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Pelvic organ prolapse (POP) is a medical condition, in which the symptoms are caused by 
descended pelvic organs. The descent results from lost normal support of the pelvic floor tissues, 
as the quality of connective has reduced due to impaired collagen metabolism. The condition 
affects up to 50 % of women over the age of 50, and even up to 11-19 % of women end up having 
surgical treatment for POP. Yet the current native tissue surgical repair methods are prone to 
relapse. In the surgical treatment of POP, the repairs may use biomaterial grafts to support the 
prolapse. These surgical biomaterials often are non-absorbable polypropylene (PP) surgical 
meshes, which have been linked to various complications such as infection, erosion through the 
vaginal wall and pain. Due to the shortcomings of PP meshes, in this thesis perforated PLCLA2P 
membranes were studied as a possible alternative material. The PLCLA2P membranes are made 
of a biodegradable poly(l-lactide-co-ε-caprolactone) (PLCL) polymer and were embedded with 
ascorbic acid 2- phosphate (A2P) to possibly promote collagen production of the tissues. The aim 
of the thesis was to study the potential of PLCLA2P membranes for POP treatment purposes and 
to analyze their effects on the rat abdominal fascia thickness in vivo. Previous in vitro studies 
have promisingly demonstrated A2P to have collagen-promoting qualities, however to our 
knowledge, there are no previous in vivo studies on PLCLA2P membranes. 
The effects of PLCLA2P membranes on the fascia thickness were evaluated from pre-existing 

histological samples stained with Masson-trichrome. The samples are from a yet unpublished in 
vivo study studying PLCLA2P membranes with a rat model. Biomaterials in the study, plain PLCL, 
PLCLA2P membranes and clinically used PP mesh, were implanted on the rat abdominal fascia 
and samples were from 1 week, 1 month and six months. In this thesis, the effects of the possible 
biomaterials on the entire fascia and the collagen in the fascia were evaluated by measuring their 
thickness using QuPath software. Additionally, the thickness of plain PLCL and PLCLA2P 
membranes were measured to study their biodegradation process. 
The results of this thesis indicate that the thickness of collagen and the fascia at six months 

appeared to be highest in the group with plain PLCL and not in the groups with PLCLA2P 
membranes as expected. However, collagen and fascia thickness were still higher in the groups 
with PLCLA2P membranes compared to the group with PP mesh or in a SHAM group without 
materials. The thickness of collagen in all study groups did not continuously increase over time 
but instead decreased from initial thickness values at 1 week. An unexpected result of the thesis 
was that an apparent amount of fat was found in the fascia in all test groups at six months. The 
results of biomaterial degradation did not demonstrate the biodegradation process over time as 
anticipated, and therefore measurement method appears to not have been the most suitable for 
this purpose. In future research, more accurate and less subjective study methods, which would 
also consider the quality and collagen types, are recommended.  
The collagen production enhancing qualities of PLCLA2P membranes were not visible from the 

results of thickness of collagen. However, the results of this thesis only describe the thickness of 
the collagen and the quality, or the formation of collagen was not considered. Therefore, 
conclusions on the suitability of PLCLA2P membranes for POP treatment purposes cannot be 
made solely based on the results of this thesis. To fully estimate the potential of PLCLA2P 
membranes in POP treatment, further research on their effects in vivo is necessary. 
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Jopa 50 %:lla yli 50 vuotiaista naisista havaitaan lantionpohjan laskeuma (engl. pelvic organ 

prolapse, POP) gynekologisen tutkimuksen perusteella ja 11–19 % naisista joutuu elinaikanaan 
laskeuman vuoksi leikkaukseen. POP-potilaiden lantionpohjan kudoksissa kollageenin tuotanto 
toimii poikkeuksellisesti ja näin sidekudoksen laatu on heikentynyt. Tuen puute johtaa 
lantionpohjan elimien pullistumiseen paikoiltaan, mikä aiheuttaa POP:ille tyypillisiä oireita kuten 
seksuaalisia toimintahäiriöitä tai ongelmia pidätyskyvyssä. Leikkaushoidossa lantionpohjan 
tukemiseksi voidaan käyttää apuna biomateriaaleja, jotka ovat useimmiten biohajoamattomia 
polypropeenista (PP) valmistettuja kirurgisia verkkoja. Kuitenkin PP-verkkojen käyttöön liitetään 
korkea riski moniin komplikaatioihin kuten kipuun ja infektioihin. PP-verkkojen puutteiden vuoksi 
tässä kandidaatintutkielmassa on tutkittu PLCLA2P -reikäkalvoja mahdollisena vaihtoehtoisena 
siirremateriaalina. PLCLA2P-reikäkalvot ovat valmistettu biohajoavasta poly(l-laktidi-ko-ε-
kaprolaktoni):sta (PLCL) ja niihin on upotettu kollageenituotannon edistämiseksi askorbiinihappo-
2-fosfaattia (A2P). Tutkielman tavoitteena oli tutkia PLCLA2P -reikäkalvojen potentiaalia POP:in 
kirurgiseen hoitoon, sekä analysoida kalvojen vaikutuksia sidekudoksen paksuuteen in vivo.  
Aiemmat lupaavat in vitro -tutkimukset ovat osoittaneet A2P:llä olevan kollageenin tuotantoa 
edistäviä ominaisuuksia, mutta tämänhetkisen tiedon mukaan PLCLA2P -kalvoja ei ole aiemmin 
tutkittu in vivo -tutkimuksena. 
PLCLA2P -kalvojen vaikutuksia sidekudoksen paksuuteen tutkittiin valmiista histologisista 

