  The resistance to tearing of PLArandom, PUZ1 and PUZ3  were similar to or greater than that of Gynemesh (Ethicon), which is considered a robust mesh.  
The ball burst test was used to simulate a situation where a hole could be inadvertently put in the mesh, e.g. by a fingertip during handling and placement.   The strongest scaffolds, PLAparallel, were less than half the strength of PPL and SIS.  It is difficult to speculate on whether this is likely to be problematic during surgery however on handling even the thinner scaffolds we did not get the impression that they are easily punctured with a finger.  
Several authors have used the ball burst test as a measure of a biomaterials ability to resist multiaxial loading [355, 357].  These results are often presented as structural strength as opposed to mechanical strength, which is independent of test sample thickness.  In this work we normalized the ball burst strength to sample thickness as, firstly, we were interested in making a fair comparison between scaffolds and biomaterials and, secondly, the optimal scaffold thickness is yet to be defined.  Ultimately the scaffold thickness can be adjusted however this may be limited by other factors such as the ability of cells to penetrate and the degree of foreign body reaction induced by the scaffold.
Investigators have sought to relate the structural ball burst strength of meshes to the physiological requirements, which are most commonly derived from the work of Klinge et al [358, 359].    In their work, they modeled the abdominal cavity as a thin walled sphere and then applied the law of Laplace to determine the tension in the abdominal wall muscles during peak physiological abdominal pressures.  These pressures were measured through the abdominal incision in patients undergoing hernia repair.  The maximal physiological tensions were calculated as 32 N/cm and the tension required of a material to reinforce the abdominal wall for hernia repair was deemed to be 16N/cm.  
More recently Ozog et al, developed a similar model whereby the pelvic floor is simplified to an ellipsoid [360].  Geometric measurements were obtained using magnetic resonance imaging and ultrasound.  Abdominal pressure measurements were determined from the rectal air charged urodynamic catheter.  The tensions at various points of the urogenital hiatus and pelvic cavity were calculated by applying the law of Laplace.  The tensions found in at the urogenital hiatus were 0.35N/cm at rest and increased by a factor of 2.3 and 3.6 with valsalva in women without and with POP respectively.  Relating these values to PPL mesh, which commonly has ball burst strength >50N/cm [361], it appears that its strength is far above the physiological requirements.  It can therefore be argued that the electrospun scaffolds in this work, which are all at least 20% of the strength of PPL mesh, would also be sufficiently strong at the point of implantation provided they are constructed at the same thickness (0.4mm).  However this model does simplify the complex female pelvic anatomy and requires validation.

[bookmark: _Toc293477157]3.7 Comparative assessment of scaffold wettability 
Scaffold wettability influences the ability of cells to attach to scaffolds[362] and the diffusion and uptake of culture media by scaffolds [363].  In this section we compare the wettability of electrospun scaffolds using 2 tests: the water contact angle and the water uptake.  The water contact angle is a measure of how wettable the surface of a material is and is dependent on the hydrophobicity and surface topography of the material.  Water contact angles >90 degrees are consistent with hydrophobic materials [364].  The water uptake test is measure of a scaffolds ability to take up and retain water, it is influenced by hydrophobicity and porosity.
[bookmark: _Toc293477158]3.7.1 Water contact angle
All the electrospun scaffolds with the exception of PUZ3 exhibited contact angles greater than 90o (figure 3.7.1 and table 3.7.1).  PLArandom scaffolds had the highest contact angle.  PPL had the lowest contact angle overall.
[bookmark: _Toc293477159]3.7.2 Water uptake
All electrospun scaffolds demonstrated a small increase in weight after wetting, however this was only statistically significant in the case of PLAhybrid (figure 3.7.2 and table 3.7.2).  PPL demonstrated a similar non-significant increase in weight.  By contrast SIS, showed a greater than three fold increase in weight after wetting.
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Figure 3.7.1 Water contact angle measurements for scaffolds and biomaterials (mean±SEM, n=3)


Table 3.7.1 Rank and scoring of electrospun scaffolds by water contact angle 
[image: ]
Score of (+++) for top ranking scaffold(s), (++) for next scaffold(s) to differ significantly from highest ranking scaffold(s), (+) for next scaffold(s) to differ significantly from scaffolds scoring(++), (-) next scaffold(s) to differ significantly from scaffolds scoring(+).  Significance determined using two-tailed student t-test.  Level of significance p<0.05.



[image: ]
Figure 3.7.2 Water uptake for scaffolds and biomaterials (mean±SEM, n=3)



Table 3.7.1 Rank and scoring of scaffolds by water contact angle 
[image: ]
Score of (+++) for top ranking scaffold(s) showing significant water uptake.  (-) for scaffolds not  showing significant water uptake.  Significance determined using two-tailed student t-test.  Level of significance p<0.05.


[bookmark: _Toc293477160]3.7.3 Section Discussion
Good wettability is a hallmark of biological tissues and it is essential to maintain any graft in a wet state prior to implantation to ensure cell survival.  Thus from a clinical perspective it is important to make an assessment of wettability in electrospun scaffolds.
From water contact angle measurements, it was evident that all the electrospun scaffolds were highly hydrophobic with the exception of PUZ3.   In particular PLArandom scaffolds which tend to have a cotton-like surface were the most hydrophobic scaffolds.  PPL mesh had the lowest contact angle (0o) and this was due to the large pores which caused any droplet to immediately seep through.  SIS was highly hydrophilic providing a good indicator of the relatively high wettability of biological tissue.  Nevertheless this level of hydrophillicity may not be essential as fibroblasts were found to have maximum adhesion when contact angles were between 60° and 80° on synthetic surfaces [365, 366].  
Water uptake can occur through absorbed water, this means the amount of water absorbed from media into the material itself which mainly depends on the hydrophillicity of the material [367].  Alternatively, capillary water is drawn in through pores in the material.  In the water uptake tests, PLAhybrid, was the only scaffold to demonstrate a significant degree of swelling.  This is probably attributable to its relative porosity (a described in section 3.1).  Consistent with the water contact angle findings, SIS showed the greatest change in weight after wetting, increasing three fold.
The findings of relative poor wettability of PLA and PU scaffolds is consistent with the body of literature concerning these polymers which are universally considered hydrophobic.  This has relevance to pelvic floor surgery, as cells which adhere to intrinsically hydrophobic materials produce a more pronounced pro-inflammatory cytokine response in vivo [368] which as previously discussed may contribute to complications such as exposure.  However before the scaffold is implanted it is important that its wettability permits efficient and homogeneous cell seeding and proliferation in three dimensions, this is investigated in the next section.  

[bookmark: _Toc293477161]3.8 Ethanol treatment of scaffolds
In the first half of this work we noticed that despite careful attention to scaffold thickness and cell seeding protocols, cells would not always seed efficiently.  This was particularly problematic with PLA based scaffolds.  In order to ensure consistent and efficient seeding we sought to make the scaffolds more hydrophilic by treatment with ethanol.  After treatment scaffolds were washed in PBS before seeding.  In this section we present the finding in terms of cell attachment of PLA and PU based scaffolds before and after ethanol treatment.  In addition we assess the viability of cells on these treated scaffolds over 2 weeks and the resultant ECM production.
[bookmark: _Toc293477162]3.8.1 MTT assay
The individual polymers in the form of random orientated fibre scaffolds were first seeded with OF, and compared to a control, which consisted of OF seeded onto a 6 well plate.  All scaffold achieved less than 50% seeding efficiency in comparison to the control (figure 3.8.1a).  Following ethanol treatment there was a highly significant increase in cell attachment for all scaffolds (figure 3.8.1b), on visual inspection the stain was darker and more homogenously distributed on ethanol treated scaffolds (figure 3.8.1c).
[bookmark: _Toc293477163]3.8.2 AlamarBlueTM assay
The metabolic activity of cells on all scaffolds increased between day 0 and 7 (figure 3.8.2).  Between day 7 and day 14, activity decreased in all scaffolds however remained at >110% of baseline values.
[bookmark: _Toc293477164]3.8.3 Scanning electron microscopy
All treated scaffolds showed evidence of ECM deposition and coverage weeks after being seeded with OF (figure 3.8.3).
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Figure 3.8.1 MTT assay after seeding of scaffolds with oral fibroblasts (a) Untreated scaffolds compared to control (cells in a well plate) (b) Ethanol treated compared to untreated scaffolds (mean±SEM, n=3).  ****p<0.0001
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Figure 3.8.1 cont.  MTT assay after seeding of scaffolds with oral fibroblasts (c) Homogeneity of MTT staining in ethanol treated scaffolds versus untreated scaffolds.
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Figure 3.8.2 Metabolic activity of cells on scaffolds over 14 days assay after seeding of scaffolds (n=3)
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Figure 3.8.3 Scanning electron microscopy images of scaffolds after 2 weeks of cell culture (a) PLA scaffolds (b) PU scaffolds
[bookmark: _Toc293477165]3.8.4 Section discussion
Cell attachment was correlated to the results of water contact angle measurement (section 3.7.1) with PLArandom scaffold showing the poorest attachment and PUZ3 exhibiting the best attachment.   Ethanol treatment significantly improved cell attachment. 
Ethanol has been used as a chemical disinfectant for polyester scaffolds for experimental use without causing morphological changes [369].  Its use as a surface modification technique has previously been described by the Langer group[370].  It leads to surface hydrolysis of the scaffold fibres causing a reduction in the hydrophobicity of scaffolds and an improvement in protein adsorption.  Other solvents, such as perchloric acid, have been used to achieve a similar effect.
Cells remained viable on the scaffolds over a 2-week period; there was a dip in metabolic activity at 14 days, which may be explained by cells achieving confluence resulting in contact inhibition and senescence.  By the end of 2 weeks scanning electron microscopy demonstrated coverage of most of scaffolds by ECM.  Looking at the fissures in the ECM we got the impression that most of the ECM was deposited on the surface of the scaffolds.  This may suggest cells do not penetrate all the way through scaffolds.  However, our recent work in the rat abdominal wall suggests that in vivo PLA scaffolds are well penetrated with cells throughout their thickness [333].  This has not yet been confirmed on the electrospun PU scaffolds.
In conclusion, ethanol was found to be a simple effective method of improving cell seeding on electrospun scaffolds.  Next we assess scaffold degradation and the effect of ethanol treatment on this.


[bookmark: _Toc293477166]3.9 Scaffold degradation
The rate of scaffold degradation is considered to have an important bearing on mechanical support and remodeling outcomes.  PLA is biodegradable whilst the PU’s although generally considered bio-stable has been known to fissure after many years in vivo.  Both PLA and PU degrade by hydrolysis, as ethanol is thought to cause surface hydrolysis we will assess the rate degradation of both untreated and ethanol treated scaffolds in PBS at 37oC, in terms of change in weight and mechanical properties.
[bookmark: _Toc293477167]3.9.1 Scaffold degradation
For both untreated and ethanol treated scaffolds there was no significant difference in weight at baseline and at 16 weeks (Figure 3.9.1).
[bookmark: _Toc293477168]3.9.2 Mechanical properties
In terms of UTS, at 16 weeks ethanol treated PLAhybrid scaffolds were significantly weaker than untreated scaffolds at baseline and untreated scaffolds at 16 weeks.  No other scaffolds changed significantly from baseline values to 16 weeks (figure 3.9.2a).
In terms of YM, no significant differences were observed for any of the scaffolds 
In terms of strain at UTS, Ethanol treated PLArandom scaffolds were significantly weaker than untreated PLArandom scaffolds at baseline and also significantly weaker than untreated PLArandom scaffolds at 16 weeks (figure 3.9.2c).  Untreated PLArandom scaffolds at 16 weeks showed a non-significant decline from baseline.  Similarly, both untreated and ethanol treated PLAparallel scaffolds showed a significant decline from untreated PLAparallel scaffolds at baseline.  At 16 weeks ethanol treated PLAparallel scaffolds were significantly lower than untreated PLAparallel scaffolds.  Similarly for PLAhybrid scaffolds, values for ethanol treated scaffolds at 16 weeks were significantly lower than untreated PLAhybrid scaffolds at 16 weeks.
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Figure 3.9.1 Change in weight of scaffolds after 16 weeks (a) Untreated scaffolds (b) Ethanol treated scaffolds (n=3)
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Figure 3.9.2 Uniaxial mechanical properties of scaffolds after 16 weeks in PBS at 37oC (a) Ultimate tensile strength (b) Young’s modulus (mean±SEM, n=3).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the upper limit for normal vaginal tissue.  **p<0.01.



