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 Abstract 

New sealing system as a surgical technique to avoid the iatrogenic 

Preterm Premature Rupture of fetal Membranes (iPPROM). 

This thesis is focused on the creation of a sealing system that blocks the orifices of the 

chorioamniotic membrane produced by minimally invasive surgical instruments during fetal 

operations. 

Currently, with the improvement of imaging techniques for fetal diagnosis used to monitor 

pregnancy, the detection of fetal anomalies has increased. In this scenario, it is essential to 

develop surgical procedures to directly access the fetus in a safer manner.  

Over the past few years, the use of fetoscopy has provided lees invasive surgical procedures. 

Fetoscopy is a technique in which, by inserting a trocar through the abdominal cavity, we are 

able to introduce the necessary instruments to perform the corresponding fetal surgery. Even 

so, the access to the fetus from a single point limits the possibilities of the technique, as 

opposed to having access from several points, since it would allow the fetus to be approached 

from several axes.    

One of the problems associated with fetal surgeries is the remaining presence of the orifice 

in the chorioamniotic membrane once the trocar is removed. The permanence of the orifice, 

especially in the first hours after surgery, can cause different pathologies: oligohydramnios, 

chorioamnionitis, pulmonary hypoplasia of the fetus, etc., and also the rupture of the 

chorioamniotic membrane, which could result in fetal death. This rupture of the membrane is 

called iatrogenic preterm preterm premature rupture of membranes (iPPROM) and is one of 

the most common complications during pregnancy.  

The aim of this work is to create a patch that allows the sealing of these orifices and 

significantly reduces the leakage of amniotic liquid and the risk of chorioamniotic membrane 

rupture during the first days after fetoscopy. 

The development of the sealing system has been divided into three parts, which experiments, 

advances and results have been obtained in a semi-parallel process until a final medical 

device was obtained: on the one hand, the development of an adhesive with bioadhesive 

properties in a wet environment, which is activated when it comes into contact with the 

amniotic fluid itself; on the other hand, the substrate where the adhesive will be placed and 

which acts as a patch; and finally, an insertion system that allows the placement of this patch 

as quickly and safely as possible by the medical team involved in the surgery. 
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Resum 

Nou sistema de segellat com a tècnica quirúrgica per evitar el 

Trencament Prematur iatrogènic a Preterme de les Membranes fetals 

(iPPROM). 

Aquesta tesi es centra en la creació d'un sistema de segellat que permet taponar els forats 

de la membrana corioamniótica produïts per l'instrumental quirúrgic de mínima invasió en 

operacions fetals.  

Actualment, amb la millora de les tècniques d'imatge per al diagnòstic fetal que s'utilitzen per 

fer el seguiment de l'embaràs, ha augmentat la detecció d'anomalies fetals i, per tant, també 

la necessitat de dur a terme intervencions quirúrgiques amb les que accedir directament al 

fetus de forma segura.  

Ja des de fa alguns anys, per a realitzar cirurgies de la manera menys invasiva possible 

s'utilitza la fetoscòpia. Tècnica en la que mitjançant la inserció d'un trocar a través de la cavitat 

abdominal som capaços d'introduir les eines necessàries per dur a terme la cirurgia fetal 

corresponent. Tot i així, l'accés al fetus des d'un sol punt limita les possibilitats de la tècnica, 

en contraposició de si es tingués accés des de diversos punts, ja que permetria abordar al 

fetus des de diversos eixos.  

Un dels problemes associats a les cirurgies fetals és la presència romanent de l'orifici a la 

membrana corioamniótica un cop s'extreu el trócar i finalitza l'operació, ja que per si sola és 

incapaç de regenerar-se. La permanència de l'orifici, sobretot en les primeres hores, pot 

causar diferents patologies. Des d’oligohidramnios, corioamnionitis, hipoplàsia pulmonar del 

fetus, ..., fins trencament de la membrana corioamniótica, que pot cursar amb la mort del 

fetus. Aquest trencament de la membrana rep el nom de Ruptura Prematura de les 

Membranes a Preterme per causes iatrogèniques (iPPROM) i és una de les complicacions 

més comuns durant l'embaràs.  

L'objectiu d'aquest treball és crear un pegat que permeti el segellat d'aquests orificis i que es 

redueixi de manera significativa el risc de pèrdua de líquid amniòtic i el trencament de la 

membrana corioamniótica durant els primers dies després de la fetoscòpia.  

El desenvolupament del sistema de segellat s'ha dividit en tres parts, en que els experiments, 

avenços i resultats s'han obtingut de forma semi-paral·lela fins a obtenir un prototip final de 

dispositiu mèdic: d'una banda, desenvolupar un adhesiu amb propietats bioadhesives en 

medi humit i que s'activa en entrar en contacte amb el propi líquid amniòtic; d'altra banda, el 

substrat on estarà disposat l’adhesiu, i que junts actuen com un pegat; i finalment un sistema 

d'inserció que permeti la col·locació d'aquest pegat de la forma més ràpida i segura possible 

per part de l'equip mèdic partícip en la cirurgia. 
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Resumen 

Nuevo sistema de sellado como técnica quirúrgica para evitar la Rotura 

Prematura iatrogénica a Pretérmino de las Membranas fetales 

(iPPROM). 

Esta tesis se centra en la creación de un sistema de sellado que permite taponar los orificios 

de la membrana corioamniótica producidos por el instrumental quirúrgico de mínima invasión 

en operaciones fetales. 

Actualmente, con la mejora de las técnicas de imagen para el diagnóstico fetal que se utilizan 

para hacer el seguimiento del embarazo, ha aumentado la detección de anomalías fetales y, 

por lo tanto, también la necesidad de llevar a cabo intervenciones quirúrgicas con las que 

acceder directamente al feto de forma segura.  

Ya desde hace algunos años, para realizar cirugías de la manera menos invasiva posible se 

utiliza la fetoscopia: técnica en la que mediante la inserción de un trócar a través de la cavidad 

abdominal somos capaces de introducir las herramientas necesarias para llevar a cabo la 

cirugía fetal correspondiente. Aun así, el acceso al feto desde un solo punto limita las 

posibilidades de la técnica, en contraposición de si se tuviera acceso desde varios puntos, 

ya que permitiría abordar al feto desde varios ejes.    

Uno de los problemas asociados a las cirugías fetales es la presencia remanente del orificio 

en la membrana corioamniótica una vez se extrae el trócar y finaliza la operación, ya que por 

sí sola es incapaz de regenerarse. La permanencia del orificio, sobre todo en las primeras 

horas, puede causar diferentes patologías. Desde oligohidramnios, corioamnionitis, 

hipoplasia pulmonar del feto, …, hasta rotura de la membrana corioamniótica, que cursa con 

la muerte del feto, si éste aún no es viable. Esta rotura de la membrana recibe el nombre de 

Rotura Prematura de las Membranas a Pretérmino por causas iatrogénicas (iPPROM) y es 

una de las complicaciones más comunes durante el embarazo.  

El objetivo de este trabajo es crear un parche que permita el sellado de estos orificios y que 

se reduzca de forma significativa la pérdida de líquido amniótico y el riesgo de rotura de la 

membrana corioamniótica durante los primeros días tras la fetoscopia. 

El desarrollo del sistema de sellado se ha dividido en tres partes, cuyos experimentos, 

avances y resultados se han obtenido de forma semiparalela hasta obtener un prototipo final 

de dispositivo médico. Por un lado, el desarrollo de un adhesivo con propiedades 

bioadhesivas en medio húmedo y que se activa al entrar en contacto con el líquido amniótico; 

por otro lado, el sustrato donde de depositará el adhesivo, y que juntos actúan como un 

parche; y finalmente un sistema de introducción que permita la colocación de este parche de 

la forma más rápida y segura posible por parte del equipo médico partícipe en la cirugía. 
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Motivations and Aims 

The present chapter summarizes the state of the art about the rupture of the 

amniotic sac after the realization of minimally invasive techniques on fetal 

surgeries. Feature a brief introduction about the anatomical, physiological 

and histological view of the membranes that form the fetal sac. Also 

summarizes the strategies applied by different research groups until the 

current date to seal the remaining hole on the membranes. This thesis 

focuses in the development of a sealing system to avoid the iatrogenic 

preterm premature rupture of membranes (iPPROM). As well as shows the 

conditions and criteria that should satisfy this sealing patch to carry out in 

vitro, ex vivo and in vivo assays, to finally facilitate compliance with the 

current regulatory framework of medical devices. 

 

1.1. Motivations and aims 

Historically, traditional surgical interventions are carried out by open surgery (Figure I-1 A). 

Through a cut in the skin and tissues, the surgeon has access to the structures and the 

exposed lesion, so that he can work completely on it with a direct vision of it.   

The minimally invasive surgery (MIS) is a technique  (Figure I-1B) that has led to a 

breakthrough in the world of surgery. MIS consist of the introduction of one or several trocars 

through different layers and tissues to access the affected area in a non-traumatic way. 

Through these trocars, apart from a camera with which to see inside of the affected area, all 

the surgical instruments are introduced to perform the surgery. The MIS presents a series of 

advantages in front of the open surgery: less operative trauma, lower incidence of wound 

complications, fewer complications due to adhesions, shorter hospital stay, minor 

convalescence, and lower postoperative immunosuppression. But also present some 

drawbacks: technically more demanding, learning curve, fatigue and stress of the surgeon, 

dependent on technology, limited applicability, and restriction of the handling and extraction 

of the specimen1.  

With the appearance of new advances in the development of biomaterials and techniques, 

surgeons increasingly perform MIS. MIS such as arthroscopy, splenectomy, colectomy, 

vascular, cardiac, ear, nose, and throat surgery, …, have been updated over the years. A 

special type of MIS is laparoscopic surgery used in gynecology and obstetrics. This surgery 

is really special because it involves making a small incision in the abdomen of a pregnant 

woman to introduce a trocar through which the surgical material necessary to perform surgery 

https://dictionary.cambridge.org/es/diccionario/ingles-espanol/invasive
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/surgery
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/is
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/a
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/technique
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/that
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/has
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/led
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/to
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/a
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/breakthrough
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/in
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/the
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/world
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/of
https://dictionary.cambridge.org/es/diccionario/ingles-espanol/surgery
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on the fetus is introduced. Understanding that there really is great complexity in any type of 

surgery that can be done. In addition to opening an ethical and moral discussion or debate 

that each country or region must legislate to identify and mark the limits that such surgeries 

must have. 

It is estimated that approximately 5% of women in the developed world will ever undergo an 

invasive procedure during their pregnancy. Currently, with the improvement of imaging 

techniques for fetal diagnosis used to monitor pregnancy, fetal anomalies have been detected 

and, therefore, the need to carry out surgical interventions with which to access the fetus 

directly. Already, for the last few years, fetoscopy or fetal surgery (Figure I-1 C) is used to 

perform these surgeries in the least invasive manner possible. By inserting a trocar of 10-12 

F (3.3-4 mm in diameter) we are able to introduce the necessary surgical instruments for the 

corresponding surgery. Even so, the access to the fetus from a single port limits the 

possibilities of the technique, as opposed to if it had access from several ports. 

 

Figure I-1. Pictures with the different classes of surgeries: Traditional open surgery (A); Minimally invasive surgery 

(B); and  fetal surgery (C). 

There are some fetal diseases such as twin to twin transfusion syndrome2, sever congenital 

diaphragmatic hernia3, or the detachment of amniotic bands that are operable through a single 

entry point. On the other hand, other diseases such as spina bifida syndrome o 

myelomeningocelle demand a greater number of ports in order to perform the surgery 

optimally, making the process more difficult and increasing the risks associated with the 

greater number of incisions and orifices made to the patient4,5. 