näytteistä, jotka ovat peräisin toistaiseksi julkaisemattomasta PLCLA2P -kalvoja tutkivasta in vivo 
-tutkimuksesta. Tässä julkaisemattomassa tutkimuksessa kalvoja tutkittiin implantoimalla rottien 
vatsan sidekudokseen PLCLA2P -kalvojen lisäksi PLCL-kalvoja ilman A2P:tä sekä kliinisesti 
käytettävää PP-verkkoa. Näytteet rotista on otettu 1 viikon, 1 kuukauden ja 6 kuukauden kohdalla 
ja värjätty Masson trichrome -värjäyksellä. Tässä tutkielmassa biomateriaalien vaikutusta 
sidekudoksen paksuuteen tutkittiin mittaamalla sidekudoksen sekä sidekudoksen kollageenin 
paksuus näistä valmiista näytteistä QuPath-ohjelmalla. Lisäksi PLCL- ja PLCLA2P -kalvojen 
paksuus mitattiin biohajoamisprosessin tutkimiseksi. 
Tutkimuksen tulosten perusteella korkein kollageenin ja sidekudoksen paksuus kuuden 

kuukauden kohdalla vaikuttaisi olleen PLCL-kalvojen testiryhmässä PLCLA2P ryhmien sijaan. 
PLCLA2P -kalvoryhmissä kollageenin paksuus vaikuttaisi kuitenkin olleen korkeampi verrattuna 
PP-verkkoja sisältäneeseen ryhmään tai SHAM-kontrolliryhmään. Kollageenin paksuus vaikutti 
laskevan kaikissa ryhmissä aikapisteiden välillä niin, että lopullinen kollageenin paksuus oli 
ryhmissä matalampi kuin alun perin viikolla 1. Odottamaton tulos oli, että kaikkien ryhmien 
sidekudoksen paksuudesta 6 kuukauden kohdalla huomattava osa oli rasvakudosta. Käytetty 
tutkimusmenetelmä ei ollut optimaalinen biohajoavien materiaalien hajoamisprosessin 
seurantaan, minkä vuoksi jatkotutkimuksiin suositellaankin käyttämään toista menetelmää 
biohajoamisen mittaukseen. Lisäksi jatkotutkimuksissa kollageenin tutkimiseen suositellaan 
objektiivisempaa menetelmää, joka myös erottelisi kollageenin tyypin sekä huomioisi laadun. 
Vaikka aiemmat tutkimukset ovat osoittaneet PLCLA2P -kalvoilla olevan kollageenin tuotantoa 

tehostavia vaikutuksia, eivät nämä vaikutukset olleet suoraan nähtävissä kollageenin 
paksuudessa. Tutkielman tulokset kuvaavat kuitenkin ainoastaan kollageenin paksuutta, ja yksin 
tämän tutkimuksen tulosten perusteella ei voida tehdä johtopäätöksiä PLCLA2P -kalvojen 
soveltuvuudesta POP:in hoitoon. Kalvojen vaikutuksia in vivo tulee tutkia lisää niiden todellisen 
potentiaalin kartoittamiseksi.  
 
Avainsanat: lantionpohjan laskeuma, poly(l-laktidi-ko-ε-kaprolaktoni), kollageeni,   

  Askorbiini-2-fosfaatti 
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1. INTRODUCTION 

Pelvic organ prolapse (POP) is a medical condition that has a prevalence of 3–6 % based 

on symptoms and up to 50 % when assessment is done by gynecological examination 

(1). POP is more prominent in patients of higher ages (2), and the various symptoms 

caused by the descended organs include incontinence, bulging, feel of pressure and 

sexual dysfunction (3). The condition affects both the patient’s overall health and social 

relationships as well therefore decreasing the quality of life (3,4). 

The treatment of POP can be surgical, especially with more severe cases. The primary 

approach is to use the patient’s own tissues for reconstruction, but in recurring prolapse 

surgeries, surgical meshes can be used (5). Clinically the most used meshes are mainly 

made of surgical polypropylene (PP), the sale of which has been limited by the FDA 

since 2019. Limitations were set because the use of the PP meshes has been linked to 

various complications, such as pain and erosion through the vaginal wall. (6)  

A potential new alternative material for POP treatment studied in this thesis is a poly(l-

lactide-co-ε-caprolactone) (PLCL). Unlike PP, PLCL is a biodegradable and flexible 

material (7,8), which are qualities that could help avoiding issues associated with PP 

meshes. To enhance the self-regeneration of pelvic tissues by enhancing collagen 

production, PLCL can be embedded with ascorbic acid 2- phosphate (A2P) (9–11). This 

is because ascorbic acid AA and its derivative A2P have been demonstrated to have 

collagen-promoting qualities (9–13). 

In this thesis, the effects of PLCL embedded with A2P (PLCLA2P) on the abdominal fascia 

and collagen thickness post-implantation are studied in vivo with a rat model. The 

hypothesis was that samples with PLCLA2P membranes would support the collagen 

production of the fascia. Results supporting the hypothesis would indicate that PLCLA2P 

membranes could be further studied for POP treatment purposes. Similar studies on the 

effects of A2P-embedded biomaterials in vivo have not been published and therefore the 

results are novel information to complement previous results from in vitro studies. 
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2. BACKGROUND 

In this chapter relevant information on pelvic organ prolapse, its current treatment 

methods and materials in surgical treatment are presented. The main interest material 

of this thesis, Poly(l-lactide-co-ε-caprolactone) (PLCL) and the active component, 

ascorbic acid 2-phosphate, are introduced. 

2.1 Pelvic organ Prolapse 

Pelvic organ prolapse (POP) is a medical condition, in which the pelvic organs have 

descended disrupting the normal anatomy of the pelvis. The organs that may be affected 

in POP include the uterus, vaginal walls and the neighboring organs: bladder, rectum 

and bowel. The descent of the affected organ causes the symptoms such as vaginal 

bulging, feel of pressure, urinary and fecal incontinence and sexual dysfunction. (3,14) 

The POP severely affects the patient’s quality of life, because it does not only affect the 

physical health but the social and psychological health as well (4,14). The POP affects 

even up to 50 % of women based on gynecological examinations (1,4), and known 

factors contributing to its development include number of childbirths, obesity, aging and 

genetics (2). As the life-expectancy increases and the population ages, the number of 

POP patients will likely increase in the future and the need for good treatment options 

will be a relevant issue. 