[image: ]
Figure 3.9.2 cont.  Uniaxial mechanical properties of scaffolds after 16 weeks in PBS at 37oC (c) % strain at ultimate tensile strength (mean±SEM, n=3).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the lower limit for normal vaginal tissue.  *p<0.05, **p<0.01.
[bookmark: _Toc293477169]3.9.3 Section discussion
PLA scaffolds showed no evidence of significant degradation.  This was not surprising, as PLA is known to have long degradation times.  PLA undergoes bulk erosion degradation by hydrolysis, this means that it is relatively stable then spontaneously erodes throughout it structure.  Similarly scaffolds composed from polyether PU, which mainly degrade by oxidation and less so by hydrolysis, did not change in mass [318].  
Mechanical properties of PLA scaffolds in terms of strength and stiffness remained the same, however a consistent a trend with PLA based scaffolds was that % strain at UTS decreased by 16 weeks especially in ethanol treated scaffolds.  In other words the scaffolds became more brittle. The PUs we used are considered relatively bio-stable however it has been suggested that exposure to ethanol leads to degradation of PU and a loss of mechanical integrity [371].  We found that PU scaffolds maintained their mechanical properties even after ethanol treatment.  Although the period of ethanol exposure we used was short our findings are in keeping with other investigators who exposed PU to ethanol for 10 weeks [372].  The major limitation in applying these mechanical results to the clinical situation is the lack of dynamic loading which may accelerate degradation and influence mechanical properties [373].
It has been suggested that tissue remodeling is promoted by materials that degrade rapidly (e.g. SIS) [374].  Thus an argument could be made that both the PLA and polyether PU’s we used are unsuitable materials if we seek to trigger an M2 macrophage response.  However, the concern with using fast degrading materials (e.g. polyglycolic acid (PGA)) is that the weakened tissue may not have regenerated sufficiently to support the repair at such an early stage.  As a starting point, we selected polymers whose mechanical integrity would be likely to be guaranteed for at least 1 year, with the intention of assessing tissue responses in an appropriate animal model. 
In future it may helpful to use co-polymerized aliphatic polyesters (e.g. poly(d,l)-lactide-co-glycolide, which combine fast degrading PGA (weeks) with slower degrading PLA) of varying ratios to tailor degradation rates as has been demonstrated in previous work from our group[375].  There is increasing interest in using less bio-stable PU’s, that degrade in months, in tissue engineering [376].  Ultimately the question of what rate of scaffold degradation is most favorable to remodeling and clinical outcomes can only be answered with animal and clinical studies.


















[bookmark: _Toc293477170]3.10 Chapter discussion
The objective of the work in this chapter was to characterise and evaluate the physiomechanical properties of different electrospun scaffolds to determine their suitability for use in pelvic floor applications.  Overall, PLArandom scaffolds performed best in terms of mechanical and handling characteristics followed by PUZ3 (Table 3.10).  When an assessment of scaffold wettability was included PUZ3  performed marginally better than PLArandom (table 3.10).  
Our aim was to develop a PFRM that would be at low risk of early mechanical failure.  This could either be due to excessive laxity (low stiffness) or material breakage (low strength) leading to symptom persistence or recurrence.  On the other hand, materials that are too stiff and resist stretching may restrict the motion of the pelvic floor/vagina and lead to pain or discomfort or cause excessive tension on the sub-urethral tissues and contribute to complications such as obstructed voiding or exposure.  Moreover excessively stiff/strong materials may lead to stress shielding and high stress concentrations at the attachment sites of the material which also may predispose to complications or failure.
Knowing the mechanical metrics (YM, UTS and %strain at UTS) of autologous fascia provided a reasonable and logical starting point for assessing the mechanical suitability of these scaffolds.  None of the scaffolds entirely matched the target range.  In future it would be useful to further vary the ratio of random to aligned fibres or alternatively incorporate different fibre patterns (e.g. radially aligned or orthogonally patterned, etc.).  When we performed the cyclical tests it was apparent that PLA did not have the same degree of elastic recoil as the PU scaffolds.  The properties of PLA and PU in some ways mimic collagen and elastin respectively.  Therefore it would be interesting to combine both polymers into one scaffold to acquire the properties of both.
Correlating the results of the ball burst assessment to the literature suggests that these materials will all be strong enough for clinical use provided they are of a thickness that is similar to current PPL meshes.  What is less clear is how much these materials should stretch by at the physiological stresses.  Load-bearing soft collagenous tissues are characterized by a bimodal stress–strain response with a compliant response or “toe region” at low strains which then transitions to a stiff response at large strain.  The low strain region is equated with physiological stresses.  Thus traditional engineering indices of material behavior which are really aimed at failure conditions, can fall short in describing the complete loading response.  There is a need to perform more sophisticated and extensive characterization approaches for healthy vaginal tissue before scaffolds better suited to physiological stresses and strains can be designed.  Similarly the viscoelastic properties of vaginal tissue need to be more clearly characterized to inform the design of new materials.
What happens to the material after it is implanted is also important and more relevant.  There is need to understand how the mechanical properties of the material change after implantation to ensure they continue to closely match the desired ranges.  Thus mechanical testing of scaffolds at different time points after implantation in suitable animal model would help inform whether scaffolds are suitable for use in women.    
It is also likely that the stresses/strains experienced by a PFRM will depend on individual patient characteristics such as body mass index, intra-abdominal pressures associated with various activities, and the particular type of repair (i.e. reinforcing vs. bridging the defect).  There may therefore be a role for matching the mechanical properties of a PFRM to these parameters.  
In conclusion the work conducted in this chapter has shown that 2 electrospun scaffolds most closely matched the mechanical properties of autologous fascia whilst possessing handling properties equivalent to a current biological and synthetic biomaterial.  These 2 scaffolds effectively seeded with cells and showed minimal degradation after 4 months.  We will next assess the performance of cells on these scaffolds in response to mechanical loading.







Table 3.10 Overall ranking and scores of electrospun scaffolds in terms of mechanical, handling and wetting properties
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[bookmark: _Toc293477171]Chapter 4: The effect of mechanical conditioning on a tissue-engineered pelvic floor repair material
[bookmark: _Toc293477172]4.1 Chapter introduction
[bookmark: _Toc293477173]4.1.1 Mechanotransduction
Mechanical forces impact directly upon the function of cells both in vitro and in vivo [377].  Forces are clearly demonstrated in normal physiological processes that are essential to life such as the cardiac and respiratory cycles and locomotion.  These forces directly regulate processes such as cell migration, adhesion as well as morphogenesis [378, 379].  The process by which cells translate mechanical cues into biological signals is termed mechano-transduction.  Mechanical cues are not only transmitted from the physical environment but can be generated by the cell cytoskeleton [380].  Any molecular defect that interrupts or alters mechanotransductive processes can interfere with normal cellular function and cause diseases such as loss of hearing, arthritis, osteoporosis, cardiovascular disease, and cancer [381].
Several structures have been identified as playing a role mechanotransductive processes including stretch-activated ion channels, caveolae, integrins, cadherins, growth factor receptors, myosin motors, cytoskeletal filaments, nuclei, extracellular matrix in addition to numerous other structures and signaling molecules.  The pathways for the detection of different types of forces are complex and poorly understood.  
[bookmark: _Toc293477174]4.1.2 Mechanical conditioning 
Mechanical conditioning has been defined as the in vitro application of dynamic mechanical loads to cells, tissues and/or 3D engineered tissues using custom designed devices [382].  The aim is to activate cellular mechanotransductive mechanisms using loading regimens in order to produce functional engineered tissues that can meet the demands of the in vivo environment.  A variety of regimens, including shear [383], uni-axial [384], biaxial [385] and multi-axial tension [386] and compression [387] have been applied using bioreactors.  In some cases this has led to cellular alignment, organisation and orientation of the ECM [388], in addition to enhanced cell proliferation, increased ECM synthesis and the differentiation of cells toward specific lineages [389] as well as improvements in the biomechanical properties of tissue engineered constructs of scaffolds seeded with cells [390, 391].  
[bookmark: _Toc293477175]4.1.3 Mechanical conditioning in developing a PFRM
Most of the studies investigating mechanical conditioning are of tissues engineered for orthopaedic applications.  There is only one published study investigating mechanical conditioning to develop engineered tissues for pelvic floor repair, published by our group [392].  The nature and magnitude of the forces that pelvic floor biomaterials are subjected to once implanted are not well defined.  It is likely that a variety of forces are present including tension (multi-axial), compression and shearing between the tissue planes.  In this chapter, we will investigate simple and easily reproducible methods to mechanically condition a PFRM and assess the outcome in terms of cell viability, ECM expression and mechanical properties.
Chapter 4	Mechanical conditioning	PhD thesis
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[bookmark: _Toc293477176]4.2 Intermittent static multiaxial tension model
This experiment employed the use of small ball bearings placed on top of PLA scaffolds suspended above the bottom of 6-well plates using modified ScaffdexTM rings.  The idea is to simply model the female pelvic floor with the scaffold representing the pelvic floor structures and the ball bearings representing the pelvic organs.  It was introduced by Mr Altaf Mangera and Dr Sabiniano Roman.   In their experiments they placed ball bearing on top of scaffolds for periods of 24 hours and then removed them for 24 hours.  This regimen was continued for 14 days.  They found small increases in collagen production, UTS, as well as increased expression of elastin and collagen III.  This experiment continues from their work by studying the effect of varying the frequency of alteration between tension and non-tension periods.  The hypothesis is that a regimen that employs more frequent alterations will be more effective in stimulating the production of ECM.
[bookmark: _Toc293477177]4.2.1 AlamarBlueTM assay 
Absorbance for cell-seeded scaffold samples under each regime was read and then the absorbance for no cell scaffolds was subtracted from these values.  The change in absolute values is represented as is the percentage change in metabolic activity relative to day 0 for the 3 regimes compared to static controls are shown (figure 4.2.1).  It was demonstrated that subjecting cell-seeded scaffold samples to intermittent tension induced a decline in metabolic activity from day 0 to day 7 which then recovered to reach a level above the baseline at day 14 for all 3 conditioning regimens.  For the static controls metabolic activity increased from day 0 to day 7 and day 7 to day 14.  By day 14 cells on scaffolds subjected to 24 and 48 hourly alterations showed significantly greater metabolic activity compared to controls.  By day 14 all cells seeded samples had reached >120% of the metabolic activity on day 0.  
[bookmark: _Toc293477178]4.2.2 DAPI staining 
At day 14 DAPI staining of cell nuclei was undertaken to demonstrate the effect of mechanical conditioning on cell attachment (figure 4.2.2).  Good cell attachment was demonstrated on scaffolds on all cell-seeded scaffolds samples.  It was observed that samples subject to mechanical conditioning demonstrated a more patchy distribution of cells (see representative images figure (d) and (e)) compared to controls.
[bookmark: _Toc293477179]4.2.3 Sirius red assay 
At day 14, Sirius red assay was performed to estimate the total collagen production by cells on scaffold samples.  The results are given as absorbance of stain per gram minus stain per gram of no-cell scaffolds (figure 4.2.3).  There was no significant difference in total collagen produced per gram of scaffold between static controls and samples subjected to 12 hourly and 24 hourly alterations.  Samples subjected to 48 hourly alterations contained a third of the collagen produced in static controls (p<0.05).  
[bookmark: _Toc293477180]4.2.4 Scanning electron microscopy
At day 14 scanning electron microscopy was performed on all samples (figure 4.2.4).  An ECM was observed overlying the electrospun PLA fibres.  In all samples there were areas where the ECM coverage was confluent and other areas where it was patchy.  There was no discernible difference between different conditioning regimens and the static control.
[bookmark: _Toc293477181]4.2.5 Immunofluorescence imaging 
At day 14, samples were assessed by immunostaining to determine the presence and distribution of collagen I, collagen III and elastin fibres, using specific antibodies.  No-cell samples were used as negative controls for each ECM component (figure 4.2.5).  
All cells seeded on scaffolds demonstrated production of some collagen I, collagen III and elastin fibres.  Collagen I was best expressed in static control scaffolds, whereas collagen III was more pronounced in samples subjected to mechanical conditioning particularly in the 12 hourly and 24 hourly regimens (figure 4.2.5).  Elastin was better expressed in all 3 conditioning regimens compared to static samples.
[bookmark: _Toc293477182]4.2.6 Mechanical Properties
A uniaxial stress-strain test was conducted on all samples at day 14 to obtain stress-strain curves from which values for UTS, YM and strain at UTS were derived (figure 4.2.6).  In terms of UTS, no scaffold samples reached the target range.  All scaffold samples seeded with cells had significantly greater values that no-cell scaffolds.  Similarly for YM no samples reached the target range.  All cell-seeded scaffold samples showed greater values than no-cell scaffolds, however this was only statistically significant for the 3 conditioning regimens.  Finally for strain at UTS no sample fell within the target range.  The 12 and 24 hourly regimens both had significantly lower percentage strains compared to the no-cell scaffold samples.  
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Figure 4.2.1 Metabolic activity of cells on scaffolds subjected to intermittent static multiaxial tension (a) Absolute change in metabolic activity over 14 days of culture, as determined by absorbance of AlamarBlue stain (Mean±SEM, n=9) (b) Percentage change in metabolic activity over 14 days of culture relative to day 0, as determined by the absorbance of AlamarBlue stain, (n=9).  *p<0.05, **p<0.01.  
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Figure 4.2.2 DAPI staining of cell nuclei of scaffolds subjected to intermittent static multiaxial tension.  (a) No cell control (b) Static (c) 12 hourly alteration of tension (d) 24 hourly alteration of tension (e) 48 hourly alteration tension.  Scale bar=0.5mm.
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Figure 4.2.3 Total collagen production per gram of scaffold from scaffolds subjected intermittent static multiaxial tension (Mean±SEM, n=9).  *p<0.05.
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Figure 4.2.4 Scanning electron microscopy images at low (x680) magnification, a-c, and high (x1360) magnification, d-f.  Only 24-hourly samples are shown as no discernible difference was observed between these cell-seeded scaffolds and scaffold subjected to the other 2 regimens.
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Figure 4.2.5 Representative images showing the presence and distribution collagen I (green), collagen III (green) and elastin (red colour) with cell nuclei (blue colour) following staining with FITC labeled antibodies and DAPI respectively, after 14 days of culture of cells on PLA scaffolds.  Static controls are represented in a-c, 12 hourly regimen in d-f, 24 hourly regimen in g-i and the 48 hourly regimen in j-l.  Scale bar = 0.5 mm.
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Figure 4.2.6 Uniaxial mechanical properties of cell-seeded scaffold samples under different conditioning regimes compared to unconditioned samples and No-cell controls (a) Ultimate tensile strength (b) Young’s modulus (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the upper limit for normal vaginal tissue.  *p<0.05,** p<0.01.
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Figure 4.2.6 cont.  Mechanical properties of cell-seeded scaffold samples under different conditioning regimes compared to unconditioned samples and No-cell controls (c) % Strain at ultimate tensile strength (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia, red horizontal drop bar represents the lower limit for normal vaginal tissue.  *p<0.05,** p<0.01.

