This risk in fetoscopies is defined by the remaining presence of the orifice in the chorio-

amniotic membrane once the trocar is extracted. The possible post-surgical complications 

range from oligohydramnios, corioamnionitis, pulmonary hypoplasia, ... to even the death of 

the fetus if it is not viable. In vitro and in vivo studies do not show significantly cell proliferation 

nether self-heal capacity of the membrane. Although naturally, the membranes slide one over 
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the other until the amniotic fluid is blocked (Figure I-2). The permanence of this orifice can 

cause a subsequent rupture of the chorio-amniotic membrane when the amniotic liquid soak 

between both membranes6,7. 

 

Figure I-2. Images with the movement between the chorion and-amnios. Picture of a fetus with an amniotic sac(A). 
(B) and (C) show the naturals movement of the amnios and corion after remove the trocar7. 

 

The breakdown of the membranes is called iatrogenic preterm premature rupture of 

membranes (iPPROM) and is one of the most common complications during pregnancy if a 

minimally invasive surgery is performed.  

Reported data show an incidence of iPPROM of 1% after an amniocentesis to make a genetic 

analysis8,9, up to 10% after laser coagulation for twin-twin transfusion syndrome10, >30% after 

fetoscopic cord ligation11, and >62% after fetoscopic tracheal clipping12. 

The risk of rupture also depends on the number and diameter of the trocars, the time of the 

surgery, and the state of gestation. For example, the risk is 6-10% in surgeries with a single 

trocar, up to 47% with two trocars, and finally increase to 62% with multiple trocars.  

In recent years, to avoid iPPROM, attempts have been made to seal the chorioamniotic 

membranes using different strategies and techniques (Table I-1).One of the most commonly 

used strategies has been the direct application of a plug to seal the orifices produced by the 

trocar. These plugs are composed of different biomaterials such as collagen (Colgen, 

TissueFoil E, TissueFleece, ...), Matrigel®, gelatin sponges (Gelfoam®), decellularized 

amniotic membrane, polyesterurethane (Degrapol®), etc. And, in order for these plugs to be 

retained by obturating the orifice, it is necessary to add stitches or different adhesives 

(Dermabond, Histoacryl, fibrin-tissucol glue, dopaminated polyethylene glycol, etc.). Although 

these approaches to resolving iPPROM have yielded positive results, none have shown a 

clear improvement in the integrity of the chorioamniotic membrane. Therefore, having 

evaluated the strategies used so far and understood the reasons why the iPPROM problem 

has not been solved, it is necessary to develop a new sealing system. 
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 Table I-1. Table with some different strategies used since the actuality. 

Before proposing our own solution to avoid the iPPROM we must understand the causes of 

this rupture and also understand the physiological, anatomical, and histological aspects of the 

different parts of the fetal sac. 

As already mentioned, in a physiologically normal pregnancy it is an imperative requirement 

that the fetal membrane retains its physical integrity until the water breaks and birth. The fetal 

membrane has the function of containing the fetus surrounded by amniotic fluid in a kind of 

Study Plugging material /Adhesive 

Papadopulos et al. (1998)13 Collagen (Colgen) 

Deprest et al. (1999)14 Collagen (Colgen) 

Quintero et al. (1999)15 Amniopatch (platelets and cryoprecipitate) 

Luks et al. (1999)16 Gelatin sponge (Gelfoam)  

+ myometrial suture 

Gratacós et al. (2000)17 Collagen (Colgen)  

+ myometrial suture 

Gratacós et al. (2000)17 Matrigel + myometrial suture 

Devlieger et al. (2003)18 Porcine small intestine (bioSIS) contains transforming 
growth factor-b and basic fibroblast factor 

Ochsenbein-Kölble (2003)19 Fibron microbeads with human amnion epithelial and 
mesenchimal cells 

Papadopulos et al. (2006)20 Collagen (TissueFoil E®)                                                        
+ fibrin sealant                                                                            
+ myometrial suture 

Papadopulos et al. (2006)20 Tissue banked human amnion membrane + fibrin sealant     
+ myometrial suture 

Papadopulos et al. (2006)20,  
Mallik et al. (2007)21 

Collagen foil (TissueFleece®) + fibrin sealant + myometrial 
suture 

Mallik et al. (2007)21 Decellularized human amnion                                                   
+ fibrin sealant                                                                            
+ myometrial suture 

Ochsenbein-Kölble et al. (2007)22  Decellularized rabbit amnion + myometrial suture 

Ochsenbein-Kölble et al. (2007)22 Polyestherurethane (Degrapol®) 

Bilic et al. (2010)23 Dermabond                                                                    
Histoacryl                                                                         
Tissucol Duo S fibrin glue                                        
photopolymerized PEG (pPEG)                                
catechol-functionalized PEG (cPEG)                             
SprayGel 

Haller et al. (2011)24  cPEG 

Haller et al. (2012)25 cPEG                                                                                      
+ fibrin 

Perrini et al. (2015)26 Catechol-modified Tetronic (cT)                                     
cPEG 

Pensabene et al. (2015)27 Ultrathin, self-adherent, Poly-L-lactic acid (PLLA) patch 

Devaud et al. (2018)28 Nitinol mesh covered by an electrospunned polyesther 
(Degrapo®l) membrane                          
+Hystoacril®/Tisseel®/mussel glue 
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sac. This membrane must support the increased pressure of the amniotic fluid, the size of the 

fetus itself as it grows, and the deformations caused by fetal movements.  

Although the fetal membrane acts as one, it is really composed of two membranes joined 

together: the chorion and the amnion.  

The chorion is the outermost layer, has a thickness of about 0.15 mm, is vascularized and 

contains three sublayers: the cytotrophoblast that is firmly adhered to the maternal decidua; 

The Reticular Layer and the Basal Membrane are rich in extracellular matrix formed by 

collagen of various types, laminin, fibronectin and proteoglycans29,30.  

The amnion is 20 % thinner than the chorion, it is not vascularized and contains five sublayers: 

The Spongy, the Fibroblastic, the Compact layers and the Basement membrane are 

responsible for the strength and resistance of the amnion against mechanical forces. They 

are rich in collagens, fibronectin, laminin, nidogen and proteoglycans. The epithelial sublayer 

is the innermost one, so it is in contact with the amniotic fluid, and is formed by a mono-

stratified epithelium. Reason why once an injury occurs in the amnion does not self-heal29,30,31. 

In fact, the pig is the only research animal model that can regenerate its fetal membrane(ref). 

 

Figure I-3. Images with the layers of the chorio-amniotic membranes. H & E staining of the full thickness of human 
fetal membranes showing the constituent layers32 and schematic representation of the structure of the fetal 
membranes at term and the extra-cellular composition of the layers. 

Once we have understood the structure of the different membranes, and especially that of the 

amnion, we are able to propose a solution for this unsolved problem. 

Therefore, a sealing system is proposed consisting of a patch with adhesive properties, which 

will be introduced into the fetal cavity through the same trocar once the surgery on the fetus 

is completed. Ideally, the patch should remain adhered to the amnion until delivery, without 

causing any toxicological reaction to the mother or the fetus.   
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Although exist a natural movement of amnion sliding over the chorion during the first few 

minutes after the extraction of the trocar, sometimes this time is not enough to prevent the 

leakage of amniotic fluid. In fact, the effectiveness of this movement is key to avoiding the 

iPPROM, so the new patch should allow this movement.  

Following our medical-scientific criteria, it would be acceptable to obtain a patch that remained 

adhered to the amnion for at least three days, allowing the chorioamniotic membranes to slide 

over each other avoiding the introduction of amniotic fluid between them and their subsequent 

separation and rupture. 

 

Therefore, we have established a series of firsts criteria that the sealing system must 

accomplish: 

-Non biodegradable and biocompatible patch. The patch will be removed with the placenta 

during at time of birth. 

-A patch with disc and/or semi-lent design with small size, around a diameter of 3 mm to 

enter in a cannula on a folded form. 

-A patch with elastomeric properties and adaptability to tension movements of the amniotic 

membrane. 

-Biocompatible adhesive. It should not affect the integrity of the amnios either the 

composition of the amniotic liquid. The adhesion must less that the amniotic liquid stays in 

contact with the cells of monolayer of the amnios. They need oxygen and nutrients 

exchange. 

-The adhesive must be a thin and flexible nonactivated layer when is folded. And it must 

be activated when enter in contact in a wet environment as is the amniotic liquid.  

Figure I- 4. Image with the general scheme of the proposal. Placing a patch on the inner layer (amnion) with the 
same trocar that it uses during the fetal surgery.  
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-The adhesive must have a quick activation (<2 mins). 

-The adhesive must have a low solubility in amniotic liquid. 

-The adhesive must avoid the orifice obstruction and allows the natural movement of the 

chorio-amniotic membranes. 

-The integration of the patch and the adhesive, that is the biopatch, must remain attached 

to the amniotic membrane more than three days. 

-The biopatch must avoid the leakage of the amniotic liquid, and the consequent 

detachment and break of the chorio-amniotic membranes. 

-An insertion system that allows the patch unfolding across the last trocar used in the fetal 

surgery. 

-Insertion system with optimum handling. 

-A sterilizable insertion system. 

-An insertion system with different lengths and diameters.  

-All the parts and compounds of the sealing system must to accomplish the medical 

regulatory for medical devices.   

-The manufacture of the different parts must be simple and fast, and with the lowest 

possible costs. 

 

According to the information presented and the previously stated criteria, the final aim of the 

thesis are to develop a medical device that allows seal the remained orifice after fetal surgery 

with minimally invasive techniques. To achieve this, a patch must first be manufactured that 

allows the optimal deposition of a bioadhesive, and that acting together prevents the leakage 

of amniotic fluid and the rupture of the amniotic membrane. In addition to developing an 

insertion system that allows this patch to be inserted and positioned optimally on the inner 

side of the amnion quickly and safely.    
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1.2. Content of this Dissertation 

Due to the non-existence in the international market of a solution to avoid iPPROM, there is 

an excellent opportunity to develop a sealing system that can meet a need in the sector of 

fetal surgeries, and that can also be a starting point for the development of other medical 

devices and associated technologies. 

This doctoral thesis shows the steps followed to develop this sealing system, and is divided 

into 4 main parts or chapters: 

In the Chapter II shows the design and election of the patch. The data that has been 

considered to choose a material with desired viscoelastic properties and that works as an 

optimum substrate to apply a thin adhesive layer on the top. In what way and for what reason 

has this surface been modified. Also explains the reason of the measures and design. 

In the next part, the Chapter III shows the process to develop a device to introduce the patch 

without the adhesive developed yet. This process shows the evolution of the first introducer 

or insertion system models until the final prototype. Also shows the steps to allow assemble 

the final sealing system and the user manual to apply the patch quickly and safely.  

In the third part, corresponding to Chapter IV, the evolution that the development of the 

adhesive has followed in its different phases and types is reflected. From the first idea and 

attempt to create a thin film with adhesive properties to the subsequent development of an 

adhesive based on rehydration with the amniotic fluid itself to achieve sufficient adhesive 

properties for the patch to adhere to the amniotic membrane and cover the hole created by 

the surgeon. It reflects the paradigm shift from an initial adhesion strategy to a final one, which 

is explained by obtaining results and discovering new factors that we were initially unaware 

of. 

Finally, Chapter V shows the latest results obtained in in vivo assays on pregnant sheep. The 

latest update of the patch involves the incorporation of microarpoons on its surface that serve 

as a physical and complementary attachment to the adhesive on the amnion. Also shown are 

some of the latest ideas for improving the sealing system. The integration of new components 

would improve both the adhesion and new functions of the patch. 
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Design and Election of the Patch 

This chapter explains the developing process of the patch, that is, only the 

substrate where the adhesive is deposited. From its first designs and forms to 

the final designs in the form of disc and semi-lens. It shows the measures and 

materials chosen, as well as the different production methodology of these 

patches. It also includes the various surface modifications that have been applied 

to increase the contact surface for the deposition of the adhesive layer. Finally, 

it includes a section explaining the integration of a polymeric layer produced with 

the electrospinning technique. 