The treatment options for POP include surgical and non-surgical approaches. Non-

surgical treatments for mild cases of POP are using a vaginal pessary, pelvic muscle 

training and local estrogen therapy (3). Another approach is surgical and approximately 

11 - 19 %  of women have surgical treatment for POP in their lifetime (1). The surgical 

approach depends on which organs have collapsed, the symptoms and the severity of 

the condition. The optimal and the primary approach is to use the patient’s existing native 

tissues, but in severe cases and in recurring surgeries after initial repair, surgical grafts 

such as surgical meshes may be used (5). The surgical mesh is used to reinforce existing 

soft tissue and provide support for the prolapsed regions during the healing process (15). 

Other possible graft materials include autografts, allografts, and xenografts (5). However, 

this thesis concentrates on the surgical meshes. 



 3 

2.2 Materials in the surgical treatment of pelvic organ prolapse 

The surgical meshes most used in POP surgeries are typically synthetic surgical meshes 

initially designed for the treatment of other types of hernias. Typical synthetic, 

nonabsorbable meshes for POP are for instance made of polypropylene (PP), 

polyethylene terephthalate (PET) or expanded polytetrafluoroethylene (ePTFE), with PP 

as the most widely used. PP has qualities such as biocompatibility and ability to resist 

fatigue in a biological environment, which is why it was originally chosen for vaginal 

surgeries. (16) However, PP is too stiff material for POP treatment and studies have 

associated them with a triggered inflammatory response after implantation (15). Other 

complications related to the PP meshes include infection, mesh erosion through the 

vagina, recurrent prolapse and pain (6,15). Due to the various complications, the United 

States Food and Drug Administration (FDA) restricted the use of surgical meshes 

intended for POP surgeries in 2019 (6).  

Evidently PP meshes are not an optimal option to use as vaginal meshes and new better 

alternatives need to be developed. The new material would preferably be biocompatible, 

endure changes of the surrounding tissues and not induce immune reactions (16). 

Additionally, it should be flexible and able to withstand stress to ensure sufficient support 

for the pelvis, but not be too stiff to avoid erosion through the patient’s tissues (15). 

Preferably the material should also be easy to handle for surgeons and inexpensive (16), 

as these are commonly known to be linked to the success of new materials and products. 

To resolve the issues linked to long-term implants such as PP meshes, the new material 

could be biodegradable to minimize the amount of foreign material left in the body. 

Biodegradable material would mainly act as support to the self-regeneration of the native 

tissue and be replaced by collagen-rich tissue after complete degradation. The challenge 

with these kinds of materials is ensuring the long-term strength of the tissue after the 

material has degraded. (5,16) 

To ensure the long-term strength of the newly regenerated tissue, the biodegradable 

material needs to support the cell activity of the existing tissue. One of the main cell types 

of connective tissue are fibroblasts, which are responsible for the metabolism of fibrous 

elements of the pelvic connective tissue such as collagen and elastin (17,18). In POP 

patients, the consistency of vaginal connective tissue is altered and the amount of 

collagen type III has increased (19,20). Studies suggest this to be a result of impaired or 

altered collagen metabolism and disturbed extracellular matrix production after altered 

fibroblast function (18,19,21). Collagen is the main component of the connective tissue, 

and especially collagen type I and III are most prominent in the pelvic floor (22).  Collagen 

is vital for wound healing and tissue strength (19), and hence the biodegradable material 
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should support the collagen metabolism of the fibroblasts to ensure the development of 

new self-sufficient connective tissue after biomaterial degradation (18).  

Some of the previously studied absorbable materials for POP include polyglycolic acid 

(16), polycaprolactone (PCL), and polylactic acid (PLA) (15,16). The advantages of PCL 

are its slow degradation rate compared to other biodegradable synthetic polymers, 

flexibility and good processability, which makes it good for 3D bioprinting as well. These 

qualities have led to the use of PCL in tissue engineering scaffolds and sutures. (15) 

Similarly to PCL, PLA is also a biodegradable polymer (15,16,23). It is very widely used 

for clinical purposes due to biocompatibility and its non-toxic degradation products upon 

degradation (15). Issues with PLA are its brittleness (15), low strength and low heat 

resistance (23). These can be modified by adding other polymers, but they may 

negatively impact the biodegradability and the degradation products of PLA (15,23). In 

this thesis, a synthetic biodegradable copolymer material combining PLA and PCL, 

Poly(l-lactide-co-ε-caprolactone) (PLCL), is studied as a possible alternative material for 

POP treatment purposes. 

2.3 Poly(l-lactide-co-ε-caprolactone) with ascorbic acid 2-
phosphate as an active component 

PLCL is a synthetic polymer known for its elasticity, flexibility, biodegradability and 

softness (7,8,11). Previously PLCL has been researched for vaginal (8,11), urethral (10) 

and cartilage tissue engineering (7) as well as for tissue engineering scaffolds in general 

(24) all with promising results. The reasons for the sparked interest in using PLCL for 

materials for POP treatment are its good mechanical properties, plasticity and the 

controlled rate of degradation (24). The issues with PLCL are its hydrophobicity (11,24) 

and its acid degradation products after degradation (24). 

As discussed before, normal fibroblast function and collagen metabolism are important 

for tissue formation and regeneration. Additionally, because the epidemiology of POP is 

related to altered collagen synthesis, a collagen-promoting active component may be 

presented with the biomaterial to enhance the collagen production in the surrounding 

tissues (9). This kind of collagen-promoting component could possibly also ease the 

issues related to ensuring tissue strength after material degradation. A such component 

to enhance collagen production may be ascorbic acid (AA). AA is often more commonly 

known as vitamin C, and it is a widely studied natural component also used for example 

in skin care (25) and as dietary supplements (26). AA has been proven to be crucial for 

collagen production (27) and to promote the proliferation of fibroblasts and differentiation 

of mesenchymal stem cells (11) AA is also a component that mammalian cells cannot 
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synthesize, and is therefore only received externally (27). AA enhances collagen 

production by acting as a co-factor for an enzyme responsible for crosslinking collagen 

fibrils, enhancing the expression of collagen-related genes (9). Despite AA’s good 

properties for enhancing collagen production, its chemical structure is not stable (9–

11,27). Therefore, AA’s more stable form, ascorbic acid 2- phosphate (A2P) is used 

(9,11).  