[bookmark: _Toc293477183]4.2.7 Section discussion
Mechanical stimulation has been used in tissue engineering to increase ECM production and improve the biomechanical properties of scaffolds seeded with cells.  A variety of techniques have been developed to do this [393].  It has been proposed that the in vitro loading condition should reflect the clinical application [380].  With this in mind, this set up simply modeled the pelvic floor and pelvic organs.  The cell-seeded scaffold samples were subjected to both compression and tension; it is likely that any pelvic floor biomaterials would be subjected to these forces in the body.   
We found a reduction in metabolic activity of 50% or more after 7 days in samples subjected to mechanical conditioning followed by an increase to above the baseline.  This may be explained by the physical effect of the ball bearings causing impairment/death of the cells on the area of the scaffolds they rested.  It was evident that ball bearings always came to rest in the same area each time they were removed and replaced, due to the way the cell crowns were cut.  After 7 days, cell proliferation in other areas may have overcome this effect, leading to an overall increase in metabolic activity.  The cell distribution in conditioned samples did appear patchier.  The patchy nature of cell seeding may also be partially attributable to variability in cell seeding due to differences in the thickness of scaffolds.  This may have explained the observation that media would seep through some scaffolds more quickly than in others.  
Although there was trend to increase UTS and YM with the addition of cells, there was no similar trend in collagen production.  Again this could be due to the issues with cell seeding.  There was however an obvious difference in elastin expression with mechanical conditioning of scaffolds which we have also observed with adult mesenchymal stem cells subjected to the same type of  conditioning.  This is important as elastin is a major component of elastic fibres, which provide tissues with elastic recoil.  
Ultimately this model and the variables tested failed to allow us to reach the objective of reaching the target range in terms of tissue strength, stiffness and elongation.  The lack of success may be explained by the fact the tension was static and applied for long time periods, it has been shown that prolonged continuous loading leads to inferior mechanical and biochemical properties in constructs such as chondrocyte-seeded fibrin hydrogels [394].  Additionally the immediate application of tension may have an inhibitory effect on collagen production, it has been shown that mechanical loading immediately after seeding inhibited the expression of collagen type I, collagen type II, and fibronectin by mesenchymal stem cells [395].
Moving forward it would be more desirable to subject samples to more dynamic forms of mechanical conditioning and this will be explored in the next experiments.














[bookmark: _Toc293477184]4.3 Fluid shear model
The second mechanical conditioning model involved rocking samples placed in well plates on a platform rocker device.  This provides a simple way of subjecting cells on PLA scaffolds to dynamic shearing forces.  The samples were restrained to the bottom of the plates using dental wire and rocking was conducted for 2 hours per day at room temperature.  Following on from the 1st model, in this experiment an attempt was made to use scaffolds at least 200 microns thick to ensure greater consistency in seeding.  Additionally rocking was commenced 2 days after seeding to allow cells to attach well and begin to proliferate and thereby acheiving a greater degree of confluence before conditioning.
[bookmark: _Toc293477185]4.3.1 AlamarBlueTM assay 
Absorbance for samples under each regime was read as described previously.  The change in absolute values is represented and the percentage change in metabolic activity relative to day 0 of shear conditioned samples compared to static controls is shown (figure 4.3.1).  It was observed that shear conditioning led to an increase in metabolic activity from day 0 to day 7 and then from day 7 to 14, an overall increase of over 200%.  For the static controls metabolic activity remained constant from day 0 to day 7 and then increased from day 7 to day 14, an overall increase by nearly 300%.  The difference between the shear conditioned samples and static controls was significant at day 7 but not by day 14.
[bookmark: _Toc293477186]4.3.2 DAPI staining 
At day 14 DAPI staining demonstrated confluent cell attachment on both static and shear conditioned cell-seeded scaffolds samples (figure 4.3.2).
[bookmark: _Toc293477187]4.3.3 Sirius red assay
 A greater quantity of total collagen produced per gram of scaffold was produced on static samples compared to samples subject to shear conditioning although the difference was not statistically significant (figure 4.3.3).  
[bookmark: _Toc293477188]4.3.4 Scanning electron microscopy 
Scanning electron microscopy demonstrated similar coverage and appearance of the ECM on both static and shear conditioned samples.  The appearances were similar to those depicted for cell-seeded scaffold samples (see figure 4.2.4).
[bookmark: _Toc293477189]4.3.5 Immunofluorescence imaging 
 All cells seeded scaffold samples demonstrated production of collagen I, collagen III and elastin fibres (figure 4.3.4).  Collagen I was similarly expressed in static and shear conditioned samples.  Collagen III and elastin were both poorly expressed in samples cultured statically and samples subjected to shear conditioning.
[bookmark: _Toc293477190]4.3.6 Mechanical Properties
In terms of UTS, none of the samples reached the target range.  Static samples were significantly stronger than no-cell scaffolds, as were samples subjected to shear conditioning (figure 4.3.5).  The latter were stronger than static samples, although the difference was not statistically significant.  In terms of YM, static samples achieved a value within the target range, which was significantly stiffer than the no-cell scaffolds.  Samples subject to shear conditioning showed even greater stiffness than static samples but the difference was not statistically significant.  The strain at UTS of all samples was below the target range and there was no significant difference between any of the samples.
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Figure 4.3.1 Metabolic activity of cells on scaffolds subjected to fluid shear stress (a) Absolute change in metabolic activity over 14 days of culture, as determined by absorbance of AlamarBlueTM stain (Mean±SEM, n=9) *p<0.05  (b) Percentage change in metabolic activity over 14 days of culture relative to day 0, as determined by the absorbance of AlamarBlueTM stain, n=9.
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Figure 4.3.2 Representative images of DAPI staining of cell nuclei of scaffolds.  (a) No cell control (b) Static (c) Fluid shear.  Scale bar=0.5mm.
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Figure 4.3.3 Total collagen production on cell-seeded scaffolds subjected to fluid shear stress (Mean±SEM, n=9).