 

2.1. Introduction 

The choice and composition of the patch materials are of utmost importance. It is necessary 

that the materials fulfill their function and that they can be modified to create the shape we 

want to obtain. One factor to take into account is that the materials used must already comply 

with the regulatory standards for implantable materials. This will significantly accelerate the 

development and subsequent acceptance by regulatory agencies, if the sealing system fulfills 

its function. 

The selection of material and the design of the patch or support for the adhesive is given by 

the compliance with the requirements that the patch must meet, as stated in Chapter I. Of 

course, the patch must be biocompatible. The material of the patch should not alter the 

physiological composition of the amniotic liquid or cause toxicological effects on the fetus or 

on the fetal membranes. Must be a non biodegradable patch because the patch must maintain 

its physical integrity and the composition must remain unaltered until the moment of childbirth. 

This is the moment when the patch will be removed together with the placenta. The material 

of the patch must have elastomeric properties since it must adapt to tension movements of 

the amniotic membrane and supports the different forces without breaking. The patch must 

block the leakage of the amniotic liquid through the created orifice. The designs of the patch 

must allow the distribution of forces on a homogeneous way, and must have a small size, 

around a diameter of 15-20 mm to enter in a trocar on a folded form. 

 

Regarding the selection of the materials, the current regulations and the classification of the 

medical devices have been considered. We should know that on May 26th of 2020 the new 

Medical Device Regulation MDR (EU) 2017/745 will be applied, which will replace the current 

Directive of Medical Devices MDD 93/42/EEC and the Active implantable Medical Devices 
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Directive AIMDD 90/385/EEC. Even so, according to the current MDD 93/42 / EEC, our patch 

is part of the category of invasive and implantable medical device. We must keep in mind that 

according to rules 7 and 8, that classify implantable medical devices in the short (<30 days) 

and in the long term (> 30 days) successively, our medical device belongs to class III. For this 

reason, and in order to avoid the increase of the economic and temporary costs destined to 

the fulfillment of the current regulation, materials already certified for use in implantology have 

been chosen. Thing that considerably shortens the path to future validations. 

 

In the international market currently a great variety of products manufactured form non-

biodegradable polymers exists (Table II-1), that after fulfilling the requirements of the 

regulatory organism are suitable for their use in biomedical applications33,34. Even though 

these polymers have a big interest for us, in order to find a material for the development of 

our patch, since the initial phase and after evaluating several options, elastomeric silicone 

has been chosen. For the first tests poly(dimethylsiloxane) PDMS has been used. PDMS, 

which is a member of a group of polymeric organosilicone compounds that are widely known 

as silicones, is an elastomeric polymer with interesting properties as nontoxicity, 

biocompatibility, blood compatibility, elasticity, transparency, and durability33,35. PDMS can be 

used for a variety of research applications, including microfluidic devices36 as lab-on-a-chip37 

and organ-on-a-chip38, surface to control the cell adhesion in cell cultures39, etc. The 

mechanical properties of elastomers are great interest due to their resistance to tensile force 

and their elasticity. This implies that the final designs manufactured with silicones retain the 

initial shape after applying forces of crushing, stretching, folding, twisting, provided that its 

Young’s modulus stay within their elastic region. As we have commented, the use of PDMS 

is of great interest for the first laboratory tests, but it cannot be used in implantology since it 

does not comply with the current regulations for such use. A member of the family of silicones 

that does comply with the regulations for use in implantology is medical grade silicone. Having 

practically similar properties to PDMS, medical grade silicone has the advantage that new 

tests should not be carried out to comply with current regulations, since the manufacturer has 

already obtained the certification of medical use for said material. 
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Table II-1. Table with some products used in biomedical research.

Chemical name Chemical Structure Key Property Applications 
Trade name 

(manufacturer) 

Poly(ethylene) 

(PE) 

 

Strength and lubricity 
Orthopedic implants and 

catheters 
 

Poly(propylene) 

(PP) 

 

 

 

 

Chemical inertness and 

rigidity 

Drug delivery, meshes and 

sutures 

Actisite® (Procter & 

Gamble) 

Poly(tetrafluorethylene) 

(PTFE) 

 

Chemical and biological 

inertness and lubricity 

Hollow fibers for enzyme 

immobilization, vascular 

graft, guided tissue 

regeneration and barrier 

membrane in the 

prevention of tissue 

adhesions 

Teflon® (DuPont), Gore-

Tex®  

(W.L. Gore 

&Associates) 

Poly(methylmetacrylate) 

(PMMA) 

 

 

 

 

Hard material, excellent 

optical transparency 
Bone cement, ocular lens 

Palacos® and 

Osteopal® (Merck) 

Ethyene-co-vinylacetate 

(EVA) 

 
Elasticity, film forming 

properties 

Implantable drug delivery 

devices 

Elvax® (DuPont), 

Ocusert® (Alza), 

Implanon® (NV 

Organon) 

Poly(dimethylsiloxane) 

(PDMS) 

 

Ease of processing, 

biological inertness, 

oxygen permeability and 

excellent optical 

transparency 

Implantable drug delivery 

devices, device coatings, 

gas exchange 

membranes, ocular lens, 

orbital implants 

Silastic® and Sylgard® 

(Dow Chemicals), 

NuSil® (Avantor) 

Poly(ether-urethanes) 

(PU) 

 

Blood compatibility and 
rubber-like elasticity 

 

Vascular grafts, heart 

valves, blood contacting 

devices, coatings 

Tecoflex® and 

Tecothane® 

(Thermedeis), 

BioSpan® (Polymer 

Technology Group, Inc) 

Poly(ethylene terphthalate) 

(PET) 

 

Fiber forming properties 

and slow in vivo 

degradation 

Knitted Dacron vascular 

grafts, coatings on 

degradable sutures, 

meshes in abdominal 

surgery 

Dacron® (DuPont) 

Poly(sulphone) 

(PS) 

 

Chemical inertness, 

creep resistant 

Hollow fibers and 
membranes for 

immobilization of 
biomolecules in extra-

corporeal devices 

Radel® and Udel® 

(Solvay) 

Poly(ethyleneoxide) 

(PEO, PEG) 

 

 

 

 

Negligible protein 

adsorption and hydrogel 

forming characteristics 

Passivation of devices 

toward protein adsorption 

and cell encapsulation 

 

Poly(ethyleneoxide-co- 

propyleneoxide) 

(PEO-PPO) 

 

 

Ampiphilicity and gel 

forming properties 

Emulsifier 

 
Pluronic® (BASF) 

Poly(vinylalcohol) 

(PVA) 

 

Surfactant and gel-

forming properties 

Emulsifier in drug 
encapsulation processes 

and matrix for sustained 

drug delivery 
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Another polymeric biomaterial of interest is polyurethane (PU). PU is a another elastomeric 

compound with excellent mechanical properties and stability, and it is commonly used for 

medical application and the developing of medical devices as catheters, artificial heart 

valves40, breast implants41, aortic grafts, dialysis membranes, intra-aortic balloon pumps and 

others common short-term implants and bioadhesives.42,43 The physico-mechanical 

properties of PU depend mainly on the proportion of its three components: a diisocyanate, an 

oligomeric macromonomer and a chain extender, which in turn form repeated blocks with soft 

and hard segments.  

For the commented reasons and due to its excellent biocompatibility, the integration of a 

microfibers or microsponge of PU on the surface of the silicone patch could be interesting. 

This incorporation would allow obtaining a suitable substrate on which to deposit the 

bioadhesives that will be developed in Chapter III. While the silicone substrate would be 

manufactured by additive injection techniques, to obtain a layer of PU microfibers it is 

necessary to use another manufacturing technique such as electrospinning.  

The electrospinning technique allows the creation of polymeric matrices or films from the 

deposition of micro and nanofibers, and a porosity which depends on the space between 

fibers (Figure II-2 C). In contrast to the classical methods of manufacturing PU parts by 

additive manufacturing in molds, we can modify the mechanical properties of a PU film by 

manufacturing it in the form of fibers, which together form a mesh with a large increase in 

surface area per unit volume. Electrospun nanofiber mats are used in a wide variety of science 

applications as scaffolds for cell cultures, drug delivery, wound dressing materials, air filters, 

sensors, etc.44  

Figure II-1. Examples of PU implants and medical devices. Low pressure balloons(A)42; heart valve with special 
design for the mitral position (B)40; PU foam-covered silicone gel-filled breast implant and SEM view of the open-cell 
PU foam (C). 
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The electrospinning equipment also allows the electrospraying technique, with which micro 

and nano beads can be obtained from different polymeric solutions. Depending of the final 

result that we want to obtain, it uses one technique or another (Figure II-2). 

Currently, the electrospinning technique has become a very attractive process thanks to the 

ability to transform a wide range of nanofiber materials at low cost and with relative 

simplicity.45 Electrospunned nanofibers of synthetic polymers (such as Polyurethane (PU)44,46, 

Poly(l-lactide) (PLLA)47, Poly(e-caprolactone) (PCL)48 or Polystyrene (PS))49, natural 

polymers (proteins such as collagen50–52, fibrinogen53 and silk54), and even polysaccharides 

(such as chitosan55 and 56) have been reported, and they are increasingly used as 

extracellular matrix cell research and in tissue regeneration therapies. 57  

To understand better the electrospinning technique, we must consider some briefs and basics 

concepts that explain the morphology of the fibers that are intended to form. The 

electrospinning equipment (Figure II-3) is formed by a syringe filled with a polymer solution, 

whose flow can be modified by means of a syringe pump. This polymer solution is injected 

through a needle to which a high voltage is applied. When leaving, and due to surface tension, 

conductivity and surface charge density, the Taylor cone is formed, and the solution is 

transformed into microfibers/ microdrops that are directed to a collector because that is in 

contact with a ground. Therefore, due to the potential difference between the needle and the 

collector they are deposited on said collector. The distance between the needle and the 

collector is critical since the solvent present in the polymer solution needs to be evaporated 

so that dry fibers/ drops are deposited on the collector. Depending on the orientation of the 

polymer fibers we want to get, it can be used from a flat collector, to a rotatory collector, or 

other customized collectors.45,58 

A                                                                    C 

 

 

 

B                                                                     D 

Figure II-2. Picture in time lapse of the fibers produced in electrospinning process during the 
deposition (A) and the microdrops produced in the electrospraying process (B). SEM images of 
electrospunned fibers (C) and electrosprayed microbeads (D). Images adapted of Bioinicia website. 
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The morphology of the fibers changes if its changes the solution parameters (polymer 

concentration, molecular weight, viscosity, solvents used, surface tensions and 

conductivity/surface charge density), the process parameters (applied voltage, feed/flow rate, 

types of collectors, distance between the tip and the collector, tip diameter), and finally, the 

ambient parameters (humidity, temperatures, etc.)(Table II-2).57,59 

 

Table II-2. Parameters affecting the electrospinning process.  

Solution parameters Process parameters Environmental properties 

Concentration. 

Viscosity 

Surface Tension 

Conductivity 

Dielectric constant 

Solvent volatility 

Electrostatic Potential 

Electric Field Strength 

Electrostatic Field Shape 

Working distance 

Feed Rate 

Orifice Diameter 

Temperature 

Humidity 

Local Atmosphere Flow 

Atmospheric composition 

Pressure 

 

Therefore, one of our hypotheses is that the silicone layer has, on the one hand, a mechanical 

support function for its viscoelastic properties, and on the other, an impermeable effect on the 

amniotic fluid as a physical barrier. While the electrospunned layer of PU has the function, 

once integrated into the silicone, to be a mat in which the adhesive can interact with a larger 

contact surface. 