Even though AA/ vitamin C has been widely studied component itself, A2P-embedded 

biomaterials have not been extensively studied. Previous studies are in vitro studies, and 

it appears that there are no studies on the effects of A2P-embedded biomaterials in vivo. 

In one of these in vitro studies with A2P embedded in PLA, Mangir et al. found that the 

AA and A2P increased the collagen production of fibroblasts without compromising the 

mechanical properties of the PLA scaffold (9). Studies with PLCL scaffolds combined 

with A2P have been studied in vitro for vaginal and urethral tissue engineering purposes 

both with promising results (10,11). The study for vaginal tissue engineering found that 

A2P increased the biocompatibility and hydrophilicity of PLCL and that PLCLA2P scaffolds 

increased stromal cell collagen production compared to the plain PLCL scaffolds while 

supporting the normal cell activity (11). Similarly in the study for urethral tissue 

engineering, Kurki et al. have found that PLCLA2P scaffolds supported the growth and 

viability of human adipose-derived stromal cells (hASCs), and the A2P significantly 

increased proliferation and collagen production of hASCs when compared to plain PLCL 

(10).  Sartoneva et al. did not document a great difference between the expression of 

collagen type I and III (11), but Kurki et al. found the expression of type III to exceed type 

I (10). Prior to these biomaterial studies, the enhancing qualities of AA and A2P on 

collagen production and mesenchymal stem cell proliferation have been demonstrated 

with cell culture studies (12,13).   

The previous findings suggest that PLCLA2P could also be a suitable material for 

membranes intended for POP applications. Additionally, the biocompatibility and the 

effects of PLCLA2P membranes on cells have been tested previously in an unpublished 

in vitro cell study with promising results. In this thesis, the aim is to study the effects of 

PLCLA2P membranes on the fascia thickness in vivo. The promising in vitro results and 

previous studies with A2P-releasing biomaterials suggest that PLCLA2P would possibly 

promote new fascia formation and collagen production in vivo. The A2P is anticipated to 

enhance collagen production in the tissues while the PLCLA2P membrane degrades. As 

there are no previous studies that would have examined A2P embedded membranes in 

vivo, the results of the related unpublished in vivo experiment and the results of this 

thesis are necessary novel information. 



 6 

3 MATERIALS AND METHODS 

In this chapter, the materials and methods used to acquire the results of this thesis are 

described. The thickness of the rat’s abdominal fascia was analyzed using QuPath 

software and the material groups were compared by performing the Kruskal-Wallis test. 

It should be noted that the in vivo experiment has been executed prior to this thesis as a 

part of an unpublished study. In this unpublished study, the preclinical experiments were 

performed under the experimental animal permit ESAVI/26321/2021. Due to the 

unpublished status of the study, and because this thesis only uses the pre-existing 

samples, all details are not covered here and only the relevant information for this thesis 

is presented. 

3.1 Biomaterials and test groups 

The perforated PLCL and PLCLA2P membranes used in this study were first compression 

molded into a 0.4 mm thick sheet and further laser-cut to shape. For comparison, a 

clinically used PP mesh was included in the study. The six test groups tested in the in 

vivo experiment included four groups with implanted biomaterials: plain perforated PLCL, 

perforated PLCL with embedded A2P at a concentration of 8 % (PLCL8%A2P), and at a 

concentration of 4 % (PLCL4%A2P), and clinically used PP mesh. The other two test groups 

were added as a reference: the other group included SHAM-rats, which underwent the 

same surgical operation as the ones with implanted biomaterial. The final group was a 

control group that did not undergo surgical operations and no biomaterials were 

implanted. The test groups are summarized in Table 1. 

Table 1. Summary of the different test groups of the study. 

Number Material/group Concentration of A2P 

1 Plain perforated PLCL - 

2 Perforated PLCL with A2P (PLCL8%A2P) 8 % 

3 Perforated PLCL with A2P (PLCL4%A2P) 4 % 

4 Clinically used PP mesh - 

5 SHAM: operation, no material - 

6 CTRL: no operation, no material - 
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The surgical operations and sample preparations were conducted as a part of an 

unpublished study prior to conducting this thesis and therefore are not covered here. 

This thesis used the already existing sample images, and therefore the operations and 

animal handling are not covered in this thesis. In this unpublished study, the membranes 

were implanted on the abdominal fascia of the rat and all test groups were tested with 

seven rats for each timepoint. For the control group, the samples were collected at 0 

days, but the samples of the other groups were collected at three time points: at one 

week, at 1 month and at 6 months. Rats with clinical infections were excluded from the 

study as well as any faulty samples unfit for analysis. Two histological sections were 

collected from each of the seven rats bringing the default sample size N in this thesis to 

14. However, due to the excluded rats and samples, for the analysis of the fascia and 

collagen thickness, the N was 12 - 14 except for PLCL8 % A2P at 1 month, where N = 8. 

For the analysis of the thickness of the materials in this thesis, N was 10 - 14. However, 

for PLCL8 % A2P at 1 month, N = 7 and for PLCL4 % A2P N=9 at six months. This was because 

of the exclusions and because the material was not always visible at 1 week due to 

separation of the tissue layers. 

3.2 Masson trichrome 

In the related animal study, the collected tissue samples were fixed with formalin and 

sent for further processing and staining to the Finnish Centre for Laboratory Animal 

Pathology (FCLAP), University of Helsinki. To visualize the different tissues in the 

samples of the abdominal fascia, the tissue sections were stained using Masson 

trichrome staining. There were 2 sections for each rat to be stained. Trichrome stains 

include many different techniques where the reactions of the tissues differ (17, pp. 162). 