[image: ]

Figure 4.3.4 Representative images showing the presence and distribution collagen I (green), collagen III (green) and elastin (red colour) with cell nuclei (blue colour) using immunostaining and DAPI respectively, after 14 days of culture on PLA scaffolds.  Static controls are represented in a-c, samples subjected to fluid shear stress in d-f.  Scale bar = 0.5 mm.
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Figure 4.3.5 Uniaxial mechanical properties of cell-seeded scaffold samples subject to fluid shear stress compared to static samples and No-cell controls (a) Ultimate tensile strength (b) Young’s modulus.  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the upper limit for normal vaginal tissue.  *p<0.05,** p<0.01
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Figure 4.3.5 cont.  Mechanical properties of cell-seeded scaffold samples subject to fluid shear stress compared to static samples and No-cell controls (c) % strain at ultimate tensile strength (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the lower limit for normal vaginal tissue.  *p<0.05,** p<0.01










[bookmark: _Toc293477191]4.3.7 Section discussion
In an attempt to subject cells to dynamic forces we utilized a simple method of placing samples in 6 well plates on a platform rocker.  This method has been shown to distribute fluid shear forces in a spatiotemporal pattern over the bottom of the plate [396].  Although not highly representative of the in vivo situation it could be expected that a pelvic floor biomaterial would be subject to some shearing in between tissue planes on movement of the pelvic floor [397], particularly if placement does not include suturing.
In contrast to the 1st model, samples subjected to mechanical conditioning did not show a decrease in metabolic activity but rather a greater increase from day 0 to day 7 than unloaded controls.  This is consistent with study investigating a cartilage tissue-engineering model where dynamic loading was shown to enhance chondrocyte attachment and proliferation in comparison to static culture [398].  
There was trend to increased strength and stiffness with rocking samples.  In terms of UTS the rocked samples approached the lower limit of autologous fascia but were still lower than the target range.  In terms of YM, cell-seeded samples fell within the target range and the addition of rocking made samples too stiff.  It is interesting to note with the 1st model static samples were lower than the target range.  This is probably explained by the fact in this experiment newly synthesized scaffolds were used whilst in the first experiment the scaffolds that were used were made over 6 months prior.
The trend toward increases in UTS and YM with rocking was not associated with a similar increase in total collagen production and there was no obvious difference in collagen expression by type on immunostaining to suggest the ratio of collagen had an influence.  The answer may lie in the organization of collagen, as interstitial fluid flow has been shown to induce collagen alignment [399] whilst work within work our group using Second harmonic generation, a confocal microscopy technique, has demonstrated that bone progenitor cells and dermal fibroblasts cells subjected to fluid shear stimulation show evidence of a denser, better organized collagen within the ECM [301].
Despite the more dynamic nature of the forces generated in this model there is a need for more physiologically appropriate dynamic methods of conditioning samples, this will be explored in the next experiment.











[bookmark: _Toc293477192]4.4 Dynamic uniaxial tension model
The two models investigated thus far suggest some potential benefit may be gained by mechanical conditioning in terms of expression of elastin and trends to increases in strength and stiffness of samples.  Both these models are limited by their disparity to the in vivo situation.  Towards the end of this PhD our group acquired a bioreactor capable of delivering programmed dynamic uniaxial tension (stretch) to scaffolds in a temperature and CO2 controlled environment.   Cell-seeded PUZ3 scaffolds were used due to their better response to cyclical stretch (see section 3.5).  Cells were seeded on to scaffolds 2 days prior to placement in the bioreactor.  The bioreactor was then programmed to deliver 10% strain at a rate of 30 cycles of stretch per minute for 12 hours for followed by 12-hour rest period.  The experiment was run for 7 days, not 14, due to a problem with rusting of some of the components occurring beyond this period.
[bookmark: _Toc293477193]4.4.1 AlamarBlueTM assay 
Absorbance for samples under each regime was read as previously described.  The change in absolute values and the percentage change in metabolic activity relative to day 0 of the stretched samples was compared to static controls (figure 4.4.1).  At day 7, metabolic activity declined for both static samples and those subject to stretch, to less than 80% and 70% of the respective values on day 0.  There was no significant difference between static and conditioned samples at day 7.
[bookmark: _Toc293477194]4.4.2 Sirius red assay 
At day 7, there was greater total collagen production in stretched samples compared to static control samples although this difference was not statistically significant (figure 4.4.2).
[bookmark: _Toc293477195]4.4.3 Scanning electron microscopy 
All cell-seeded samples demonstrated evidence of good coverage of the scaffold with ECM (figure 4.4.3).  In stretched samples there appeared to be organization of the matrix in a linear fashion parallel to the axis of stretch.  This organization was not present in static samples.
[bookmark: _Toc293477196]4.4.4 Mechanical Properties
Stretched samples achieved the highest UTS approaching the lower limit of autologous fascia but not within the target range (figure 4.4.4).  The difference between stretched and static samples was not significant.  Stretched samples also demonstrated the greatest YM which approached the lower limit of autologous fascia but remained out with the target range.  The stretched samples were significantly stiffer than both no-cell scaffolds and static controls.  In terms of strain at UTS, all samples demonstrated strains of at least 70%, it is not possible to say whether there was any significant differences between these samples as the testing apparatus does not allow for greater strain testing.
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Figure 4.4.1 Metabolic activity of cells on scaffolds subjected to dynamic uniaxial tension (a) Absolute change in metabolic activity over 7 days of culture, as determined by absorbance of AlamarBlueTM (mean±SEM, n=3) (b) Percentage change in metabolic activity over 7 days of culture relative to day 0, as determined by the absorbance of AlamarBlue stain (n=3).
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Figure 4.4.2 Total collagen production on cell-seeded scaffolds subjected to dynamic uniaxial tension (Mean±SEM, n=3).
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Figure 4.4.3 Scanning electron microscopy images of scaffolds subjected to dynamic uniaxial tension at low (x680) magnification, a-c, and high (x1360) magnification, d-f.  
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Figure 4.4.4 Uniaxial mechanical properties of cell-seeded scaffold samples subject to dynamic uniaxial tension compared to static samples and No-cell controls (a) Ultimate tensile strength (b) Young’s modulus.  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the upper limit for normal vaginal tissue.  *p<0.05,** p<0.01
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Figure 4.4.4 cont.  Mechanical properties of cell-seeded scaffold samples subject to fluid shear stress compared to static samples and No-cell controls (c) % strain at ultimate tensile strength (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the lower limit for normal vaginal tissue.  













[bookmark: _Toc293477197]4.4.5 Section discussion
The acquisition of the Ebers bioreactor represents a significant advancement in our ability to mechanically condition cell-seeded scaffold samples in a controlled manner.  Uniaxial tension was delivered here in a fashion that mirrored the diurnal variation in activity that a healthy woman would undergo.   There was a decline in metabolic activity at day 7 however this was not significantly different from static controls suggesting stretch conditioning did not have any adverse effect on cell growth.  Although total collagen slightly increased (not statistically significant) there was a trend to increase both strength and stiffness (statistically significant) compared to static controls.  The major finding that may explain this was observed on scanning electron microscopy where the ECM appeared to show linear organisation  along lines of stretch suggesting it is being actively remodeled.  
The major limitation of this experiment is the fact it was only performed up to 7 days for the aforementioned reasons of rusting.  We were unable to repeat the experiment to obtain samples for immunostaining which would have allowed us to further assess the directionally of collagen fibres as well determining whether this stretch led to increased elastin production.  The Ebers bioreactor delivers uniaxial tension in a cyclical fashion.  It can be argued that multiaxial tension is more appropriate however this would necessitate a more complex set up and would introduce additional questions concerning the relative magnitude of respective direction of forces. Interestingly some authors have demonstrated increased fibroblasts proliferation in response to uniaxial stretch but not with biaxial stretch [400].
The degree of stretch and frequency of stretch are two potentially important variables.  In their study using human ligament fibroblasts Park et al.  showed that 8% cyclical strain resulted in significantly higher cell proliferation and collagen production when compared to 4% strain and no strain [401].  We chose to stretch samples to 10%, it has been suggested that abdominal wall stretch requirements are closer to 20-30% at maximal forces encountered physiologically.  There is however no clear data on what is normal for pelvic floor tissues.  Given the range of values for % strain at ultimate tensile strength (i.e. the failure point) for healthy vaginal tissue is from 35-68% it is likely physiological strains would be far less.  There is a need to further study the impact of varying the degree of strain delivered in addition to other variables such as the rate of stretch and the length and frequency of rest periods.

[bookmark: _Toc293477198]4.5.  Chapter discussion 
In these experiments we investigated 3 models to mechanically condition a PFRM prior to implantation.  The primary aim was to attempt to increase the expression and organization of fibrillar proteins that could impart increases in mechanical properties of the scaffolds used, PLA and PUZ3 which we have previously demonstrated to be the best 2 performing in terms of mechanical, handling and wettability assessments.  
Mechanical conditioning of tissue engineered constructs aims to exploit the innate mechano-transductive mechanisms cells possess to produce functional tissues better suited to in vivo environment. In addition to the improvement in mechanical properties of engineered tissues in vitro, there is evidence to show improved performance in vivo. This was first demonstrated by the Atala group, who showed that mechanical pre-conditioning of engineered skeletal muscle tissue led to a 10-fold greater contractility at 4 weeks post implantation in athymic mice compared to statically cultured tissues [402].     
The key cell in ECM production is the fibroblast.  Vaginal fibroblasts in women with POP may have altered function in terms of contractility[403] and mechanoresponses [404].  Thus we used fibroblasts from the buccal mucosa, which can be biopsied with ease under local anaesthesia.
The key variables in the application of any mechanical conditioning protocol include the nature of the mechanical stimulus applied, the cell type and the scaffold.  Consequently most studies in the literature offer only phenomenological observations that are specific to the particular model used.  To comprehensively evaluate each model it would be necessary to undertake systematic studies of the conditioning protocol for each cell-scaffold combination.  This was beyond the scope of the work in this thesis.  
The first 2 models were simple and inexpensive and were relatively straightforward to use.  In contrast the Ebers bioreactor has more complex components and cost over £50, 000 to acquire.  There is a good argument to simplify and reduce the expense of mechanical conditioning methods as much as possible as ultimately the aim of tissue engineering approaches, for sufficiently common problems, is to be able to scale up production.  Nevertheless the first 2 models did not achieve what is required in terms of mechanical properties hence the need to move onto the more sophisticated Ebers set up.
With the dynamic uniaxial tension, the most striking finding was the alignment of the ECM on scanning electron microscopy, correlating to a significant increase in stiffness.  This suggests that OF seeded onto PUZ3 scaffolds respond well to stretch.  Indeed cells in in the first two models demonstrated a propensity to increase in metabolic activity suggesting that cell attachment is adequately maintained in response to multiaxial tension, compression and shearing.   This is reassuring as it is expected that cells will be exposed all these forces in the body and will need to respond by remaining attached, in order to populate the wound bed and active, in order to drive production of the new ECM required for the remodeling process.  
Clearly the magnitude of forces that the PFRM is exposed to in vivo will depend on many factors such as the indication (SUI or POP), the compartment in POP, in addition to individual patient factors such as body mass index and level of activity.  As discussed earlier, there is a remarkable lack of data on what forces pelvic floor biomaterials are exposed to in vivo and this will be investigated in future collaborative research with colleagues with  biomechanical and computational modeling expertise in Auckland (New Zealand) and Sheffield (UK).  This work may help inform the optimal conditioning protocols.
Ultimately the potential benefits of incorporating a mechanical conditioning protocol in the commercial development of a PFRM may not outweigh the disadvantages in terms of the additional expense and time required to set up and maintain it.  Another use for a bioreactor, such as the Eber’s, may be in the in vitro assessment of the suitability of scaffolds and cell-scaffold combinations for animal studies.  In future, this could lead to a scenario where scaffolds that respond well to a standardized regimen of conditioning, that is based on expected in vivo stress and strain profiles, are deemed suitable to progress.  
The next chapter will investigate an alternative simpler method of conditioning to induce the production of fibrillar ECM proteins and improve mechanical properties.