Figure II-3. Scheme of our electrospinning equipment. 
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Once a time the substrate is obtained, it is necessary to establish a strategy to deposit the 

adhesives on the surface of the patch. If it wants to covalently attach an adhesive to the 

surface of the patch, it must be taken into account that silicone and PU are not a reactive 

compounds. Due to this lack of reactivity, it is necessary to apply some technique on these 

materials to achieve a reactive surface. 

Cured silicone has hydrophobic properties due to the presence of methyl groups exposed in 

its most superficial part. This means that its surface repels water and, therefore, prevents 

possible interactions between its surface and some type of adhesive that we would deposit 

later. For this reason, the surface properties must be modified. One strategy to get this is to 

create radicals in the surface to make covalent bonds between the adhesive and the silicone 

surface. In our lab we are experts in the surface modification of wide variety of biomaterials, 

for this reason the functionalization of the silicone surface by plasma techniques60 has been 

selected.  

Exist plasma treatments with oxygen, argon, hydrogen, …, end each gas produce a unique 

effect in the surfaces. For example, plasma surface etching is realized with argon gas or a 

mixture with oxygen, and usually is used on metallic surfaces to create non-oxidizable micro- 

and nano-rough surfaces61 and remove impurities62 (Figure II-4).  

In our case we use a plasma surface activation with oxygen on silicone and PU. This treatment 

attaches the surface layer of the both biomaterials forming oxygen radicals that impact with 

the molecules on the surface creating different families of radicals, perfects to bind to lateral 

reactive chains of the selected adhesives. 

Figure II-4. SEM images of the surface modification of absorbable magnesium stent by etching. A 2-D CAD model of the 
unfurled stent geometry and SEM image of a tube in which the stent pattern was machined; Machined stent remaining 
without the inner sections and dross that formed on the inner surface of the stent (B); Stent surface after chemical 
etching with a mixture of 90% Ar and 10% O2, when can observes some residues (dark areas) (C); and  the aspect of a 
finish stent after oxygen plasma cleaning process(D).62 
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Therefore, this chapter aims to show the process to develop a biocompatible patch that can 

be used to seal the orifice in the chorioamniotic membrane, and act as a substrate for the 

adhesives that will be developed in Chapters IV and V. The mechanical properties of the 

materials that will form the patch will be evaluated. Several surface modification techniques 

will also be used to increase the interaction between the patch and the future adhesives. 
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2.2. Material and Methods 

2.2.1. Selection and use of the material for the patch 

Among the different possibilities to choose the material with which the patch was made, 

silicone was chosen. Silicone has been selected because has a great form memory, and this 

is a very interesting property because allows been fold and unfold several times without affect 

their viscoelastic properties.  

In the firsts approaches Sylgard® 184 silicone elastomer (Dow Corning) was used since it is 

a PDMS which commonly is used for the development of microfluidic devices. In view of the 

final implantable product it was decided to replace it by a medical grade silicone. MED-4950 

(NuSil™) is part of the Liquid Silicone Rubber (LSR) that cure with platinum and is also widely 

used in mold injection. MED-4950 was selected for its interesting final viscoelastic properties, 

conditions of curing, price, and to facilitate compliance with current regulations                                  

Table II-3). Even that NuSil MED-4950 shall not be considered for use in human implantation 

for a period of greater than 29 days, exist the top compatible model MED-4850 which is 

implantable above these 30 days. 

 

                                  Table II-3. Product details of NuSil MED-4950. 

 

As a general preparation, to obtain de cured silicone, MED-4950 is prepared with a mix ratio 

of 1:1 of both components, mixed in the DAC-150 SpeedMixer™ during minimum 10 cycles 

of 60 seconds to 3000 rpm until the major part of the bubbles are removed, and opening the 

tap to avoid to increase the temperature. Deposit or inject the degassed mix of silicone in a 
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selected mold and cure the silicone in a 130 ºC oven for 20 mins according the data obtained 

in a lab and depending of the mold. And then let it sit at room temperature overnight so that 

the silicone chains stabilize. To characterize the properties of medical grade silicone it has 

used the strain-stress assay of four films with a thickness of 0.2, 0.4, 0.5 and 0.6 mm with 

DMA Q800 (TA Instruments) and Universal V4.5A software. The sizes of the samples have 

been of 0.5 mm x 2 mm with three repetitions for every size of sample, the speed was 4000 

μm/min during 10 000 μm. 

 

2.2.2. Design of the patch 

Together with the medical team, to decide the design of the patch, the possibility of developing 

it in two different designs was considered. Both designs should allow folding inside the 

cannula and unfolding once it is inside the fetal cavity, always maintaining the original shape. 

These designs and next to the selected material should have a memory effect. 

To facilitate the tests, study the behavior, and evaluate the use of different adhesives in the 

patch we decided to work with a flat disc-shaped design. The sizes of this patch have been 

selected according to the diameter of the hole in the chorio-amniotic membrane and the 

capacity of the patch to fold into de canula and unfold it without loss the final form.  

The second design is based on the lens or semi-lens form. This form is similar of a contact 

lens, but with the addition that an outer ring is incorporated as a support surface for the 

adhesive (The methodology for the bioadhesive deposition can be seen in chapter IV). 

Several designs were presented (Figure II-5) and their folding and unfolding capacity was 

evaluated.  

Figure II-5 Examples of the firsts designs of the lens/semi-lens patch. 
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After several meetings with the medical team, the simple semi-lens was selected since the 

initial hypothesis is based on the fact that the dome helps to support the intrauterine pressures 

exerted by the amniotic fluid on the patch, and at the same time it avoids the deformation and 

collapse of the patch at the moment of exerting mechanical traction to keep it attached to the 

amnion while the adhesive present in the outer ring is activated. 

 

The selection of the flat disc measurements has been realized evaluating several factors 

qualitatively in a table: the ability of the patch to be able to roll up, the ability to be inserted 

into an 8 F and 10 F cannula, the ability to be deployed, and even which point retains the 

original shape. To obtain the flat disc samples, films of medical silicone with 0.28 mm, 0.37 

mm, 0.5 mm and 0.66 mm thick have been used, and the films have been cut with a metal 

hole punch of 10.37 mm, 15.1 mm and 20 mm diameter. 

The sizes of the semi-lens patches will be selected according with the similar factors 

considered for the flat disc. 

 

2.2.3. Incorporation of a micropattern in the patch surface 

Due to a smooth silicone offers a limited contact surface resulting in a deficient interaction 

with the adhesive, the increase of the surface with the incorporation of micropattern is 

considered. To increase this contact surface on the adhesive side of the flat and semi-lens 

patch a micropattern with concave hemi-spheres have been added. 

Initially, a stainless-steel mold with a convex hemi-sphere matrix with depths of 0.02, 0.05, 

0.1, 0.15 and 0.2 mm was designed (Figure II-6). The objective is to evaluate the capacity of 

the mold to obtain an entire structure with the designed pattern in the surface of the silicone. 

Optical microscopic techniques with Leica DM2500M are used to evaluate the structure of the 

pattern, identify the possible aberrations on the surface, and guarantee the reproducibility in 

the production of the selected pattern on the silicone.  

Figure II-6. 3D design of the micropattern with convex hemi-spheres made with SolidWorks software 

 



Chapter II- Design and Election of the Patch  
 

26 
 

Furthermore, the wettability of the silicone surface obtained using the different molds has also 

been evaluated, choosing the one with the lowest values in the analysis of contact angle 

(Figure II-8) to create a final mold with higher size.  

 

The data have been obtained with a Drop Shape Analyzer (DSA)100S (Krüss) by sessile drop 

method before and after oxygen plasma activation. The sessile drop method is the standard 

arrangement for optical measurement of the static contact angle. This method is used to 

determine the surface free energy of a solid. According to Young’s equation (s=sl+l·cosƟ), 

there is a relationship between the contact angle Ɵ, the surface tension of the liquid l, the 

interfacial tension sl between liquid and solid and the surface free energy s of the solid. In 

our case this method shows the wettability changes of the five silicone patch surfaces 

produced with the five stainless steel molds with and without plasma activation. The surface 

hydrophobicity rises as the value of the contact angle with the drop, in our case of miliQ water, 

increases. While hydrophilicity rises as the contact angle of the same drop decreases. 

Activations of the silicone surfaces have been made by a plasma reactor of its own 

manufacture (Figure II-7). This plasma reactor allows to work from 2.2 x 10-2 mbar of minimum 

pressure and to apply voltages between 10 and 210 W with different duty cycles. After some 

tests, the optimized conditions of the surface activation are oxygen flow of 9 mL/min with an 

oxygen final work pressure of 1.5 x 10-1 mbar, power of RF generator of 60 W, continuous 

plasma or duty cycle (DC=(ton/ton + toff) of 1/1, during 2 mins.   

 

 

Figure II-7. Scheme of the customized plasma reactor.  The gas enters thanks to the gas control of the flowmeter 
to the glass vacuum chamber. Once the time the working press gas is the optimal, the generator is switch on with 
the voltage selected and the plasma process begins. This allows the creation of active radicals on the samples 
surface. 
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2.2.4. Production of the patches with flat and hemi-lens design 

To obtain the flat design, the mixed, degassed, and uncured silicone (as shown in the previous 

point) is deposited gentled on the texturized stainless-steel mold with a spatula. Immediately 

the leftover silicone is removed with a paint applicator until a thickness of 0.5 mm is reached. 

Then, cure the silicone in a 130 ºC oven for 20 mins. Finally let stand for 24 hours at room 

temperature and it use a metallic punch with a 16.7 mm diameter to obtain de disc shape 

patch. 

To obtain the semi-lens design, it needs two molds created in the first step with a Solid Works 

software (Dassault Systems) according with the selected dimensions (Figure II-9). The bottom 

mold has the convex shape with six channels to remove the leftover silicone, and it is made 

by stainless steel (Microrrelleus SA, Sabadell). The top mold has the concave design and is 

printed with the HP Multi Jet Fusion 4200 3D printer (Barel SA, Molins de Rei). This top mold 

is made with PA12, a polyamide and not in stainless steel by practical and economic reasons, 

and it is the way to test various thicknesses on quick way. The final intention is to also produce 

the top mold in stainless steel. 

To produce the semi-lens patch, the silicone is mixed as described in flat design. 

Approximately 250 μl of mixed silicone is injected into the two pieces of the mold. The pieces 

of the mold are pressed firmly and gently with a holding clamp and are introduced in a 120 ºC 

oven during 30 mins. Then, both molds are carefully separated, and finally the left cured 

silicone is removed with a round metal puncher.    

 

 

 

Figure II-8 Schematic diagram of contact angles of a drop obtained with DSA. 
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Finally, in order to have an anchor point in the patch and to be able to exert tensile forces 

towards the amnion until the adhesive is activated, a suture thread used in ophthalmology is 

incorporated inside it just after depositing the uncured silicone. Currently this thread is made 

of braided multifilament silk (Laboratorio Aragó, Barcelona). This type of threat has some 

interesting characteristics as it has a high tensile strength and a high flexibility. Threads of 

other materials have also been used such as Nylon, Norefil, polypropylene, Supramid, 

Supolene, etc. 

 

 

2.2.5. Integration of an electrospunned layer of Polycarbonate-urethane. 

Once the patches have been obtained with the flat and semi-lens design, and a texturing in 

the form of a hemisphere pattern has been applied to the surface in order to increase its 

contact surface, it is decided to create another type of surface for the same patches. It is 

intended to create other types of surface by replacing the hemisphere pattern with a mesh-

shaped surface layer using the electrospinning technique of a thermoplastic to further 

increase the contact surface with the adhesive. In this way, patches with two different types 

of surface are obtained that can later be compared by quantifying the interaction between 

adhesive and substrate. Interaction that influences the final adhesion of the patch to the 

amniotic membrane.  