For the samples used in this thesis, Masson trichrome was chosen for its ability to stain 

muscle tissue and collagen therefore visualizing the abdominal tissues well. The reaction 

of the acidic dye with cationic groups of proteins of the collagen tissue makes it appear 

blue and the muscle tissue is stained as red. With Masson trichrome, it is not possible to 

differentiate the different collagen types as all collagen types stain as blue. (17, pp. 155-

162) Masson trichrome does not cause a reaction with the possible biomaterials present 

in the samples, and therefore they are visible as white areas with blue collagen providing 

contrast around them. 

3.3 QuPath 

In this thesis, the pre-existing histological samples of the animal study were analyzed 

using the open-source software QuPath v0.50 licensed under the GNU General Public 
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License (28). QuPath was used because it allows thorough examination of the tissue 

slides. The analysis was conducted as a blind study; the information on the material in 

the samples was masked until the statistical analysis was performed. Masked material 

information aimed to reduce any possible bias. 

The analysis was focused on studying the thickness of the formed collagen layer 

between the muscle layers of the abdomen containing the possible material as well as 

the thickness of the biomaterial. The measurements were taken using the annotations-

tool, which automatically calculates the length of the drawn line. Annotations were 

classified according to what was measured. Figure 1 showcases the measurement 

annotations in a randomly chosen sample.  

 

Figure 1. An example of a sample (at 1 month) with annotations. Muscle layers have 
stained red and collagen blue. Biomaterial is visible from the collagen as white.  

Explanations for the annotation lines: yellow=thickest material point, orange = collagen 

at narrowest section, pink =collagen at thickest section, blue = material, purple = 

narrowest point of material. A 1 mm long gray line was added for scale. 

Measurements were taken at the thickest section and at the narrowest section and the 

measurements for the material and the collagen weren’t necessarily from the same 

section. The sections for the measurements were concentrated on the midsection of the 

sample to best avoid possible deviation of results due to broken sample edges. In 

samples, where no material was detected, no measurements for the thickness of the 

biomaterial were taken.  

The data from the QuPath including the classification, sample number and length of each 

annotation were exported to Excel, where the measurements from the same samples 

with the same classifications were summed together. Two new categories were 

calculated to be able to take into consideration possible adipose tissue present in the 

1 mm 
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samples; fascia thickness at both the narrowest and the thickest section were calculated 

by summing measurements of collagen and fat together.  

3.4 Statistical analysis 

Statistical analysis was done with SPSS software using the nonparametric Kruskal-

Wallis test. Statistical significance was determined to evaluate differences between the 

test groups within the same time point. Similarly significant differences inside material 

groups between time points were also determined. The threshold for significant p-values 

was set at 0,05. As there were seven rats for each test group at each timepoint and two 

samples were analyzed from each rat, the standard sample size N was 14. Due to the 

exclusion of infected rats and failed or unclear samples, the sample size N was smaller 

in some groups at some time points. 
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4 RESULTS 

Results for the analysis of the thickness of the fascia, of the thickness of collagen as well 

as the results of the thickness of the materials are presented here as bar charts.   

4.1 Thickness of collagen 

The results of the collagen at the thickest section are visualized in Figure 2. At the 

thickest section, the thickness of the collagen in all test groups except in the d0 CTRL 

group is approximately 370 – 1100 µm. All test groups have significantly higher collagen 

thickness at all time points compared to the d0 CTRL (approx. 200 µm, p < 0,05).  

 

Figure 2. Average thickness of collagen at the thickest section at different timepoints. # 
= p < 0.05 compared to all groups in all timepoints, * = p<0,05, ** = p<0,001. N=12-14, 

except N=8 for PLCL8 % A2P at 1 month.  

At 1 week, the SHAM group has significantly lower collagen thickness compared to PLCL 

and PP (530, 1000, 970 µm, respectively. p < 0,05), and while the other differences are 

not statistically significant, collagen thickness in SHAM appears to be lower compared 

to PLCL8 % A2P and PLCL4 % A2P (approx. 800 and 960 µm) as well. At 1 month, collagen 

thickness in PP group is significantly higher compared to the SHAM group (1100 and 

630 µm, respectively. p < 0,05) and appears to be higher compared to the other test 

groups as well. The lowest collagen thickness at 1 month seems to be in plain PLCL 
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group (approx. 540 µm), which appears to be even lower compared to SHAM group. At 

six months, collagen thickness in SHAM group is significantly lower (approx. 370 µm, p 

< 0,05) compared to the other test groups at the same timepoint. The highest thickness 

of collagen appears to be in plain PLCL (approx. 1100 µm), as it appears higher 

compared to PLCL8 % A2P group (approx. 580 µm, p=0,058) and to other groups as well, 

yet the differences are not statistically significant. The second highest collagen thickness 

appears to be in PLCL4 % A2P (approx. 890 µm).  

Between 1 week and 1 month, collagen thickness in PLCL and PLCL4 % A2P appears to 

decrease while in other groups, PLCL8 % A2P, PP and SHAM, it seems to increase, but the 

differences were not significant. Between 1 month and six months, collagen thickness in 

PLCL8 % A2P and in PP decreases significantly (from 930 to 580 µm and from 1100 to 610 

µm, respectively. p < 0,05). The collagen thickness in SHAM group is at its lowest at six 

months when compared to its thickness at 1 week or 1 month (approx. 370, 530, 630 

µm. p < 0,05). Thickness of collagen in plain PLCL and PLCL4 % A2P appear to increase 

between 1 month and six months, but differences are not statistically significant. It seems 

that only in PLCL, the thickness of collagen would be higher at six months compared to 

the initial thickness at 1 week. In other groups, collagen thickness appears to be lower 

or approximately the same at six months compared to 1 week. 

Results of collagen thickness at the narrowest section are visualized in Figure 3. At the 

narrowest section, the collagen thickness in all test groups despite d0 CRTL group 

across all timepoints is approximately 240 – 630 µm based on averages alone. All test 

groups had significantly higher collagen thickness compared to d0 CRTL group at all 

time points (approximately 72 µm, p < 0,05). 
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Figure 3. Average thickness of the fascia at the narrowest section at different timepoints. 
# = p < 0.05 compared to all groups at all timepoints, * = p < 0,05, ** = p < 0,001. N=12-

14, except N=8 for PLCL8 % A2P at 1 month. 