[bookmark: _Toc293477199]Chapter 5.  The effect of biochemical conditioning on a tissue-engineered pelvic floor repair material
[bookmark: _Toc293477200]5.1 Chapter Introduction
Connective tissue laxity is postulated to result in pelvic floor dysfunction.  This laxity has been attributed to biochemical changes which affect the quality and architecture of the fibrillar proteins.  Collagen comprises >90% of the dry weight of most ECM [107].    Collagen synthesis is essential in biological graft repairs, where the newly formed collagen fibres entirely support organs after the graft degrades[405].  Elastin allows tissues to stretch and recoil [406] and so is essential for healthy pelvic floor function,
Achieving sufficient concentrations of these proteins in the extracellular matrix when engineering tissues that have a load bearing function (e.g. meniscus, bone) can be challenging.  One approach has been to add bioactive factors to the cell culture environment.  In this chapter we investigate the effect of different bioactive factors on the expression of collagen and elastin and the mechanical properties cell-seeded scaffolds.
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[bookmark: _Toc293477201]5.2 Collagen
Three additives (ascorbic acid 2-phosphate (AA-2P), glycolic acid, 17 β-oestradiol) were investigated to establish which was most useful in stimulating collagen production by OF.   Two of the additives, AA-2P and Glycolic acid have previously been shown to increase collagen synthesis by fibroblasts in culture [302, 407, 408].  The effect of the 17 β-oestradiol  is less clear with some studies showing stimulatory [409] and other showing inhibitory effects [304, 305].  However as oestrogen cream is commonly used as a topical treatment for SUI [410] and is used by some surgeons peri-operatively to improve wound healing, the effect of 17 β-oestradiol on OF function and collagen production will be assessed. 
Initially the 3 additives were tested in 2D culture (cells seeded on tissue culture plastic) to assess the effect on collagen production and cell viability.  AA-2P is an analogue of vitamin C which remains non-hydrolysed in solution for longer than vitamin C.  The concentrations of AA-2P were selected on the basis of preliminary work (unpublished) in our laboratory identifying concentrations found to increase collagen production in fibroblasts.  Glycolic acid was used at concentrations previously found to stimulate increased collagen production in the literature [302].  For 17 β-oestradiol we used physiological concentrations [303], as increasing concentrations were reported to impair collagen synthesis in fibroblasts [304, 305].
The best performing additive is then tested in 3D culture (on scaffolds) to determine the effect of collagen production on scaffold mechanical properties
[bookmark: _Toc293477202]5.2.1 Sirius red assay in 2D cultures
AA-2P at all concentrations led to significantly increased collagen (>100%) compared to control media (Figure 5.2.1).  Glycolic acid at a concentration of 10μM led to significantly increased collagen (38%).  17-B oestradiol at all concentrations did not lead to any significant increases.  
[bookmark: _Toc293477203]5.2.2 AlamarBlueTM assay in 3D cultures 
Cells cultured on scaffolds in AA-2P (0.03mM) and control media showed an increase in activity by day 14 (Figure 5.2.2) however there was no significant difference between between the groups at baseline nor at day 14
[bookmark: _Toc293477204]5.2.3 ECM production in 3D cultures
AA-2P (0.03mM) led to a greater than two-fold increase in collagen in comparison to control media in OF cultured on PLA scaffolds (Figure 5).  Immunofluorescence imaging (Figure 5.2.3) demonstrated collagen I was more abundantly expressed in scaffolds in AA-2P supplemented media.  Collagen III expression was poor in all scaffolds as was elastin expression.  DAPI staining showed high density cell populations in both AA-2P and control media samples.  
[bookmark: _Toc293477205]5.2.4 Mechanical properties 
Supplementation with AA-2P led to a significantly increased YM (Figure 5.2.4).  For UTS, scaffolds supplemented with AA-2P showed a greater than two-fold increase as compared to controls.  
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Figure 5.2.1 Total collagen production by cells cultured on tissue culture plastic in media containing additives (a) 17-B oestradiol (b) Glycolic acid (Mean±SEM, n=9).  *p<0.05
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Figure 5.2.1 cont.  Total collagen production by cells cultured on tissue culture plastic fed with media containing additives (c) Ascorbic acid 2-phosphate (Mean±SEM, n=9).  *p<0.05, **p<0.01, ****p<0.0001
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Figure 5.2.2 Absolute change in metabolic activity of cells cultured on scaffolds in ascorbic acid 2-phosphate (0.3mM) supplemented media, as determined by absorbance of AlamarBlueTM stain (Mean±SEM, n=9)
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Figure 5.2.3 Total collagen production on cell-seeded scaffolds cultured in ascorbic acid 2-phosphate (0.3mM) supplemented media (Mean±SEM, n=9). p<0.0001
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Figure 5.2.4 Representative images showing the presence and distribution collagen I (green), collagen III (green) and elastin (red colour) with cell nuclei (blue colour) using immunostaining and DAPI respectively, after 14 days of culture of cells on PLA scaffolds.  Controls are represented in a-c, samples in ascorbic acid 2-phosphate media (0.3mM) are represented in d-f.  Scale bar = 0.5 mm.
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Figure 5.2.5 Uniaxial mechanical properties of cell-seeded scaffold samples cultured in ascorbic acid 2-phosphate media (0.3mM) compared to control media samples and No-cell controls (a) Ultimate tensile strength (b) Young’s modulus.  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the upper limit for normal vaginal tissue.  *p<0.05,** p<0.01, ***p<0.001
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Figure 5.2.5 cont.  Uniaxial Mechanical properties of cell-seeded scaffold samples cultured in ascorbic acid 2-phosphate media (0.3mM) compared to control media samples and No-cell controls (c) % strain at ultimate tensile strength (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the lower limit for normal vaginal tissue.  














[bookmark: _Toc293477206]5.2.5 Section discussion
AA-2P was the most effective additive in increasing collagen production and when used with cell-seeded scaffolds led to significant increases in stiffness, and strength.  This was mostly type I collagen and is as expected given that collagen I makes up most (85%) of the collagen made by fibroblasts [411].  
We observed little elastin production, indeed it would not be expected that vitamin C would increase elastin.  Elastin production in vitro is very challenging and it is likely that mechanical stretch of the scaffold is required, as we previously demonstrated induction of elastin when cells on scaffolds were subjected to cyclical multiaxial strain [412].  It is also possible that after a PFRM is stitched in place, stretching will lead to incorporation of elastin in the remodeling process.
Oestrogen cream is commonly applied topically to vaginal mucosa to improve tissue vascularity and epithelialisation peri-operatively.  Previous investigators have shown that oestrogen suppresses matrix metalloproteinase activity in pelvic floor fibroblasts (in vitro and in vivo) suggesting a protective effect against collagen breakdown [413, 414].   We did not observe an increase in collagenogenesis with 17 β-oestradiol supplementation, this may be due to the fact that fibroblasts were derived from males and the buccal mucosa, and therefore would not be expected to exhibit a similarly high expression of oestrogen receptors as vaginal fibroblasts[415].  Nevertheless given the lack of an inhibitory effect on cell activity or collagen production in vitro, incorporating oestrogen into polymeric scaffolds so that it is slowly released into the wound bed is an interesting possibility.
We did not assess scaffold contraction in these studies and this is a limitation.  Previous work demonstrated that OF seeded PLA scaffolds contracted by 15% in vitro at 14 days.  It is possible that the addition of vitamin C could increase this further [295].  
In summary we demonstrate AA-2P media supplementation increases collagen content and the strength and stiffness of a PFRM.  It is yet to be established that increases in collagen content in vitro confer an additional benefit to fascial repairs in vivo.  Elastin expression was poor and we will aim to increase this in the next section.











[bookmark: _Toc293477207]5.3 Elastin
Vaginal wall laxity was traditionally attributed to defective collagen synthesis or metabolism[131, 416, 417].  Recently, the development of POP in mouse elastinopathy models has highlighted the importance of elastin [158, 418].   A rich elastin content is likey to be favourable for any PFRM.  We previously found that elastin production by OF on PLA scaffolds was poor [295].   In this section we investigate the effect of supplementing the culture media with 2 chemical additives (dexamethasone and retinoic acid), previously found to increase elastogenesis in adult cells, 
[bookmark: _Toc293477208]5.3.1 AlamarBlueTM assay
Cell metabolic activity between days 0 to 14 increased for all samples regardless of media composition (figure 5.3.1).
[bookmark: _Toc293477209]5.3.2 Sirius red assay
Dexamethasone media (concentrations of both 10-9 and 10-5) led to significantly greater collagen production than control media (3 and 4 fold respectively) (figure 5.3.2).  Retinoic acid media (both 10-11 and 10-7 concentrations) led to similar collagen production to control media.  
[bookmark: _Toc293477210]5.3.3 Immunofluorescence imaging and scoring
Both dexamethasone and retinoic acid media significantly increased elastin production (figure 5.3.3 and figure 5.3.4).  When blinded observers were asked to score the abundance of elastin expression, the greatest level of elastin was achieved with dexamethasone supplemented media (10-9) (figure 5.3.5).  There was no obvious organization of elastin fibres in any of the images taken.
[bookmark: _Toc293477211]5.3.4 Mechanical properties
Retinoic acid media at a concentration of 10-9 and dexamethasone media at both 10-5 and 10-9 concentrations led to a greater UTS compared to control media (figure 5.3.6a), though these differences did not reach statistical significance.  Similarly, the Young’s modulus of scaffolds for these concentrations was greater than control media (figure 5.3.6b); but these differences were all statistically significant.  In term of % strain at UTS, cell-seeded scaffolds all had lower values than no cell controls, however these differences were not statistically significant (figure 5.3.6c).
[bookmark: _Toc293477212]5.3.5 Alizarin red assay
There was no significant difference in absorbance of alizarin red by cells cultured in control media and cells cultured in dexamethasone supplemented media (figure 5.3.7).
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Figure 5.3.1 Metabolic activity in cell-seeded scaffolds cultured in supplemented media (a) Absolute change in metabolic activity over 14 days of culture with retinoic acid media, as determined by absorbance of AlamarBlueTM stain (b) Absolute change in metabolic activity over 14 days of culture  with dexamethasone media, as determined by absorbance of AlamarBlueTM stain (Mean±SEM, n=9).  *p<0.05, **p<0.01.
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Figure 5.3.1 Metabolic activity in cell-seeded scaffolds cultured in supplemented media (c) Percentage change in metabolic activity over 14 days of culture for retinoic acid and dexamethasone supplemented media relative to day 0, as determined by the absorbance of AlamarBlue stain (n=9)
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Figure 5.3.2 Total collagen production on cell-seeded scaffolds cultured in supplemented media (Mean±SEM, n=9).  *P<0.05
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Figure 5.3.3 Representative images showing the presence and distribution collagen I (green), collagen III (green) and elastin (red colour) with cell nuclei (blue colour) using immunostaining and DAPI respectively, after 14 days of culture of cells on PLA scaffolds controls are represented in a-c, samples in retinoic acid media are represented in d-f (10-11) and g-I (10-7).  Scale bar = 0.5 mm
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Figure 5.3.4 Representative images showing the presence and distribution collagen I (green), collagen III (green) and elastin (red colour) with cell nuclei (blue colour) using immunostaining and DAPI respectively, after 14 days of culture of cells on PLA scaffolds controls are represented in a-c, samples in dexamethasone media are represented in d-f (10-11) and g-I (10-7).  Scale bar = 0.5 mm
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Figure 5.3.5 Scores for elastin presence on immunofluorescence images scored on a scale of 0-3 by 6 blinded post-graduate researchers; 0-poor, 1-mild, 2-moderate and 3-abundant (Mean±SEM, n=6).  *P<0.05 **p<0.01
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Figure 5.3.6 Uniaxial mechanical properties of cell-seeded scaffold samples cultured in retinoic acid media and dexamethasone media compared to control media samples and No-cell controls (a) Ultimate tensile strength (b) Young’s modulus.  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the upper limit for normal vaginal tissue.  *p<0.05,** p<0.01



[image: ]
Figure 5.3.6 cont.  Mechanical properties of cell-seeded scaffold samples cultured in retinoic acid media and dexamethasone media compared to control media samples and No-cell controls (c) % strain at ultimate tensile strength (Mean±SEM, n=9).  Blue horizontal drop bars represent the upper and lower limits for autologous fascia.  Red horizontal drop bar represents the lower limit for normal vaginal tissue.  
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Figure 5.3.7 Total calcium production by cells cultured on tissue culture plastic in media containing dexamethasone compared to control media (Mean±SEM, n=3).