 

 

 

Figure II-9. Mold design with Solid Works software with semi-lens shape. Top mold design (A); Bottom mold 
design (B); Bottom mold design with the semi-lens patch (C). 
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To produce the thermoplastic electrospunned layer, Fluidnatek® LE-10 of Bioinicia has been 

used (Figure II-10). This electrospinning equipment allows to deposit a polymeric nano and 

microfilaments in layer form, applying and modifying different parameters: 

-Voltage between 0-30 KV. 

-Distance between the tip and the collector from 1 to 29cm. 

-Use of different collectors as planes, customized and 

rotatory drum (200 - 2000 rpm). 

-Tips with two diameters (0.88 or 1.7 mm). 

-Use one or two polymeric solutions with a coaxial tip. 

-Feed rate of the polymeric solution from 0.07 μl/h to 21 

500 mL/h. 

-Camera to check the Taylor cone. 

-Check but not control the environmental conditions into 

the chamber. 

 

Final polymeric formulation used 

The 10% w/v polycarbonate-urethane (PCU) polymer (Bionate® II PCU, DSM) solution to be 

used for electrospinning is prepared by heating the PCU Bionate® II PCU from DSM pellets 

to approximately 80°C in a glass bottle with ISO screw for 30 min, with continuous agitation. 

The temperature is then lowered to 60 °C, N, N-dimethylformamide (DMF for analysis, 

PanReac AppliChem) and tetrahydrofuran (THF anhydrous, ≥99.9%, Sigma-Aldrich) are 

added in 3:2 ratio, and the bottle is quickly closed. It is left stirring at the same temperature 

for 48h. 

 

Final established condition of electrospinning technique 

The final conditions established so that the PCU fibers are homogeneous, have a diameter of 

1.22 μm and the film has a thickness of 0.025 mm are: polymeric solution flow of 2 mL/h with 

a nozzle of 1.7 mm inside diameter with the collector 100 x 100 mm custom stainless steel 

plane, 18 cm tip-collector distance and 13 kV of voltage. The voltage may vary depending on 

the stability of the Taylor cone. Once the electrospun PCU film is obtained, it is carefully 

separated from the collector, let it stabilize at room temperature overnight and put it in a weak 

vacuum chamber so that the solvents evaporate.  

 

 

 

Figure II-10. Electrospinning equipment 
used. Fluidnatek® LE-10 from Bioinicia. 
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Production of the patch of silicone and integrated PCU electrospunned layer 

Once the PCU electrospunned film is ready, a layer of medical grade silicone with a thickness 

of 0.5 mm is deposited in a smooth stainless steel mold, and carefully the electrospun PCU 

film is placed on the silicone with the face of the collector down. Press lightly with a flat weight 

and place it on the oven at 120 ºC for 20 mins.  

The semi-lens shaped patch is produced in a similar way, but first it is necessary to cut the 

PCU layer in a ring shape and place it in the convex mold. Then fill the mold with silicone, 

close it as a sandwich with a clamping pliers and place it on the oven at 60 ºC for 2 hours. 

Once the silicone has cured, the mold pieces are carefully separated and the half-lens is 

removed, which must be trimmed. 

 

Methodology to evaluate the conditions to get a homogeneous electrospunned PCU 

There are a group of variables that intervene in the formation of a homogeneous 

electrospunned film from each polymer solution. Therefore, it is necessary to identify possible 

study variables and establish the limits associated with each of them. It is imperative to know 

to what degree each of them influences. These variables can be divided between the 

variables that we can control, such as those of each polymer solution and those of the 

electrospinning process, and the environmental variables that we practically cannot control. 

    

a. Variables of the polymer solution. 

-The concentration of the polymer, its molecular weight and the solvents used influence the 

electrospinning process. To prepare the polymer solutions, medical grade PCU (Bionate® 

II PCU, DSM) was used with a molecular weight of 1.1 x 105 g/mol, and at concentrations 

between 5 % and 15 % w/v, and ratios of DMF:THF 2:3 and 3:2. 

-The viscosity of the prepared solutions was evaluated with the AR 2000 rheometer from TA 

Instruments, with a flow test applying the following conditions: Branch of effort (stress) of 

0.1 – 200 Pa for 60 seconds, at a temperature of 20 ºC and using a head in 40 mm conical.  

-The surface tension was quantified with the Drop Shape Analyzer (DSA) 100 from Krüss 

GmbH, by the pendant drop technique at room temperature. 

-Conductivity was assessed with the CRISON EC-Meter Basic 30+ conductivity meter with 

a 50 70 HACH probe. 
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b. Variables of the electrospun process. 

In the electrospinning process, independent and dependent variables have been considered.  

-The distance between the nozzle and the collector.  

-The feed rate or flow rate.  

-The diameter of the nozzle.  

-The applied voltage, which depends on the previous variables.  

-The volume deposited that depends on the thickness of the electrospun layer that we want, 

and therefore, on the duration of the experiment. 

 

c. Environmental variables. 

Environmental variables such as temperature and humidity can influence the morphology of 

the fibers and the electrospinning process. Although it is true that the moment to electrospun 

could have been chosen within a range of temperatures and humidity, in our case the 

environmental variables were only recorded to identify if they could influence on the result. 

The EasyLog EL-USB-2-LCD thermohygrometer was used for the recording. 

The morphology of the fibers (diameter, % porosity, homogeneity, aberrations, alignment, 

etc.) was analyzed by SEM (JEOL JSM-6460). To analyze these images the Image J free 

software was used.  

To characterize the mechanical properties of the PCU electrospunned films and silicone + 

PCU a strain-stress assay has made, with a DMA Q800 (TA Instruments). A strain-stress 

assay is established with 12 mm x 3 mm specimens and 500 μm thick. Silicone specimens 

are compared with electrospunned PCU specimens and silicone specimens with an integrated 

electrospunned CPU layer. Assay conditions: 4 000 μm/min with a total elongation of 10 000 

μm. 
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2.3. Results and Discussion 

2.3.1. Selection and use of the material for the patch 

In order to develop a patch that would adapt to the movements of the membranes, that could 

preserve the initially designed shape, and that would prevent the passage of amniotic fluid 

through the orifice created by the trocar, an implantable elastomeric material was selected. 

Starting the tests using a substrate made of a material that met the regulations for use in 

implantology was crucial as it would pave the way in the event of developing a patch that 

finally met the objectives set. Although PDMS was mainly used to do the first tests, it was 

quickly replaced by medical grade silicone, since PDMS did not comply with the regulations 

for short or long-term implantology.  

Once the medical grade silicone was selected, we wanted to find out what thickness would 

be the most suitable for the patch, since it had to be rigid enough to be able to unfold outside 

the cannula and not deform by the pressure of the amniotic fluid, but not so much as to avoid 

membrane movements. That is, it had to accompany, at least in part, its natural movement 

without creating points of tension in it. To obtain some type of data in reference to the 

properties of medical silicone, a strain-stress test was carried out in DMA to characterize it.  

The data obtained (Figure II-11) showed the characteristic curves of the elastomeric 

materials, where even at 80 % stretching there is no plastic deformation or breakage of the 

samples. These data confirm the properties of the medical grade silicone we are looking for. 

The Young's modulus of this medical grade silicone is between 1.16 MPa and 1.84 MPa, and 

Figure II-11. Results obtained with strain-stress assay of the silicone samples of 0.2, 0.4, 0.5 and 0.6 mm 
thick. 
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the stress forces at 50% strain are between 0.6 MPa and 1 MPa. These values were 

considered acceptable for the purpose of our patch. 

After analyzing the sensations of rolling and stretching the different thicknesses of silicone 

films by hand, it was concluded that an acceptable thickness of the NuSil™ medical grade 

silicone substrate could be about 0.5 mm. 

Considering the results obtained in this first strain-stress assay and that the design and shape 

would influence the mechanical properties of the patch, it was decided to use this reference 

thickness to design the shape and sizes of the different patches.  

 

2.3.2. Design of the patch 

Considering that the remaining hole in the chorio-amniotic membrane is about 3-5 mm of 

diameter after the removal of a trocar, and that the patch must fit rolled and folded inside a 10 

F standard canula (3.33 mm diameter), the initial decision was made that the dimensions of 

the patch should have a thickness between 0.25 and 0.6 mm, and a diameter between 15 

and 25 mm. 

 

Therefore, a design is established in the flat disc shape and one in the form of a half-lens, 

whose measurements can later be modified (Figure II-12). The flat disc design will be used 

mainly to carry out the tests in a more agile and dynamic way since to test the different 

adhesives, their deposition is significantly easier, and the half-lens design will be reserved as 

a promising design. With the half-lens design, hypothetically, the tensile forces of the 

membrane and the pressure of the amniotic fluid are better distributed thanks to the existence 

of the empty dome. In addition, this free space, in future designs, would allow us to incorporate 

Figure II-12. Design and approximated measures of the flat disc (A) and hemi-lens (B) patches before the 
selection of the measures. 
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some type of miniaturized sensor in order to monitor the status of the fetus during the rest of 

the pregnancy. 

 

A qualitative test, represented in a table of values and colors (Table II-4), was carried out in 

order to narrow down the measures to be chosen for the flat disc. The ability of the flat disc 

to roll, fold, unfold according to the diameter of the cannula (8 F and 10 F), and to deform 

when pulled against a PDMS film with a 4 mm diameter hole was evaluated on a scale of 1 

to 3. Being 1 (red) = bad, 2 (orange) = insufficient, and 3 (green) = optimal. In this way, 

visually, the best scoring measurements can be chosen. 

 

Table II-4. Table with the results obtained with different sizes of the flat patch according with the rolling, folding, 

deployment and deformation parameters, for 8 F and 10 F canula. Qualitative score: 1=bad, 2=insufficient, 3=optimal. 

 



Chapter II- Design and Election of the Patch  
 

35 
 

Analyzing the table, we can observe that the patches with thicknesses of 0.28 and 0.37 mm 

have difficulty in maintaining their shape when they are unfolded and are pulled against the 

inner face of the perforated PDMS film. They deform and penetrate through the hole, 

regardless of their diameter. So, initially, the choice of these thicknesses would not be 

recommended to produce the patch. In contrast, discs with a thickness of 0.5 and 0.66 mm 

maintain their shape and are rollable, except for those with a diameter of 10.4 mm which 

cannot be rolled. 

Discs with a diameter of 20.2 mm cannot be inserted in the 8 F or 10 F cannula, due to their 

size. The only patches whose measurements meet the criteria for rollability, folding into 

cannula, unfolding and shape maintenance for a 10 F cannula are patches with a diameter 

between 15 and 17 mm. The data indicate that patches with diameters slightly larger than 

10.37 mm could also be used. Thus, patches with a diameter between 12 and 17 mm could 

be used for a 10 F cannula. For an 8 F cannula there are no conditions that present optimal 

results, so this diameter is not advisable for our sealing system.  

Taking into account several factors, such as that the patch must have a maximum diameter 

and thickness determined to be able to fold into a trocar of 10 F, the patch must be fully 

deployed and perfectly cover the entrance hole of the trocar without deforming, and also 

taking into account the results obtained in the strain-stress assay, it concludes that the flat 

patch should have an approximated measures about 16.7 mm in diameter and about 0.5 mm 

± 0.05 mm thick. In this way it can be folded and deployed optimally without being forced at 

any time. 