At 1 week, collagen thickness in SHAM group (approx. 230 µm) is significantly lower 

compared to groups PLCL, PLCL8 % A2P (approx. 580 and 600 µm, p < 0,001), PLCL4 % 

A2P and PP (approx. 610 and 490 µm, p < 0,05). Collagen thickness in PP appears lower 

compared to the other test groups containing biomaterials, but there were no statistically 

significant differences between PLCL, PLCL8 % A2P, PLCL4 % A2P and PP. At 1 month, there 

are no statistically significant differences between the test groups. However, the collagen 

thickness in PLCL4 % A2P (approx. 630 µm) appears higher when compared to the other 

test groups. Collagen thickness in the SHAM group (approx. 340 µm) appears to be the 

lowest across all test groups at this timepoint. At six months, collagen thickness in PP 

group is significantly lower compared to groups PLCL8 % A2P and PLCL (240, 430 and 610 

µm, respectively. p <0,05). Also in PLCL, thickness of collagen appears higher compared 

to groups PLCL8 % A2P (p = 0,06), SHAM (approx. 240 µm, p = 0,58) and possibly PLCL4 

% A2P (approx. 410 µm), however the differences are not statistically significant. Collagen 

thickness in PP and SHAM appear to be similar.  

The collagen thickness in SHAM group at 1 month is significantly higher compared to 1 

week (approximately 340 and 230 µm, p<0,05). Between 1 week and 1 month, the 

thickness of collagen in PLCL4 % A2P seems to not experience changes, and in PLCL and 

PLCL8 % A2P it appears to decrease. Thickness of collagen in PP at six months is 

significantly lower (approx. 240 µm) compared to its thickness at the previous timepoints 

(p<0,05). With PLCL4 % A2P, thickness of collagen is significantly decreased between 1 
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month and six months (approximately from 630 to 410 µm. p <0,05). Similarly, collagen 

thickness in SHAM and PP groups appears to decrease, but in PLCL the thickness 

seems to increase. No apparent change seems to occur in PLCL8 % A2P. At six months, 

the collagen thickness in other groups besides in plain PLCL and SHAM groups, appears 

to be lower compared to initially at 1 week. Collagen thickness in PLCL and SHAM 

appear to be around the same as at 1 week. 

4.2 Thickness of fascia  

The average thickness of the fascia at the thickest section are visualized in Figure 4. All 

test groups experience a lot of deviation, and the fascia thickness for the test groups not 

including control group is approximately 600 - 1600 µm. All test groups at all timepoints 

have significantly higher fascia thickness compared to the d0 CTRL group (approx. 280 

µm) at all timepoints (p < 0,05). The highest fascia thickness seems to be in the plain 

PLCL group at 6 months (approx. 1600 µm). 

Figure 4. Average thickness of the fascia at thickest section at different timepoints. # = 
p < 0.05 compared to all groups in all timepoints, * =p < 0,05, ** = p < 0,001. N=12-14, 
except N=8 for PLCL8 % A2P at 1 month. 

At 1 week, fascia thickness in plain PLCL and in PP groups is significantly higher 

compared to the SHAM group (1000, 970, 580 µm respectively. p < 0,05). There are no 

other statistically significant differences between the test groups, but based on the 

averages, the lowest fascia thickness appears to be in SHAM group and the highest in 

PP group. At 1 month, fascia thickness in PP is also significantly higher (approx. 1200 

µm) compared to the SHAM group (approx.700 µm). The fascia thickness in PP seems 
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to also be higher compared to the other groups as well, yet there are no statistical 

significances. The lowest fascia thickness at 1 month appears to be in the SHAM group. 

At six months, fascia thickness in plain PLCL (approx. 1600 µm) is significantly higher 

compared to the SHAM group (approx. 690 µm. p < 0,001), PLCL8 % A2P and PP groups 

(970, 780 µm respectively. p < 0,05). Fascia thickness in PLCL4 % A2P group is also 

significantly higher compared to the SHAM group. Additionally, the thickness in PLCL4 % 

A2P also appears to be higher compared to the PP group, but the difference is not quite 

statistically significant (p=0,06). Based on the averages, the fascia thickness seems to 

be higher in the groups with any PLCL membranes compared to the others. The overall 

highest fascia thickness appears to be in the plain PLCL group. The lowest fascia 

thickness seems to be in PP and SHAM groups. 

There are no significant differences in the thicknesses of fascia between results at 1 

week versus at 1 month. Based on the averages, fascia thickness appears to increase 

between 1 week and 1 month in groups PLCL8 % A2P, PP and SHAM, and seems to 

decrease in groups in PLCL and PLCL4 % A2P. However, between 1 month and six months, 

fascia thickness significantly increases in PLCL (approximately from 940 to 1600 µm) 

and PLCL4 % A2P (approximately from 810 to 1200 µm), and their fascia thicknesses at six 

months are significantly higher compared to the initial fascia thicknesses in these groups 

at 1 week and 1 month (p < 0,05). Between 1 and 6 months, fascia thickness in PP 

appears to decrease, yet the difference is not statistically significant. 

Results of the thickness of the fascia at the narrowest section are visualized in figure 5. 

All groups experience deviation, especially the group with PLCL at 6 months. At the 

narrowest section, the thickness of the fascia in all test groups, despite in the d0 CTRL 

group, is approximately 230 – 870 µm based on averages alone. The fascia thickness in 

all test groups is significantly higher compared to d0 CTRL group (approx. 72 µm) at all 

time points (p < 0,05).  
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Figure 5. Average thickness of the fascia at narrowest section at different timepoints. # 
= p < 0.05 compared to all groups at all timepoints, *=p < 0,05, ** = p<0,001. N=12-14, 

except N=8 for PLCL8 % A2P at 1 month. 