[bookmark: _Toc293477213]5.3.6 Section discussion
Stimulating elastin production in adult cells is challenging where it is produced haphazardly, generally in response to injury or disease [419].  Dexamethasone resulted in greater elastin production compared to control media, as did retinoic acid but to a lesser degree, however retinoic acid is less desirable for clinical use due to its known teratogenicity.  Several other factors have been shown to increase elastogenesis in adult cells including transforming growth factor-β [420], aldosterone [421] and copper [422].  
Organization of the elastic fibres is likely to be critical to their mechanical function; aligned elastic fibres are typically found in musculoskeletal connective tissues [423].  In this study, elastin was randomly distributed and orientated; it may be the case that a mechanical stimulus, such as subjecting scaffolds to dynamic tension, will be required to induce organization.  
Dexamethasone (both 10-5 and 10-9 concentrations) also led to significant increases in collagen - mainly collagen I.  This is surprising as steroids are often considered to have an inhibitory effect on fibroblast synthetic function; however, on review of the literature the increase in collagen synthesis we observed is perhaps explained by the biphasic dose-dependent responses of fibroblasts to corticosteroids, typically these are stimulatory at low concentrations and inhibitory at high concentrations [424, 425].  Dexamethasone is also used in the osteogenic differentiation of stem cells and so we tested calcium production to ensure this was not induced to a greater degree than physiologically relevant.
There was a significant increase in Young’s modulus with dexamethasone (both 10-9 and 10-5 concentrations) and retinoic acid (10-9 concentration).  A similar effect was seen for UTS although this failed to reach statistical significance.  The latter is probably mainly attributable to increased collagen production.   
A limitation of this work is the lack of quantitative assessment of elastin production.  This would require further work now that we have clearly confirmed the increased amount as assessed by blind scoring.  .  
In conclusion, media supplementation with dexamethasone at a concentration of 10-9 was most beneficial leading to increased elastin expression in electrospun PLA scaffolds seeded with OF, in addition to increased collagen production.  Mechanically this resulted in increased strength and stiffness.  



















[bookmark: _Toc279176749][bookmark: _Toc293477214]5.4 Chapter discussion
After implantation, synthetic meshes cause a FBR becoming incorporated into a scar [426].  The terms fibrosis and scarring are used interchangeably to refer to increased and/or unorganized deposition of collagen during healing.  A scar contains unorganized whorls of collagen and is weaker than connective tissues which typically contain organized aligned collagen [427].  A scar also lacks the elasticity of connective tissue due to the absence of elastin.  
A thin inelastic scar under the mid-urethra, generated by a mesh sling, is enough to induce urethral kinking and prevent urine leakage.  However, larger areas of tissue weakness, associated with POP, are likely to be better served by materials that remodel tissues to allow a greater degree of distention.  This is particularly the case in the more mobile anterior and posterior compartments.  Constructive remodeling is the opposite of scarring and results in the regeneration of a site appropriate functional tissue [426].  In terms of the pelvic floor this is an organized tissue with a rich collagen and elastin content with sufficient strength to support the pelvic organs and sufficient elasticity to allow unrestricted normal activity.
Both chemical and mechanical cues are used in vitro to develop functional tissues.  Ideally a conditioning regimen should utilize effective but easily and cheaply resourced materials to facilitate scale up for clinical translation.  We avoided using growth factors because even when these are manufactured using recombinant technology, translation to the clinic poses complex regulatory requirements.  They are also expensive and when used at high concentrations may cause undesired systemic effects [428].
In conclusion, two supplements, ascorbic acid and dexamethasone, stood out as showing the most potential benefit in the development of PFRM.  In this work these were added to the culture media.  It may also be beneficial to incorporate these factors in to the scaffold so that they are released into the wound bed and healing tissues as the scaffold degrades.  This is now the subject of ongoing work in our laboratory.  There is also a need to test the effect of these factors on the long-term mechanical integrity and tissue remodeling outcomes in a suitable animal model.  
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[bookmark: _Toc279176750][bookmark: _Toc293477215]Chapter 6.  Final Discussion, Limitations, Future work and Conclusions
[bookmark: _Toc279176751][bookmark: _Toc293477216]6.1 Discussion
SUI and POP are bothersome conditions affecting a large number of the female population, with significant personal, social and financial implications.  With the ageing population the burden of these problems on society is set to increase.
Over 100 operations have been described for repair of SUI and/or POP.  Developing optimal surgical strategies has been problematic for several reasons.  As discussed earlier, the anatomy of this region is complex and our understanding of it remains incomplete.  Given that pelvic floor muscle function lost through birth related injury is often irrecoverable, traditional surgical techniques heavily rely on the integrity of connective tissue.  These tissues were not designed to independently withstand the totality of forces the pelvic floor is subjected to, putting any repair, however skillful, at risk of failure.  Moreover the overall picture that tissues are defective, in morphological, biochemical and biomechanical terms, is likely to make the task of establishing a durable repair inherently challenging.
Biomaterials were largely introduced to overcome the deficiencies of NTR.   These materials have been shown to be effective in some clinical situations such as slings for SUI, trans-vaginal anterior compartment prolapse repair and ASC.  In the posterior compartment and when placed transvaginally for apical prolapse, evidence is lacking.  However no material is without complications.  Synthetic vaginal meshes in particular are associated with a signficant incidence of exposure (≤25%), pain (≤5.5%) and sexual dysfunction (≤17%) [429].  It is probable that complications are multifactorial in nature encompassing material, surgical and host factors.  
Surgical factors can be overcome to some degree by improving techniques and practice through appropriate training [430].  Material factors can only be overcome by modification of the composition and properties of biomaterials.  Non-degradable biomaterials are associated with a FBR.  The persistence of foreign material leads to ongoing inflammation and the formation of multinucleated foreign-body giant cells [431].  These cells form from pro-inflammatory macrophages, consistent with the M1 phenotype [432], located on the surface of the biomaterial and exacerbate the inflammatory response through a process known as “frustrated phagocytosis” [433].  Ultimately there is a failure to completely resolve the inflammatory response which is associated with continued deposition of scar tissue [434].  The consequences of this process are likely to contribute to complications.
Regenerative medicine aims to restore function through the development of site appropriate new host tissues rather than simply providing a permanent mechanical substitute.  Work from the Badylak group has shown that an endogenous host injury response, consisting of immunomodulation, including the participation of M2 type macrophages represents a necessary component of efficient and functional tissue repair [435].  Although most of the literature has focused on decellularised animal derived matrices, which retain some complex ECM components (e.g. SIS), using synthetic polymeric scaffolds combined with autologous cells offer some advantages including 1) the potential to tune mechanical properties and degradability 2) a lower risk of antigenic inflammatory reactions 3) less risk of cross infection.
The development of improved materials for pelvic floor reconstruction could benefit from a greater understanding of the in vivo biomechanical properties and behavior of the pelvic floor tissues.  We found that the most common testing protocol involved excising a strip of tissue and subjecting it to a uniaxial test to failure.  This method has the advantage of being simple and reproducible but focuses on the properties of tissues at failure conditions (high strain/high stress).  
Recently there is growing interest in viscoelastic behavior of tissues at low strains which are considered more relevant to normal physiological function.  Work in other applications (e.g. skin) has shown that an appreciation of this behavior may help to identify the ability of healthy tissue to resist elongation and bear load [436].  This knowledge has been applied in the design of novel treatments [437].  Thus we suggest that a biomaterial for pelvic floor support should mimic the viscoelasticity of supporting structures as closely as possible. 
There is also a need for a more accurate and reliable non-invasive measure of assessing in vivo mechanical properties.  It has been argued that a small strip of tissue may not be representative of the biomechanical integrity of the whole organ [183] due the change in its dimensions, which are likely to be lower than the physiological resting state, known as residual strain.  The development of suitable non-invasive methods would open up the possibility of performing serial measurement in women to assess how tissue properties change over time in healthy women and those who go on to develop prolapse.  
Ultimately the mechanical properties that are most advantageous for a successful SUI/POP repair are unknown.  It is unlikely that a “one-size-fits-all” approach is optimal.  For instance a relatively stiff material is probably best as a mid-urethral sling where continence is dependent on mid-urethral kinking, whereas in anterior or posterior compartment prolapse a more stretchable material is more appropriate to allow less restricted movement.  Until there is a more complete understanding of the tissues being reinforced/replaced, it will remain unclear what properties repair materials must possess in order to support the various clinical scenarios and patient characteristics.
The requirement for some degree of degradability of scaffolds to be used in a PFRM adds further complexity as this will impact upon mechanical properties.  The ideal scenario would be that the PFRM that fulfills mechanical requirements at baseline and through in vivo loading maintains the requisite mechanical properties.  To test whether this scenario is achievable there is a need to use a suitable animal model.  Several animal models for SUI and POP have been described  (reviewed in [438]).  None of these are ideal due to the differences in anatomy and parity.  Nevertheless testing of these materials in animals is essential if we are to progress to clinical studies.  

[bookmark: _Toc293477217]6.2 Limitations
The limitations of the experimental work, which have been discussed in detail in the preceding results chapters, are summarized:
· There are a great number of variables that can be altered, in terms of both composition of scaffolds and the electrospinning process, which can potentially impact upon physical and mechanical characteristics.  In this work we were necessarily limited in the number variables studied (polymer type and fibre orientation).  
· Multiaxial testing is more representative of the likely in vivo condition thus it would have been more appropriate to use such a testing protocol in this work rather than the uniaxial test.  Such a protocol would also have accounted for anisotropy of the aligned and hybrid scaffolds.
· The uniaxial test to failure was primarily used to assess mechanical properties, undertaking more sophisticated viscoelastic testing (e.g. stress relaxation) may have provided a further way of discriminating which scaffold is most suitable.
· Buccal mucosal fibroblasts were not formerly characterized by flow cytometry, however have been used extensively in the group to engineer buccal mucosa that is histologically and functionally comparable to native buccal mucosa [439].
· In the cell based work, fibrillar protein production was used as a surrogate for mechanical properties and behavior.  We principally used Sirius red to quantify total collagen but did not perfom quantitative analysis of collagen sub-type or elastin. This would have been useful to more accurately compare the different additives and mechanical conditioning models.  
· Smooth muscle and glycoproteins, known to influence viscoelastic properties, were not quantified.  
· Without animal studies it could not be established whether improvements in fibrillar protein production in vitro translate to better graft performance in vivo.
· Repetitive stretch testing after the addition of dexamethasone and retinoic acid was not performed. This would have provided some indication whether the increases in elastin were mechanically relevant.
· The most advanced mechanical conditioning model used (Ebers bioreactor) still does not recreate the multiaxial loads that would be expected in the pelvic floor. 