In our assays, a cannula with a maximum diameter of 10 F were used because this is the 

largest diameter that fits in a 12 F trocar. Although 12 F trocars are usually the most commonly 

used in fetal surgeries, the new sealing system would allow the use of larger caliber trocars, 

and therefore the diameter of the introducer cannula could also be increased. If the 

effectiveness of this sealing system is demonstrated, further tests should be carried out by 

filling in this table. This qualitative assessment will allow new limits to be set as patch and 

cannula sizes are modified. The same would occur if it were decided, for example, to change 

material of the patch for one with less deformation, or if we were to incorporate a mesh or 

internal skeleton in the patch that would give us greater rigidity. We could use thinner patches 

that would maintain their shape when unfolded, in a cannula of less than 10 F diameter.  
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2.3.3. Incorporation of a micropattern on the patch surface 

After some initial tests with some commercial adhesives on smooth silicone films, it was 

concluded that it was necessary to increase the contact surface in some way. It was intended 

to modify the flat surface of the silicone for a rough or shaped one. It was then proposed to 

incorporate a micropattern on the face of the adhesive. This pattern, therefore, would have 

the function of increasing the contact surface on the patch, making the adhesive better able 

to adhere to the medical silicone. To create this increased surface area, a pattern in the form 

of convex hemispheres was selected. Linear geometry micropatterns with microchannels in 

the patch were tested, but when incorporating low viscosity adhesive, they circulated through 

these channels and did not deposit homogeneously, even falling out of the patch. In addition, 

the hemisphere pattern is one of the most similar patterns to the hexagonal compaction 

patterns observed in nature. A clear example is the honeycomb. And in this direction the 

design is justified because it would be the theoretical and simplest way to add the most 

amount of adhesive per unit area. 

A test was established to measure the contact angle of this pattern and to select the one that 

showed the best wettability results at a lower manufacturing cost. The ultimate goal was to 

produce an entire stainless steel sheet with the selected pattern and thus manufacture more 

patches in less time. 

Five medical silicone films were obtained with a textured stainless steel mold with a repeating 

pattern in the form of convex hemispheres of 0.1 mm in diameter and depths between 0.02 

mm and 0.2 mm (Figure II-13). Images were taken with an optical microscope to evaluate the 

homogeneity of the pattern present on their surface. In addition, to determine if the depth of 

the pattern influences the wettability, the angle formed by a drop of miliQ water with respect 

to the surface where it is deposited was measured. 

Figure II-13. Stainless steel mold with the five depth patterns  (A), and a scheme that represents 
the silicone over the mold with the texturized micropattern. 
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The photographs obtained by optical microcopy of the silicone samples (Figure II-14 middle) 

showed homogeneity in the 0.1, 0.15 and 0.2 mm pattern, while in the 0.2 and 0.5 mm pattern 

irregularities were observed on its surface. These irregularities are caused by air trapped in 

the lowest part of the mold, which corresponds to the area where three hemispheres 

converge. This phenomenon can also be observed in the other patterns, but in a more 

homogeneous way. In addition, an increase in the depth of the hemispheres could be 

observed as the pattern was deeper. 

 

In order to choose one of the patterns for the surface of the patches by studying their 

wettability, contact angle measurements were performed on the medical silicone samples. 

The images obtained with the DSA showed that in all patterns the hydrophobicity was very 

high (Figure II-14 top). Although a high hydrophobicity was already assumed in the samples 

due to the nature of the material, some reduction of the contact angle was expected due to 

the different depths. This was not the case, so it was concluded that the depth of this type of 

pattern does not influence its wettability. Subsequently, it was decided to evaluate the 

wettability of the samples with the same depths as those previously used but with the 

difference that the surfaces would be treated with oxygen plasma. With the same conditions 

applied to the samples in the plasma reactor, the contact angle with a drop of mQ water was 

measured again. The results showed that all samples were super wettable from the moment 

the drop was deposited. Thus, it was again observed that there was no appreciable difference 

in surface behavior among the five samples. We concluded from these two tests that neither 

Figure II-14. Images obtained with optical microscopy (5x) of stainless-steel molds with convex hemispheres 
micropattern (down), the medical silicone surface with concave hemispheres micropattern (middle), and images 
of water drops with DSA of the five samples of silicone with the depth micropatterns. 
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the depth of the pattern nor the plasma treatment was sufficient to indicate the depth to be 

chosen. So then, based more on the microscopy images obtained from the samples and 

knowing that the cost of the mold increased significantly as the depth of the texturing 

increased, we chose the pattern that, with a shallower depth, showed a regular and 

homogeneous surface. This requirement was found in the micropattern (Figure II-14 middle) 

obtained with the mold textured with convex hemispheres of 0.1 mm depth.   

  

 

2.3.4. Production of the patches with flat and hemi-lens design. 

Once the definitive designs of the flat and semi-silent disc-shaped patch were chosen, its 

measurements were established, and the concave hemisphere micropattern on its surface 

was selected, the designs and plans of the molds to be manufactured were created with the 

3D modeling software Solid Works. These molds will be manufactured in different materials 

such as polycarbonate, polyamide and/or stainless steel. Ideally in a final phase all molds 

should be made of a durable metallic material that will remain unchanged after a large number 

of uses. By injecting liquid silicone into the molds, the two types of patches will be obtained, 

once the silicone has cured in the oven.  

 

To produce the flat disc shaped patches first and in large numbers, a 100 x 100 mm stainless 

steel plate with the incorporated micropattern of 0.1 mm deep hemispheres was fabricated 

(Figure II-17 up mold). On this flat mold a layer of silicone was deposited whose thickness of 

0.5 ± 0.05 mm was adjusted with a paint applicator. Due to its high viscosity this must be done 

with great care so as not to trap air bubbles. The mold with the silicone was placed in an oven 

at 120 °C for 30 min to cure the silicone and cross-link its chains. The silicone film was then 

unmolded from the stainless steel mold after 10 minutes. Finally, 16.7 mm diameter discs 

were cut with a metal hole punch. 

 

In order to produce the semi-lens shaped patches it was necessary to manufacture the molds 

individually. First, we had to find the design that would allow us to optimally fill the mold with 

the uncured silicone and to demold it once the silicone was cured. Several molds were 

designed with different sizes that allowed us to manufacture the semi-lens shapes patches, 

without adding any micropatterns yet. Each mold is made up of two pieces that are 

sandwiched together. The lower piece gives rise to the inner part of the semi lens while the 

upper piece gives rise to the outer part of the semi lens (Figure II 16 A and B). At this point, 

we were simply interested in evaluating each of the patches obtained and improving the 
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technique to manufacture them. First the molds were printed in ULTEM™ 9085 with a fusion 

3D printer (FDM Fortus 400) (Figure II-15 B). ULTEM™ is an amorphous thermoplastic 

polyetherimide (PEI) resin which has high strength and stiffness, and has a heat deflection 

temperature (HDT) of 153ºC. This temperature is above the cure temperature of the silicone 

so the mold parts will not be affected. FDM 3D printers deposit a thermoplastic material 

through a extruder head that forms a filaments weft that hardens as it cools. The closer 

together the thermoplastic filaments that form the weft are, the better the quality of the printed 

piece will be. Even if the distance between the filaments was reduced as much as possible, 

the first molds left the silicone with a rough appearance. The spaces in the weft were manually 

filled with plastic putty, sanded and polished to have a smooth finish on the surface of the 

semi lens shape patch (Figure II 15 B). 

  

Together with the medical team, once the first semi-lens shaped patches were obtained 

(Figure II-15 B), the diameter, thickness, elasticity, sensations to touch, …, were evaluated. 

Finally, it was decided to apply some changes in the measurements and design with the Solid 

Works software (Annex 1).  Next, a stainless steel lower mold was made with the texturing in 

the form of convex hemispheres located in the part of the ring (Figure II-16 B). This part 

corresponds to the area of the silicone substrate where the adhesive would be deposited. 

While the surface of the convex dome would be smooth and there would be no adhesive, 

being free to react to intrauterine pressure variations. Several upper mold pieces were 

fabricated (Figure II-16 A) with small variations in the measurements to adjust the thickness 

of the semi-lens to 0.5 mm. These upper mold parts were fabricated in PA12 polyamide with 

the HP Multijet Fusion 4200 powder 3D printer. These types of 3D printers, which printing 

Figure II-15. Modelized image of the two pieces of the mold.  The upper piece of the mold (red) and the lower 
piece (green) are closed in the form of a sandwich. The cavities on the outside of the lower part allow the excess 
silicone to escape (A). First molds of ULTEM™ resin and silicone patch obtained for each mold (B) with different 
sizes (C).   
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parts by means of photopolymerized powder, have the advantage to not create any weft, 

obtaining pieces with soft and smooth surfaces.  

Applying the latter modifications, we finally have two models of medical grade silicone 

patches, one with a flat disc design and the other with a semi-lentil design (Figure II-17), each 

with its advantages and disadvantages. The flat disc design allows for easier and faster 

manufacturing, allows for more standardized testing, allows for more adhesive to be added 

more evenly, and allows for better rolling and folding on the cannula. But having an area of 

the amnion where an injury has occurred and covering it completely by a patch with adhesive 

could cause the amnion cells to have some unwanted reaction by blocking the supply of 

nutrients and gas exchange. In addition, adhesive could penetrate through the hole and hinder 

the natural movement of the chorion over the amnion. In the half-lentil design, if the adhesive 

has a high bonding strength with a smaller amount deposited in the ring, it would leave the 

area near the orifice free of adhesive for nutrient and gas exchange. In addition, the empty 

dome could act as a absorber for the pressure of the amniotic fluid near the orifice, dissipating 

the forces exerted.  On the other hand, the half-lentil design makes it difficult to roll and fold 

into the cannula. In addition, the patch could become detached because it has less surface 

area in contact with the amnion and could protrude if the fetus accidentally tears it off because 

it is not completely flat to the wall. 

 

 

 

 

 

 

 

Figure II-16. Image showing parts that make up the mold to produce the silicone hemi-lenses. The mixed and 
degassed silicone is inserted between the two pieces of the mold forming a sandwich. The upper piece is printed in 
PA (A) and the lower is made of stainless steel with the micropattern textured in the ring surrounding the central 
convexity (B). Once the silicone is cured (C) it is removed from the mold and the leftover silicone that has come out 
of the channels of the lower mold is cut to form the final hemi-lens (B). 
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Finally, in order to attach any of the patches, it is necessary to add an anchor point. For this 

reason, it was thought to integrate some kind of structure inside the silicone and thus be able 

to pull the patch against the amniotic membrane thanks to the use of a fastening/traction 

thread. With this objective in mind, we thought of integrating a thread inside the silicone, so 

that the thread crosses the entire patch through the center. Thus, the traction thread has an 

attachment point right in the center of the patch to be pulled through (Figure II-18). The 

integration of the anchor thread allows the tensile thread to have a point of resistance in the 

middle of the patch.  It was observed that when too much tensile force was exerted, the tensile 

thread broke the patch without an anchor thread in the middle of the patch. This did not occur 

with the integrated anchor thread. Suture threads of different materials such as Nylon, 

polypropylene, Norefil, etc. were used. The best results were obtained with a braided silk 

thread, probably because the silicone before to be cured can penetrate between the silk 

fibers, thus integrating the thread better. It was also thought of incorporating another more 

sophisticated anchoring system with extra functions, which is described in Chapter V.  

 

 

Figure II-17. Images with the real stainless-steel molds to produce the patches with flat (top row) and semi-lens 
shape (bottom row). The patches are carbon black stained for better look.  
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2.3.5. Integration of an electrospunned layer of polycarbonate-urethane (PCU) 

The incorporation of any type of adhesive on a biomaterial such as medical grade silicone 

has always been difficult due to the low availability of reactive groups on its surface. It is 

precisely this lack of reactive groups that causes a low interaction with the tissues, motivating 

the industry to produce implants with this type of materials.  

To improve the interaction between the patch surface and any future adhesives, it is proposed 

to incorporate an integrated electrospun layer of another medical grade biomaterial, such as 

polycarbonate-urethane (PCU), Bionate® from DSM. The incorporation of carbonate groups 

to the PU makes PCU widely used in implantology due to its higher load resistance and 

durability.  With the incorporation of this electrospun layer, the contact surface should be 

substantially increased, improving the capacity for interactions between the adhesive and the 

substrate. The incorporation of this layer, depending on its mechanical properties, could even 

make it possible to reduce the thickness of the patch and thus be able to use smaller diameter 

trocars. 