At 1 week, SHAM group has significantly the lowest fascia thickness compared to the 

other test groups at the same timepoint (approx. 230 µm. p < 0,05). Based on the 

averages, the fascia thickness in test groups containing any PLCL membranes appears 

to be similar (approximately 600 µm) and are higher compared to the PP group (approx. 

490 µm). At 1 month, there are no statistically significant differences between the test 

groups, but based on the averages, the fascia thickness in SHAM group (approx. 

350 µm) appears to be the lowest. The highest fascia thickness appears to be in PLCL4 

% A2P (approx. 630 µm) and PLCL8 % A2P appears to have lower fascia thickness (approx. 

420 µm) compared to the other test groups with biomaterials. 

At six months, fascia thickness in PP group is significantly lower compared to group 

PLCL8 % A2P (340, 700 µm respectively. p < 0,05), but there are no other significant 

differences between the test groups. However, fascia thickness in PP group appears 

lower compared to the rest of the test groups as well, even the SHAM group. Fascia 

thickness appears to be the highest in plain PLCL group, second highest with PLCL8 % 

A2P and third highest in PLCL4 % A2P (870, 700, 590 µm, respectively).  

Between 1 week and 1 month, fascia thickness in SHAM group increases, as the fascia 

thickness at 1 month is significantly higher compared to 1 week (p < 0,05). Fascia 

thickness in SHAM group at six months is also significantly lower compared to thickness 

at 1 week (p < 0,05) indicating that the fascia thickness first increases between 1 week 

and 1 month and then decreases between 1 and 6 months. In PLCL and PLCL8 % A2P, the 
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fascia thickness appears to first decrease between 1 week and 1 month, and then to 

increase between 1 and 6 months. Contrarily in PP group, the thickness seems to first 

increase and then decrease. Only in groups with any PLCL membranes the fascia 

thickness at six months appears to be higher compared to the 1 week -timepoint. 

4.3 Thickness of the materials 

The results for the thickness of the material at its thickest section are presented in figure 

6. On average the materials’ thickest sections are approximately 500 - 660 µm. 

Figure 6: Thickness of the material at the material’s thickest point at different timepoints. 
N=10-14, except N=7 for PLCL8 % A2P at 1 month and N=9 for PLCL4 % A2P at 6 months.  

There are no statistically significant differences between the test groups at any timepoint 

(p > 0,05). Based on the averages, at 1 week the highest material thickness appears to 

be in the plain PLCL (approx. 650 µm) and at 1 month in PLCL4 % A2P (approx. 660 µm). 

Correspondingly, the narrowest materials appear to be PLCL at 1 month and PLCL4 % A2P 

at 1 week (500 and 520 µm, respectively). At six months, the materials appear to be 

approximately as thick (approx. 550 µm). There are also no statistically significant 

changes within the material groups over time, but based on the averages, plain PLCL 

appears to decrease between 1 week and 1 month and then to increase between 1 and 

6 months. Thickness of PLCL8 % A2P seems to increase between all timepoints. 

The results for the thickness of the materials at their narrowest section at different 

timepoints are presented in figure 7. There are no statistically significant differences 
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between the material thicknesses at any timepoint. The average thickness of the 

materials at their narrowest section is approximately 200 - 340 µm. 

Figure 7: Thickness of the material at the material’s narrowest section at different 
timepoints. N=10-14, except N=7 for PLCL8 % A2P at 1 month and N=9 for PLCL4 % A2P at 

6 months. 

Based on the averages, at 1 week, material thickness in PLCL8 % A2P appears the lowest 

out of the test groups and highest in plain PLCL. At 1 month, there are no apparent 

differences between the test groups. At six months, the highest material thickness 

appears to be in PLCL8 % A2P (approx. 340 µm), which is significantly higher compared to 

1 week (approx. 200 µm, p < 0,05). The lowest material thickness at 6 months appears 

to be in PLCL4 % A2P (approx. 240 µm). There were no other statistically significant 

changes within test groups over time, and overall average thickness appears 

approximately the same across timepoints. 
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5 DISCUSSION 

As current surgical devices for surgical POP treatment are lacking, biodegradable A2P 

embedded PLCL membranes were studied as a potential new alternative. To promote 

the restoration of normal collagen production in the tissues, collagen production 

enhancing A2P was embedded to the PLCL membranes. Previous studies using 

biodegradable scaffolds releasing A2P have demonstrated that A2P has an enhancing 

effect on collagen production in vitro when compared to plain scaffolds without A2P (9–

11). To our knowledge, there are no previous studies testing A2P releasing biomaterials 

in vivo and therefore the results of this thesis can only be compared to the results of the 

previous in vitro studies. 

5.1 Thickness of the collagen 

For the results of collagen thickness, the hypothesis was that the collagen enhancing 

qualities of PLCLA2P could be demonstrated in vivo by these groups having a higher 

thickness of collagen compared to the other test groups. Contrarily to the expectations, 

the highest collagen thickness appeared to be in the group with plain PLCL at 6 months, 

yet not all differences were statistically significant.  The collagen thickness appeared to 

decrease between timepoints in several groups, which resulted to the collagen thickness 

at six months to appear similar or lower as initially at 1 week in all test groups, although 

not all differences were significant. As the collagen thickness in SHAM group also 

experienced a decrease, it would suggest that the decreases would not be related to the 

biomaterials.  

The decreased collagen thickness could possibly be explained by a difference in 

collagen quality because quality was not considered by the measurement method. The 

initial collagen at week 1 might be loose, taking more area in the sample, before 

reforming as a denser layer over time. The initial collagen might be collagen type III, 

which is found to be replaced by collagen type I in remodeling phase of healing (29,30). 

In a healthy tissue, type I exceeds type III, and fibrils of type I are narrower compared to 

type III (30). Therefore, collagen in groups with PLCLA2P membranes might be denser 

and therefore possibly could resemble healthy tissue collagen better compared to the 

collagen in the group with plain PLCL. 