[bookmark: _Toc293477218]6.3 On-going and Future work
In the final year of this thesis I successfully applied for funding to complete a small animal study to determine the mechanical integrity of cell-seeded polymeric scaffolds as well as tissue response at up to 3 months post-implantation.  Dr Sabinano Roman is currently undertaking the work in Leuven, Belgium.  Cell-seeded polymeric scaffolds have been implanted as onlays into surgically created abdominal wall fascial defects in an immunocompetent rabbit model.  The scaffolds tested in this thesis found to be most promising, random fibre PLA and random fibre PUZ3 are included.  The cells seeded are adipose derived stem cells (ADSC).  
ADSC are mesenchymal stem cells that have been characterised and tested in vitro by Dr Roman, alongside the work using oral fibroblasts.  We have found these cells to be equivalent to fibroblasts in terms of cell attachment and viability on polymeric scaffolds and ECM production [392].  The acute host response to ADCS seeded PLA scaffolds, assessed in a rats, was favourable with evidence of macrophage infiltration and collagen ingrowth through the thickness of scaffold and no lymphocytic response [333].  ADSC are particularly attractive as cell candidates due to their considerable potential for regeneration and revascularization[440].  They secrete restorative growth factors [441, 442], possess a multilineage differentiation capacity[443], suppress activated immune cells, [444] and home to areas of injury [445].
Large numbers of ADSC can be obtained by lipoaspirate biopsy under local anaesthetic [440].  The development of affinity antibodies linked to magnetic bead separation techniques may make it possible to rapidly isolate a population of cells from a biopsy within hours.  This would open up the possibility of a lipoaspirate biopsy, cell extraction and implantation avoiding the need for laboratory based culture and the associated regulatory requirements and expense.
The results of the animal study will provide useful insights that will guide our in vitro work.  Firstly, we will be able to ascertain the strength and stiffness of a repair with cell-seeded polymeric scaffolds compared to native tissue.  Secondly, histological examination will provide an indication of likely remodeling outcomes with different scaffolds.  Should deficiencies in mechanical characteristics or remodeling outcomes be identified we can apply the knowledge and techniques developed in this thesis to developing solutions.  In terms of mechanical characteristics we can vary the proportion of aligned and random fibres within scaffolds as well as combine different polymers within a scaffold by co-electrospinning.  If a chronic inflammatory response is a problem then there may also be role for introducing faster degrading polymers such as PGA, which the group has utilized in other applications (e.g.  skin, cornea) [375, 446].
Should collagen and elastin production be poor we can consider incorporating bioactive factors, such as those found to be effective in this work, into the scaffolds so that they are released into the wound bed as the scaffold degrades.  This approach is currently being investigated in our laboratory both for vitamin C (Naside Mangir) and oestradiol (Christopher Hillary).  Moreover we are developing a methodology to promote neovascularization by binding heparin sulphate, which sequesters vascular endothelial growth factor, to the surface of scaffolds (Giulia Gigliobianco).   
In the short term it may also be helpful to perform a more complete mechanical characterization of autologous rectus fascia, including testing as described in chapter 3 (e.g. response to stretch, wettability etc). In the current work this would have allowed a comparison of the scaffolds to a more appropriate fixed control than SIS and PPL.  This will require harvesting samples of rectus fascia from patients undergoing surgery along with the necessary ethical approvals.
Following the FDA pronouncements regarding the complications of transvaginal synthetic mesh[199], similar concerns were raised in the UK by the MHRA [200].  Along with this, there has been a rise in synthetic mesh related litigation and the market withdrawal of mesh products in North America [201].  More recently the use of synthetic mesh was brought to widespread public attention in the UK after a ban of its use in Scotland [447].  These developments highlight the need to introduce and clinically evaluate alternative materials.  
To progress a PFRM to clinical use, a well-conducted pilot clinical study will be essential.  The scenarios that are most likely to yield useful information are anterior compartment POP and SUI where there is good evidence for biomaterial repair versus NTR.  Of these two scenarios anterior compartment POP would appear to be the logical place to start, as 1) it is more consistent with the animal model used (fascial defect), 2) the anatomical abnormality can be reliably graded using the POP-Q system and 3) the larger quantity of material will allow an easier clinical assessment of any adverse reactions or failure.
Other important considerations in translating these technologies to clinical use relate to the production of scaffolds under Good Manufacturing Practice conditions.  In particular there is a need for an assessment of the impact of standard sterilisation methods, such as gamma irradiation and electron beam, on the immediate and long-term characteristics of materials.  In addition the choice of solvents, protocols for the removal and measurement of residual solvent, packaging and storage of the products under vacuum will also require careful consideration.
The approach that we are following in developing a PFRM is systematic and based upon comprehensive in vitro and in vivo evaluation.  This is necessarily protracted but we hope by adhering to this, mistakes made in the past in the introduction of medical devices for pelvic floor repair are not repeated and an effective and safe alternative option can be offered to patients in the near future.
Chapter 6	Final discussion and conclusions	PhD thesis


[bookmark: _Toc279176752][bookmark: _Toc293477219]6.4 Final Conclusions

· Overall, random fibre electrospun scaffolds composed of PLA and PU performed best in mechanical and handling testing.  Both these scaffolds are suitable for further in vitro and in vivo testing for the repair of SUI and POP.  
· Dynamic uniaxial tension using near physiological strains is the most promising technique of mechanical stimulation leading to organization of the ECM.  This technique can now be used to perform further assessments of responses of scaffolds and cell/scaffold combinations to repetitive stretch.
· Dexamethasone and AA-2P supplementation led to significant increases in the production of ECM proteins and mechanical properties of cell-seeded polymeric scaffolds.  It may useful to integrate these factors, along with others, into polymeric scaffolds so that they are released into the wound bed.
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Scaffold	
   Mean	
  fibre	
  	
  
diameter	
  (μm)	
  	
  



SEM	
   Mean	
  pore	
  
size	
  (μm2)	
  	
  



SEM	
  



uPLArandom	
   3.58	
   0.23	
   63.05	
   15.85	
  



PLArandom	
   3.53	
   0.22	
   57.41	
   10.07	
  



PLAparallel	
   3.95	
   0.22	
   191.76	
   26.54	
  



PLAhybrid	
   3.803	
   0.22	
   68.53	
   11.30	
  



PUZ1	
   3.16	
   0.13	
   78.15	
   15.07	
  



PUZ3	
   3.27	
   0.15	
   50.37	
   10.06	
  










Scaffo

l

d	 Mean	fibre		

diameter	(μm)		

SEM	 Mean	pore	

size	(μm2)		

SEM	

uPLA

random	

3.58	 0.23	 63.05	 15.85	

PLArandom	 3.53	 0.22	 57.41	 10.07	

PLA

parallel

	 3.95	 0.22	 191.76	 26.54	

PLA

hybrid

	 3.803	 0.22	 68.53	 11.30	

PU

Z1

	 3.16	 0.13	 78.15	 15.07	

PU

Z3

	 3.27	 0.15	 50.37	 10.06	


image37.emf



PLArandom PLAparallel PLAhybrid PUZ1 PUZ3 SIS PPL
0



2



4



6



8



10



12



14
U
lt
im



at
e	
  
Te
ns
ile
	
  S
tr
en



gt
h	
  
(M



Pa
)



Target range       










PLA

random

PLA

parallel

PLA

hybrid

PU

Z1

PU

Z3

SIS PPL

0

2

4

6

8

10

12

14

U

l

t

i

m

a

t

e

	

T

e

n

s

i

l

e

	

S

t

r

e

n

g

t

h

	

(

M

P

a

)

Target range       


image38.emf



Scaffolds	
  in	
  descending	
  order	
  
according	
  to	
  nearness	
  to	
  
target	
  UTS	
  range	
  	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
nearest	
  	
  limit	
  of	
  target	
  range	
  



Score	
  



1=	
   PUZ3	
   In	
  range	
   +++	
  



1=	
   PLAhybrid	
   In	
  range	
   +++	
  



2	
   PLArandom	
   0.0003	
   +	
  



3	
   PUZ1	
   0.2799	
   ++	
  



4	
   PLAparallel	
   0.0008	
   +	
  










Scaffo

l

ds	in	descending	order	

according	to	nearness	to	

target	UTS	range		

P-value	of	difference	

between	scaffo

l

d	and	

nearest		limit	of	target	range	

Score	

1=	 PUZ3	 In	range	 +++	

1=	 PLAhybrid	 In	range	 +++	

2	 PLArandom	 0.0003	 +	

3	 PUZ1	 0.2799	 ++	

4	 PLAparallel	 0.0008	 +	
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Scaffolds	
  	
  in	
  descending	
  order	
  
according	
  to	
  nearness	
  to	
  
target	
  YM	
  range	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
nearest	
  	
  limit	
  of	
  target	
  range	
  



Score	
  



1	
   PLArandom	
   In	
  range	
   +++	
  



2	
   PUZ3	
   <0.0001	
   +	
  



3	
   PUZ1	
   <0.0001	
   +	
  



4	
   PLAhybrid	
   0.00256	
   +	
  



5	
   PLAparallel	
   0.0012	
   +	
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according	to	nearness	to	

target	YM	range	

P-value	of	difference	

between	scaffo

l

d	and	

nearest		limit	of	target	range	

Score	

1	 PLA

random

	 In	range	 +++	

2	 PU

Z3

	 <0.0001	 +	

3	 PU

Z1

	 <0.0001	 +	

4	 PLA

hybrid

	 0.00256	 +	

5	 PLA

parallel

	 0.0012	 +	
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Scaffolds	
  in	
  descending	
  order	
  
according	
  to	
  nearness	
  to	
  
target	
  %	
  strain	
  at	
  UTS	
  range	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
nearest	
  limit	
  of	
  target	
  range	
  



Score	
  



1	
   PLAhybrid	
   0.8041	
   ++	
  



2	
   PLArandom	
   0.5196	
   ++	
  



3	
   PLAparallel	
   0.1489	
   ++	
  



4=	
   PUZ1	
   <0.0001	
   +	
  



4=	
   PUZ3	
   <0.0001	
   +	
  










Scaffo

l

ds	in	descending	order	

according	to	nearness	to	

target	%	strain	at	UTS	range	

P-value	of	difference	

between	scaffo

l

d	and	

nearest	limit	of	target	range	

Score	

1	 PLAhybrid	 0.8041	 ++	

2	 PLA

random

	 0.5196	 ++	

3	 PLA

parallel

	 0.1489	 ++	

4=	 PU

Z1

	 <0.0001	 +	

4=	 PU

Z3

	 <0.0001	 +	
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Scaffolds	
  	
  in	
  
descending	
  order	
  
according	
  to	
  tear	
  
resistance	
  strength	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
next	
  	
  higher	
  ranking	
  
scaffold	
  



P-­‐value	
  at	
  1st	
  Scaffold	
  (A)	
  which	
  differs	
  
significantly	
  from	
  the	
  top	
  ranking	
  
scaffold	
  and	
  P-­‐value	
  at	
  next	
  scaffold	
  to	
  
significantly	
  differ	
  from	
  A	
  etc	
  	
  



Score	
  



1	
   PLArandom	
   -­‐	
   -­‐	
   +++	
  



2	
   PUZ1	
   0.0118	
   0.0118	
   ++	
  



3	
   PUZ3	
   0.4982	
   -­‐	
   ++	
  



4	
   PLAhybrid	
   0.0186	
   0.0053	
   +	
  



5	
   PLAparallel	
   0.0007	
   0.0007	
   -­‐	
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l
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resistance	strength	