Figure II-18. Scheme of the traction system with the anchor thread integrated  (A) and the real view of the flat 
disc with the traction and anchor threat (B). Flat disc (C) and semi-lens design (D) with the anchor thread 
integrated inside the cured silicone. 
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The first step to obtain a homogeneous electrospun layer is to identify the conditions under 

which the PCU must be electrospun. Regarding the polymeric solution to be used and the 

conditions to be applied to the electrospinning equipment. 

It is essential to find the formulation of the PCU polymeric solution that will stabilize the 

polymeric jet and homogeneously deposit the fibers on the collector. Factors such as 

concentration and solvent types are critical, due to their direct influence on viscosity, 

conductivity, and surface tension. 

 

Influences of the variables on the polymeric solution and selection of the final formulation. 

Solvent properties such as boiling point, vapor pressure, dielectric constant and surface 

tension can be key to the final solution formulation. From the literature, it is clear that a mixture 

of DMF and THF gives optimal results, both in dissolution of PU granules and evaporation 

during electrospinning44,46. The addition of carbonate groups to PU as a soft segment, 

produces an increase in flexibility, toughness, resistance to oxidation and hydrolysis. Due to 

the presence of these carbonates to the PU chain, a new formulation study is required in 

terms of solvent concentration and composition.63–66 For this reason, it is necessary to search 

for the optimum ratio of DMF and THF, since even though they have different physical 

properties, they can complement each other (Table II-5). 

 

Table II-5. Table with the physical properties of solvents used to prepare the PCU solution.  

 Boiling point (ºC) Vapor pressure (Pa) 

to 20 ºC 

Dielectric 

constant 

Superficial tension 

(mN/m) 

DMF 153 351 36.7 37.1 

THF 66 17 253 7.6 26.4 

 

The literature consulted showed the formation of films with homogeneous fibers from a 10% 

w/v PU polymer solution with a mixture of DMF and THF in a 3:2 ratio, and with similar 

electrospinning conditions.44,46,67 In addition, 5% and 10% PCU formulations with DMF:THF 

(3:2 and 2:3) were added to obtain data about films and electrospun fibers. From the results 

obtained in a previous experimental design to familiarize ourselves with the use of the 

electrospinning equipment and to tune it, it was decided to use the following electrospinning 

conditions as a starting point: 

-Feed rate → 1.5 mL/h.              -Voltage→ 14.3-19.9 kV. 

-Small needle diameter 0.88 mm.            -Time of deposition→  60 mins. 

-Gap or distance between nozzle and collector→ 16 cm. 
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Among those PCU polymer solutions that were able to deposit fibers on the collector, only the 

10 % concentrations with DMF:THF ratios of 2:3 and 2:3 resulted in homogeneous films. The 

PCU fiber films obtained with the 5 % concentrations were wet, and those with the 15 % 

concentrations formed droplets or the needle was constantly clogged because the PCU 

concentration was too high. (Table II-6 and Figure II-19 A). The differences between the 

physical properties of the two solvents can be observed in the two 5% PCU films. The film 

with the 3:2 ratio of DMF:THF (M1) is much wetter than the 2:3 (M2). This can be explained 

by the fact that THF has a higher vapor pressure than DMF, and this effect can be observed 

at the macroscopic level when the polymer concentration is lower. Such an effect cannot be 

observed in 10% PCU films, or at least not until the fibers are analyzed with SEM. 

 

Table II-6. Results of the macroscopic analysis of the electrospunned PCU films. 

Sample [PCU] (% w/v) DMF:THF ratio Macroscopic results 

M1 5 3:2 Wet film 

M2 5 2:3 Partially wet film 

M3 10 3:2 Homogeneous PCU film 

M4 10 2:3 Homogeneous PCU film 

M5 15 3:2 Unstable jet. Droplets 

M6 15 2:3 Tip obturation 

 

The homogeneity and morphology of the fibers of all the films obtained were evaluated by 

SEM images (Figure II-19B). The films in which fibers with more defined edges are observed 

belong to the PCU solutions with a 10% concentration, both with the 3:2 (M3) and 2:3 (M4) 

ratio of DMF:THF. It can be observed that in M4 the fibers have a larger diameter and a more 

homogeneous shape than in M3. Affirming that at the same concentration of PCU the 

formulation with a higher amount of THF produces a larger diameter fibers. 
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In the films created with the 5% PCU solution (M1 and M2) it can be observed that with a 

higher proportion of DMF the fibers are smaller in diameter, although beads appear 

throughout the fiber network. These beads have been widely reported and usually appear 

when the polymer concentrations are too low, the surface tension is too high and the loading 

density is low68,69. In M2 regular fibers of smaller diameter and thicker fibers with irregularities 

can be seen. These irregularities are called spindle-like beads and usually appear when the 

fibers start to stretch but do not have enough time to do so and arrive partially wet. As the 

solvent evaporates, these irregular shapes appear in the fibers68,69.  

Fibers analysis of the film produced with the 15 % PCU solution (M5) shows an overlapping 

of the fibers without defined edges, since the formation of droplets during the electrospinning 

process is reflected at both macro and micro levels. When an unstable jet is formed and 

sometimes with difficulty to be directed towards the collector, it is necessary to increase the 

voltage producing droplets. This usually occurs when polymer concentrations are too high, 

giving high viscosity values to the solution and making it difficult to pass through the needle. 

At this point it was concluded that the concentration values of 5 % and 15 % were too extreme 

to be able to identify the PCU concentration limits above which we can homogeneously 

electrospun. It is also not possible to know which factors influence the electrospinning process 

and how they do it, since it was not possible to obtain homogeneous films at 5 % and 15 %. 

These results previous to the setting up of the method show that both the PCU concentration 

and the solvent ratio (DMF and THF) affect the fiber morphology and the electrospinning 

process itself. 

 

 

Figure II-19. Images of the electrospunned PCU films for the macroscopic evaluation (A) and SEM images 
(Mx:3500x and V:10kV) of the formed microfibers for the microscopic evaluation (B) of each formulation.  
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Production of electrospunned PCU fibers with desired morphology  

It is important to identify how the formulation and electrospinning process variables influence 

in order to find the final electrospinning conditions that interest us. First, the limits of the 

variables that allowed homogeneous electrospinning and the formation of regular and defined 

fibers were sought. If electrospinning is carried out within the limits, it is possible to identify 

how each variable intervenes. And once these limits were established (Table II-7), an 

experimental design was carried out. The influence of the different variables, the limits and 

the final conditions were obtained thanks to a final master thesis done in our research group 

by Alejandro Martín Valladares, with the title "Development of bioactive patches through the 

electrospinning technique".   

 

Several films were electrospun within the range of limits found for the PCU polymer solution. 

The morphology of the fibers was analyzed by SEM (Figure II-20). Fiber diameters and 

porosity percentages were classified into three categories: low, medium and high (Table II-8). 

Porosity and fiber diameter values can be better interpreted by qualifying them in the following 

way. 

  

Table II-8. Criteria used to classify the obtained films based on a microscope analysis.  

Fiber diameter (FD) Porosity percentage (%pore) 

Low FD <1 μm Low %pore <50 % 

Medium FD 1.0-1.5 μm Medium %pore 50-70 % 

High FD >1,5 μm High %pore >70 % 

 

After several discussions it was concluded that it was desirable to have a film with fibers of 

medium/low diameter and a pore percentage with a medium/high value. With this choice, we 

would theoretically have less influence on the change of mechanical properties of the silicone, 

and the adhesives could have better penetrability within the fiber matrix. Thus, in order to 

Table II-7. Table with the range of limits for the polymer solution and process variables. 
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obtain an electrospun PCU film with a medium/low FD and a medium/high %pore, the 

following conditions were established:   

 

-PCU concentration: 10 %w/v.         -Feed rate: 2 mL/h. 

-DMF and THF ratio: 3:2.                 -Tip diameter: 1.7 mm.                      

-Tip collector distance: 18 cm.         -Voltage: 12.8 kV aprox. 

 

 

 

Analysis of the mechanical properties of electrospunned PCU films 

Applying the previously selected conditions, which allowed to create a homogeneous film of 

low/medium diameter fibers and medium/high pore %, it was necessary to evaluate the 

influence of the thickness of the PCU film in order to integrate it into the silicone patch.  

Four films of electrospunned PCU were prepared with theoretical thicknesses of 25, 50, 75 

and 100 μm.  These four films were characterized by a stress-strain test with the DMA, with 

an elongation ramp at 4 000 μm/min and a total elongation of 1 000 μm. Microscopic analysis 

prior to the stress-strain test of the four films resulted in four films of 26, 51, 75 and 109 μm 

thickness, with a fiber diameters of 1.2-1.4 μm and a pore percentage of 54-59 %. In our 

opinion, acceptable values within a small range of variability where it is believed that they 

should not influence the final result of the test. 

Figure II-20. Some examples of the conditions applied to the electrospinning technique  to obtain fibers with 
different FD and %pore. 
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The results obtained (Figure II-21) showed that there was a direct relationship between the 

thickness and the force required to deform the films. It was observed that with 80% stretching 

of the samples, for every 25 μm increase in PCU film thickness the tensile strength increased 

by approximately 0.5 MPa. The 26 and 51 μm thick samples did not undergo plastic 

deformation making them serious candidates to be integrated into the silicone patch. In 

contrast, plastic deformation was observed in the samples with a thickness of 75 and 109 μm 

due to the fact that, after the test, the 75 μm sample permanently increased its length by 25 

μm and the 109 μm sample increased by 650 μm. This deformation is not clearly seen in the 

curves of the graph, although it is slightly seen in the 75 μm specimen with a stretch of 

approximately 15 %. These data make us totally rule out the 109 μm thickness for use. The 

75 μm thickness cannot be completely ruled out due to the fact that the patch would hardly 

stretch more than 20 % bidirectionally, so theoretically no plastic deformation should be 

observed and it would not affect the patch.  

To identify how the electrospun PCU films influenced the mechanical properties of the 

silicone, 26, 51 and 75 μm PCU films were integrated into a 500 μm thick silicone film, and 

another stress-strain test was performed. It is important to remember that the thickness of the 

selected silicone patch is 500 μm ± 50 μm so some variability may be seen in the results.  The 

DMA results (Figure II-22 left) indicated that the silicone sample had, as expected, a behavior 

typical of viscoelastic materials. Viscoelastic materials such as silicone typically exhibit curves 

in which there is a steep initial slope that gradually reduces and stabilizes. Samples with the 

PCU incorporated seem to tend to lose this viscoelastic effect slightly. Tests with two different 

Figure II-21. Results of strain-stress assay with samples of electrospunned PCU 
with a thickness of 26, 51, 75 and 109 μm. 
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materials integrated are sometimes difficult to interpret due to the fact that the curve usually 

shows the behavior of the predominant material. For this reason, it was decided to use a strain 

of 80 %. Such a large strain allows a better comparison of the differences between the 

different samples. Even so, the silicone sample did not differ practically from the results of 

silicone with PCU of 26 and 51 μm thickness. Although there is a small difference of about 

0.1 MPa between the latter and the silicone. A difference of more than 0.5 MPa was observed 

in the silicone sample with a PCU of 75 μm thickness, with respect to all the others.  

Therefore, it was concluded that it could be interesting to incorporate an electrospun PCU film 

between 26 and 51 μm with fibers between 1.2-1.4 μm in diameter and a porosity of 54-59 % 

to the 500 μm silicone film, due to the final stretch at 80 % being very similar to silicone alone. 

 

 

Subsequently, in order to find out if it was possible to reduce the total thickness of the patch 

by incorporating the PCU film while maintaining mechanical properties similar to the 500 μm 

silicone, the thickness of the silicone was reduced to 250 μm. The 51 and 75 μm films were 

integrated (the production method could see in the next section) and another stress-strain test 

was performed. 