However, the used method does not differentiate the different collagen types, which 

would help analyzing and predicting the effects of the biomaterials on the tissues. 
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Collagen type III is known to promote elasticity in the tissue, but in abundance it is linked 

to formation of fibrosis (18). Hence PLCLA2P has been found to promote more collagen 

type III over type I in one in vitro study (10), it would be important to demonstrate whether 

similar results were found in this study in vivo as well. If an increase of collagen type III 

compared to collagen I in the fascia were found, it might suggest of fibrosis (18,19). To 

further investigate the effects of PLCLA2P on the different collagen types, more accurate 

study methods are necessary in future research. 

As there is no set value for ideal collagen thickness of the abdominal fascia to compare 

the results to, similar collagen thickness to the control group might be considered a good 

reference value. Therefore, it could be possible, that the decrease indicates that the 

tissues are healing sufficiently from the surgery and are reforming to a similar collagen 

thickness as in the control group during the last stage of wound healing called the 

remodeling phase (29,30). Preferably treatment of POP would enhance the tissues own 

collagen production, and therefore it could be speculated, that the higher collagen values 

compared to control group, such as in groups with PLCLA2P membranes, could be 

beneficial in POP treatment. 

5.2 Thickness of the fascia 

Based on the previously demonstrated collagen production -enhancing effects of A2P, 

the collagen content was expected to be higher in PLCLA2P -groups, therefore possibly 

leading to increased thickness of fascia as well. Similar to the results of collagen 

thickness, the highest fascia thickness at six months appeared to be in the group with 

plain PLCL. Significant differences (p < 0,05) were found between PLCL and all groups 

except PLCL4 % A2P at the thickest section. However, the fascia in groups with PLCLA2P 

appeared to still be higher compared to PP and SHAM groups, even if all the differences 

between groups were not significant. At six months across all test groups, the fascia 

thickness appeared to be higher compared to the thickness of collagen. However, 

differences between collagen and fascia thickness were not as apparent at other 

timepoints. As the difference was greatest at six months, it is likely the adipose tissue 

responsible for the difference only began to form at later timepoints. The greatest 

difference between fascia thickness and collagen thickness seems to be in the group 

with plain PLCL, where the fat was approximately 30 % of the entire fascia thickness.  

Interestingly, there was also a difference in collagen versus entire fascia in the SHAM 

group, which means that fat was synthesized in the fascia even if there was no 

biomaterial inserted. This could indicate that the cause for the fat is not linked to the 

biomaterials and the cause is more likely linked to the surgery or environmental factors 
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(31). A specific reason for the synthesis of possible fat tissue is unclear, but it is not 

unheard of that adipocytes form as substitute for absorbed biomaterial as an indicator of 

healing process in animal studies (32). Therefore, one hypothesis could be that the tissue 

aims to fill any possible gaps left from the surgery when the different tissue layers were 

separated. It would be interesting to see what would happen to the adipose tissue at later 

timepoints after six months.  

5.3 Thickness of the biodegradable materials 

In addition to measuring the collagen and fascia thickness, the thickness of the 

biomaterials was measured, where possible. No statistical differences were detected in 

the material thickness between the material groups at any timepoints or at either section 

of the materials. There were also no significant changes in the thickness of the materials 

demonstrating the biodegradation over time. The average material thickness seemed to 

fluctuate, as it seemed that the material even thickened between some timepoints. 

The initial thickness of both plain PLCL and PLCLA2P membranes before implantation 

were 0,4 mm. At the thickest section of the materials, none of the groups had thickness 

below 0,4 mm as the materials were up to 0,6 mm at their thickest. The increased size 

is inconsistent with the hypothesis of degradation over time, but it could be possibly 

explained by the deviation or possible swelling of the membranes (33). However, at the 

narrowest section of the materials, the average thickness was under 0,4 mm, which 

would suggest biodegradation. Therefore, the biomaterials likely have degraded 

unevenly, which is possibly a result of PLCL degrading as small fractions throughout the 

material due to bulk erosion (34). The used measuring method was not necessarily the 

most accurate to document the biodegradation, and more accurate results could be 

acquired by, for instance, measuring the area of the biomaterial in the fascia.  

In animal studies, a higher variation is expected, and the sample sizes are relatively 

small. Moreover, the histological analysis needing manual work is always somewhat 

subjective regardless of sample masking to reduce bias. The animal study did not test 

the material’s ability to treat actual prolapses and the materials were not implanted on 

the pelvis, and therefore conclusions on the membranes’ effectivity of treating prolapses 

should not be made directly. 
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5 CONCLUSIONS 

The aim of the study was to analyze the effects of perforated PLCLA2P membranes on 

the thickness of the fascia in vivo and evaluate the potential of the PLCLA2P membranes 

for POP treatment purposes. Contrarily to the original hypothesis, the highest thickness 

of fascia and collagen appeared to be in group with plain PLCL rather than in groups with 

PLCLA2P membranes, yet not all differences were statistically significant. However, the 

collagen and fascia thickness in groups with PLCLA2P membranes appeared to be mainly 

higher compared to the group with PP and in the SHAM group. An unexpected result 

was that at six months where fat had formed into the fascia in all test groups. 

The collagen thickness decreased between timepoints in several groups. The decreases 

might be explained by the measuring method not considering the quality, formation or 

the type of collagen. The differentiation of collagen types would be relevant information 

for the assessment of the biomaterials’ effects on the tissues. The measuring method 

was not ideal to assess the biodegradation of plain PLCL and PLCLA2P. In future 

research, a different, more objective study method, which would consider the quality of 

the collagen and differentiate its types is recommended.  

The collagen enhancing qualities of PLCLA2P membranes were not directly visible from 

the thickness of collagen and the fascia. However, because the results only measured 

the thickness, conclusions of suitability of PLCLA2P -membranes for POP treatment 

purposes cannot be made solely based on the results of this thesis. Further research on 

the effects of PLCLA2P -membranes in vivo is necessary to fully examine their potential 

for POP treatment. 
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