P-value	of	difference	

between	scaffo

l
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d	

P-value	at	1st	Scaffold	(A)	which	differs	

significantly	from	the	top	ranking	

scaffo

l

d	and	P-value	at	next	scaffo l d	to	

significantly	differ	from	A	etc		

Score	

1	 PLArandom	 -	 -	 +++	

2	 PUZ1	 0.0118	 0.0118	 ++	

3	 PUZ3	 0.4982	 -	 ++	

4	 PLAhybrid	 0.0186	 0.0053	 +	

5	 PLAparallel	 0.0007	 0.0007	 -	
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Scaffolds	
  	
  in	
  
descending	
  order	
  
according	
  to	
  suture	
  
reten1on	
  strength	
  	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
next	
  	
  higher	
  ranking	
  
scaffold	
  



P-­‐value	
  at	
  1st	
  Scaffold	
  (A)	
  which	
  differs	
  
significantly	
  from	
  the	
  top	
  ranking	
  
scaffold	
  and	
  P-­‐value	
  at	
  next	
  scaffold	
  to	
  
significantly	
  differ	
  from	
  A	
  etc	
  	
  



Score	
  



1	
   PLArandom	
   -­‐	
   -­‐	
   +++	
  



2	
   PUZ1	
   0.6164	
   -­‐	
   +++	
  



3	
   PLAhybrid	
   0.3365	
   0.0075	
   ++	
  



4	
   PUZ3	
   0.2229	
   -­‐	
   ++	
  



5	
   PLAparallel	
   0.3675	
   -­‐	
   ++	
  










Scaffo

l

ds		in	

descending	order	

according	to	suture	

retenon	strength		

P-value	of	difference	

between	scaffo

l

d	and	

next		higher	ranking	

scaffo

l

d	

P-value	at	1st	Scaffold	(A)	which	differs	

significantly	from	the	top	ranking	

scaffo

l

d	and	P-value	at	next	scaffo l d	to	

significantly	differ	from	A	etc		

Score	

1	 PLArandom	 -	 -	 +++	

2	 PUZ1	 0.6164	 -	 +++	

3	 PLAhybrid	 0.3365	 0.0075	 ++	

4	 PUZ3	 0.2229	 -	 ++	

5	 PLAparallel	 0.3675	 -	 ++	


image56.emf



PLArandom PLAparallel PLAhybrid PUZ3 SIS PPL
0



100



200



300



400



500



600
Bu



rs
ti
ng
	
  S
tr
en



gt
h	
  
(N
/m



m
)



(a) 










PLA

random

PLA

parallel

PLA

hybrid

PU

Z3

SIS PPL

0

100

200

300

400

500

600

B

u

r

s

t

i

n

g

	

S

t

r

e

n

g

t

h

	

(

N

/

m

m

)

(a) 


image57.emf



PLArandom PLAparallel PLAhybrid PUZ3 SIS PPL
0



5



10



15



20



25



30



D
ef
el
ct
io
n	
  
at
	
  b
ur
st
	
  s
tr
en



gt
h	
  
(m



m
)



(b) 










PLA

random

PLA

parallel

PLA

hybrid

PU

Z3

SIS PPL

0

5

10

15

20

25

30

D

e

f

e

l

c

t

i

o

n

	

a

t

	

b

u

r

s

t

	

s

t

r

e

n

g

t

h

	

(

m

m

)

(b) 


image58.emf



Scaffolds	
  	
  in	
  
descending	
  order	
  
according	
  to	
  ball	
  
burst	
  strength	
  	
  	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
next	
  	
  higher	
  ranking	
  
scaffold	
  



	
  P-­‐value	
  at	
  1st	
  Scaffold	
  (A)	
  which	
  differs	
  
significantly	
  from	
  the	
  top	
  ranking	
  
scaffold	
  and	
  P-­‐value	
  at	
  next	
  scaffold	
  to	
  
significantly	
  differ	
  from	
  A	
  etc	
  	
  



Score	
  



1	
   PLAparallel	
   -­‐	
   -­‐	
   +++	
  



2	
   PUZ3	
   0.6573	
   -­‐	
   +++	
  



3	
   PLAhybrid	
  
	
  



0.0175	
   0.0435	
   ++	
  



4	
   PLArandom	
  
	
  



0.6408	
   -­‐	
   ++	
  



-­‐	
   PUZ1	
   n/a	
   n/a	
   n/a	
  










Scaffo

l

ds		in	

descending	order	

according	to	ball	

burst	strength			

P-value	of	difference	

between	scaffo

l

d	and	

next		higher	ranking	

scaffo

l

d	

	P-value	at	1st	Scaffold	(A)	which	differs	

significantly	from	the	top	ranking	

scaffo

l

d	and	P-value	at	next	scaffo l d	to	

significantly	differ	from	A	etc		

Score	

1	 PLAparallel	 -	 -	 +++	

2	 PU

Z3

	 0.6573	 -	 +++	

3	 PLAhybrid	

	

0.0175	 0.0435	 ++	

4	 PLArandom	

	

0.6408	 -	 ++	

-	 PUZ1	 n/a	 n/a	 n/a	
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Scaffolds	
  	
  in	
  
ascending	
  order	
  
according	
  to	
  water	
  
contact	
  angle	
  



P-­‐value	
  of	
  difference	
  
between	
  scaffold	
  and	
  
next	
  	
  higher	
  ranking	
  
scaffold	
  



	
  P-­‐value	
  at	
  1st	
  Scaffold	
  (A)	
  which	
  differs	
  
significantly	
  from	
  the	
  top	
  ranking	
  
scaffold	
  and	
  P-­‐value	
  at	
  next	
  scaffold	
  to	
  
significantly	
  differ	
  from	
  A	
  etc	
  	
  



Score	
  



1	
   PUZ3	
   -­‐	
   -­‐	
   +++	
  



2	
   PLAhybrid	
   0.0118	
   0.0118	
   ++	
  



3	
   PLAparallel	
   0.4982	
   -­‐	
   ++	
  



4	
   PUZ1	
   0.0186	
   0.0053	
   +	
  



5	
   PLArandom	
   0.0007	
   0.0007	
   -­‐	
  










Scaffo

l

ds		in	
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according	to	water	

contact	angle	

P-value	of	difference	

between	scaffo

l

d	and	

next		higher	ranking	
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l

d	

	P-value	at	1st	Scaffold	(A)	which	differs	

significantly	from	the	top	ranking	

scaffo

l

d	and	P-value	at	next	scaffo l d	to	

significantly	differ	from	A	etc		

Score	

1	 PUZ3	 -	 -	 +++	

2	 PLA

hybrid

	 0.0118	 0.0118	 ++	

3	 PLAparallel	 0.4982	 -	 ++	

4	 PUZ1	 0.0186	 0.0053	 +	

5	 PLArandom	 0.0007	 0.0007	 -	
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Scaffolds	
  	
  in	
  descending	
  order	
  
according	
  to	
  percentage	
  increase	
  
in	
  water	
  uptake	
  



Percentage	
  change	
   P-­‐Value	
   Score	
  



1	
   PLAhybrid	
   39.3	
   0.0071	
   +++	
  



2	
   PLArandom	
   33.9	
   n.s.	
   -­‐	
  



3	
   PUZ1	
   12.9	
   n.s	
   -­‐	
  



4	
   PUZ3	
   10.7	
   n.s	
   -­‐	
  



5	
   PLAparallel	
   7.5	
   n.s.	
   -­‐	
  










Scaffo

l

ds		in	descending	order	

according	to	percentage	increase	

in	water	uptake	

Percentage	change	 P-Value	 Score	

1	 PLAhybrid	 39.3	 0.0071	 +++	

2	 PLA

random

	 33.9	 n.s.	 -	

3	 PUZ1	 12.9	 n.s	 -	

4	 PUZ3	 10.7	 n.s	 -	

5	 PLAparallel	 7.5	 n.s.	 -	
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Overall	
  scaffold	
  rank	
   UTS	
   YM	
   Strain	
  at	
  
UTS	
  



Total	
  
mechanical	
  
score	
  



Ball	
  
burst	
  



Tear	
   Suture	
   Total	
  handling	
  
score	
  



H2O	
  
uptake	
  



H2O	
  contact	
  
angle	
  



Overall	
  	
  
Score	
  



1	
   PUZ3	
   +++	
   +	
   +	
   5	
   +++	
   ++	
   ++	
   12	
   -­‐	
   +++	
   15	
  



2	
   PLArandom	
   +	
   +++	
   ++	
   6	
   ++	
   +++	
   +++	
   14	
   -­‐	
   -­‐	
   14	
  



3	
   PLAhybrid	
   +++	
   +	
   ++	
   6	
   ++	
   +	
   ++	
   11	
   +++	
   ++	
   13	
  



4=	
   PLAparallel	
   +	
   +	
   ++	
   4	
   +++	
   -­‐	
   ++	
   9	
   -­‐	
   ++	
   11	
  



4=	
   PUZ1	
   ++	
   +	
   +	
   4	
   n/a	
   ++	
   +++	
   9	
   -­‐	
   +	
   10	
  










Overall	scaffold	rank	 UTS	 YM	 Strain	at	

UTS	

Total	

mechanical	

score	

Ball	

burst	

Tear	 Suture	 Total	handling	

score	

H

2

O	

uptake	

H

2

O	contact	

angle	

Overall		

Score	

1	 PUZ3	 +++	 +	 +	 5	 +++	 ++	 ++	 12	 -	 +++	 15	

2	 PLArandom	 +	 +++	 ++	 6	 ++	 +++	 +++	 14	 -	 -	 14	

3	 PLAhybrid	 +++	 +	 ++	 6	 ++	 +	 ++	 11	 +++	 ++	 13	

4=	 PLAparallel	 +	 +	 ++	 4	 +++	 -	 ++	 9	 -	 ++	 11	

4=	 PUZ1	 ++	 +	 +	 4	 n/a	 ++	 +++	 9	 -	 +	 10	


image75.emf



0 7 14
0.00



0.02



0.04



0.06



0.08



0.10



0.12



A
bs
or
ba



nc
e	
  
of
	
  A
la
m
ar
Bl
ue



TM
	
   re
ad



	
  a
t	
  5



70
nm



Time	
  (days)



	
  12-­‐hr
	
  24-­‐hr
	
  48-­‐hr
	
  Static



* 



* 
* 



**  *  **  



(a) 










0 7 14

0.00

0.02

0.04

0.06

0.08

0.10

0.12

A

b

s

o

r

b

a

n

c

e

	

o

f

	

A

l

a

m

a

r

B

l

u

e

T

M

	

r

e

a

d

	

a

t

	

5

7

0

n

m

Time	(days)

	12-hr

	24-hr

	48-hr

	Static

* 

* 

* 

**   *   **  

(a) 


image76.emf



0 7 14
0



40



80



120



160



200



%
	
  M



et
ab



ol
ic
	
  a
ct
iv
it
y	
  
re
la
ti
ve
	
  to



	
  d
ay
	
  0



Time	
  (days)



	
  12-­‐hr
	
  24-­‐hr
	
  48-­‐hr
	
  Static



(b) 










0 7 14

0

40

80

120

160

200

%

	

M

e

t

a

b

o

l

i

c

	

a

c

t

i

v

i

t

y

	

r

e

l

a

t

i

v

e

	

t

o

	

d

a

y

	

0

Time	(days)

	12-hr

	24-hr

	48-hr

	Static

(b) 


image77.emf



12-hourly 24-hourly 48-hourly 



No cells Static 



C D E 



A B 










12-hourly  24-hourly  48-hourly 

No cells  Static 

C  D  E 

A  B 



Tableof Contents

prn—

e —
Copter . rthon 1

e — —

13t st et B gt 30

e —
fretiloriwoim—
oS —— —
S —