The results obtained (Figure II-22 right) showed very similar curves. As a reference we have 

the two curves for the 250 μm and 500 μm medical silicone samples. The curves 

corresponding to the silicone samples with PCU, although they did not show such a typical 

viscoelastic behavior as the 500 μm silicone, showed a small stress difference at 80 % of 

about 0.2 MP. The bending of the 250 μm silicone sample with 51 μm thick PCU has a 

Figure II-22. Results obtained of strain-stress assay of sample of silicone with 500 μm thickness Vs silicone/PCU 
(A) and silicone 250 μm thickness Vs silicones/PCU (B). 
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behavior that follows a similar trend to the 500 μm silicone, even with a somewhat lower value 

of strength at 80% stretch and throughout the test. This result led us to conclude that it was 

perfectly possible to use a 250 μm silicone patch incorporating a 51 μm thick PCU film. In the 

pending of verifying its behavior in real conditions by performing the tests with adhesives, it 

could be a serious option to be taken into account. Since it is thinner and has mechanical 

properties similar to those of the 500 μm silicone patch, it would allow it to be rolled up and 

inserted more easily into a cannula, it would be possible to increase the diameter of the patch, 

and it would even allow the use of smaller diameter cannulas. This would mean reducing the 

size of the hole in the chorioamniotic membrane, decreasing leakage and reducing the risk of 

rupture. 

 

Patch production with plane and hemilens shape with electrospunned PCU film 

Once the thickness of the electrospun PCU film with a given fiber diameter and pore size has 

been selected, it is very important to integrate this film into the silicone so that the two layers 

cannot separate and act as one. The first strategy was to electrospun directly on the uncured 

silicone film and then cure the silicone in the oven, but the silicone, being poorly conductive, 

destabilized the polymer jet and the film was not homogeneous. Finally, it was decided to 

electrospun the PCU film with the desired characteristics (fiber diameter, pore percentage, 

film thickness) and incorporate it into an uncured silicone film, and press it lightly. In this way, 

the liquid silicone penetrates between the fibers in the first micrometers of the PCU layer. It 

is during the oven curing process that the silicone cross-links its chains trapping the fibers 

inside (Figure II-23 B), preventing the separation of the electrospun PCU layer after being 

subjected to tensile and stretching forces. 

  

In the manufacture of the flat disc-shaped patches, the integration of the electrospun PCU 

film is relatively simple due to the fact that the size of the PCU film can be easily adjusted on 

the silicone film in the mold. While for the semi-silicone patches, the option that gave the best 

results was to cut the PCU film into a ring shape to fit the individual stainless steel molds. In 

both designs it is possible to choose to incorporate the hemisphere micropattern used in the 

silicone patches on the surface of the PCU layer, although this should not be necessary due 

to the purpose of incorporating the PCU fibers is to increase the contact surface on the surface 

of the patch.  And with the incorporation of the PCU electrospun layer we have already 

achieved this purpose (Figure II-23 A).     
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Figure II-23. Images of the real patches with the PCU layer incorporated on flat (A upper) and hemi-lens (A lower) 
shape. And SEM image with sagittal section of the patch, where it can see the integration of the cured silicone onto 
the PCU fibers (B). 
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2.4. Concluding remarks 

It has been possible to manufacture patches with two different designs and with certain 

mechanical properties that allow their folding and unfolding while preserving their initial shape 

unaltered. The surface of these patches has been temporarily modified by oxygen plasma 

activation, and permanently by the incorporation of a micropattern in the form of concave 

hemispheres and by the integration of a layer of electrospun PCU. The integration of this PCU 

film can reduce the thickness of the patch. With the physical modification of the patches, the 

contact surface is increased, which improves the physicochemical interaction with the 

adhesives that will be developed in chapter IV. The results obtained during the development 

of the different families of adhesives will determine the choice of one or another surface.  

 The first patch has a simple design in a flat disc shape, with the objective of having its entire 

surface in contact with the inner face of the amniotic membrane having the adhesive as an 

interface. This type of design implies a larger surface area on which a greater amount of 

adhesive is deposited and, therefore, should increase the adhesion capacity of the patch. A 

flat design also implies that the patch can be easily rolled inside the cannula, so that we can 

use a patch of the largest possible diameter, provided that it fits into the cannula that we will 

use as part of the introducer (Chapter III). In addition, most of the in vitro and ex vivo tests to 

evaluate adhesion, that will be seen in Chapter IV, will be performed with the flat disc design 

due to its versatility. This design, in conclusion, promotes progress in the development of the 

patch, the adhesive and the introducer. 

The second patch has a semi-lentil design, where the adhesive is deposited only on the outer 

ring, thus leaving the dome area free to better absorb the pressure of the amniotic fluid and 

leave the hole free of adhesive. While it is true that there is a reduction of the adhesive surface 

compared to the flat disc design, with an optimal adhesion this surface could be enough. This 

strategy would avoid adhesive penetration between the chorion and amnion, preserving 

unaltered its natural movement and reducing the number of amnion cells that are in contact 

with the adhesive. Moreover, in the future, this dome, having a "free" space, may play a key 

role in adding sensors and other technologies that allow monitoring of intrauterine conditions 

and the evolution of the fetus.   

Once the different patch designs and materials have been selected and evaluated, as well as 

the manufacture of the first prototypes in with flat disc and semi-lentils shape, it is time to 

design an introducer to be able to use them.  The development of an introducer and insertion 

strategy will determine the most promising patch design to be used.
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Insertion System 

This chapter shows the development of a manual introducer or insertion system 

that allows the deployment and fixation of the patch inside the fetal sac through 

the same trocar used in minimally invasive surgery. It shows the creation of 

several designs and the corresponding plans, the materials and the methodology 

used to create the first prototypes, the modifications performed and the final 

insertion system that will be used. 

  

3.1. Introduction 

In order for the surgeon to be able to fix the patch on the inner side of the amnion in a simple, 

effective and safe manner, the need arises to develop an introducer or insertion system. This 

introducer, first of all, must have the function of keeping the patch folded and protected inside 

until the moment of its use. In addition, it must be introduced through the same trocar used 

during surgery. And finally, it must allow the patch to be unfolded, fixed to the inner side of 

the amnion and cover the hole caused by the trocar itself. This should be done using materials 

certified for medical use and by means of a mechanical and manual system that is as simple 

as possible, in order to facilitate the regulatory process. According to the regulation (EU) 

2017/745 on medical devices, unlike the developed patch that would belong to class III 

because it is a long-term implantable device, an introducer of this type would be part of the 

already existing group of laparoscopy accessories in gynecology and would belong to class 

I.70 Having a less restrictive regulation allows us to greatly expand the range of materials we 

can use (Table II-1) and simplify the steps we have to take to obtain certification, unlike the 

patch which is a long-term implantable device and which, moreover, includes an adhesive.  

However, there is one thing to keep in mind. And that is that, if the insertion system (adhesive 

+ introducer) is presented as a single and indivisible one, it would become a class 3 medical 

device, since the final classification is given by that component of the highest class. 

Independent of the class that the other parts would have if presented separately. 

Considering the regulatory aspect, one must inevitably focus on existing products that comply 

with the regulations for use in medical devices. In the biomedical field, there are now an 

uncountable number of surgical devices and systems that make minimally invasive surgeries 

more and more common and easier to perform. Manufacturers such as Boston Scientific 

Corporation, Cook Medical Inc, Ethicon Endo-Surgery Inc, Hologic, Fujifilm Holdings 

Corporation, HOYA Corporation, Intuitive Surgical Inc, Medtronic, among others, have a wide 

range of medical devices and dominate a large part of the world market. These companies 
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already have extensive experience in manufacturing medical devices in which each piece is 

made of a specific material according to the device's own characteristics.  

In a general way, in the selection of a plastic material to be used to manufacture a part for the 

medical device (also extrapolated to metals, glass and ceramics) a series of criteria are 

followed. In this way, their suitability is evaluated according to their physical and mechanical, 

thermal, electrical, chemical, sterilization resistance, biocompatibility, joining and welding 

properties. These plastics can be divided into commodity plastics, engineering 

thermoplastics, high-temperature engineering thermoplastics, and other polymers (Table 

III-1)71. 

With regard to physical and mechanical properties, it is important to know the dimensions and 

weight of each piece, as well as the stress and impact it must support during use. This 

includes density, transparency, color, water absorption, lubrication, tensile strength, tensile 

elongation, flexural modulus for stiffness, etc.  

Thermal considerations are important during the manufacturing process, during processing 

and during use, as well as environmental temperature and humidity. Melting point and 

softening point, processing temperatures, heat deflection, glass transition, thermal 

conductivity, etc. are included.  

The sterilization capability is very important because the material has to support the different 

sterilization techniques, such as steam, dry heat, ethylene oxide, gamma-radiation, e-beam, 

..., and maintain its properties unaltered. 

The electrical criteria have been more related to electronic medical devices, although some 

materials need to dissipate accumulated static charges, and others need to be electrically 

isolated. These include conductivity, dielectric strength, volume or surface resistivity, and 

comparative tracking index. 

With regard to chemical resistance, some parts may need to be resistant to odors, grease, 

processing aids, disinfectants, lye, and other hospital chemicals. 

With the increase in MIS and the use of implants, many materials must be biocompatible, 

nontoxic, and nonirritating. They must be in contact with body tissues and fluids, and must 

not alter them. 

Long-term durability is related to thermal properties since during the time a medical device is 

packaged and protected inside its packaging it can be subjected to variable conditions of 

temperature and humidity. Therefore, it is necessary to use materials that are more resistant 

to changes in environmental conditions over time. 
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Table III-1 Resume of plastics commonly used in medical devices applications.71  

 Commodity Plastics Engineering 

Thermoplastics 

High-Temperatures 

Engineering Thermoplastics 

and other Polymers 

% usage 
in medical 
device 
applications 

 

70% of all plastics 

 

20% of all plastics 

 

10% of all plastics 

 
 
 
Types of 
plastics 

 

 

• Polyethylenes (PE, 

HDPE, LDPE) 

• Polypropylene (PP) 

• Polystyrenes (PS, 

ABS, SAN, MABS, 

SBC) 

• Polyvinyl chloride 

(PVC) 

 

 

• Polyamides (PA, 

Nylons) 

• Polyesters (PBT, 

PET)  

• Polycarbonates (PC) 

• Polyurethanes (PU) 

• Acrylics 

• Acetals 

• Polyimides 

• Polyetherimides (PEI) 

• Polysulfones 

• Polyether ether ketone 

(PEEK) 

• Polyphenylene sulfide 

(PPS) 

• Fluoropolymers (PTFE, 

FEP, PFA, ECTFE/ETFE, 

PVF/PVF2) 

• Liquid crystalline polymers 

• Biopolymers (PLLA, PLA, 

PLGA, PCL, PHB) 

• Elastomers (silicones, TPU, 

TPC, TPA, TPS, TPO) 

• Thermosets and adhesives 

(epoxies, phenolics, alkyds, 

vinyl esters) 

Medical 
device 
applications 

• Tubing 

• Films, packaging 

• Connectors 

• Labware 

• IV bags 

• Catheters 

• Face masks 

• Drug-delivery 

• components 

• Housings 

• Luers 

• Connectors 

• Membranes 

• Sutures 

• Syringes 

• Surgical instruments 

• Balloons 

• Blood set 

• components 

• Blood bowls 

• Blood oxygenators 

• Syringes 

• Moving parts and 

• components 

• Luers 

• Catheters 

 

 

• Surgical instruments 

• Surgical trays 

• Syringes 

• Implants 

• Dental implants 

• Bone implants 

• Moving parts and 

• components 

• High precision parts 

• Electronic components 

• Luers 

• Bioresorbable sutures 

 

The step prior to the manufacturing of a mold to produce many units of the same part is the 

prototyping phase. The purpose of this phase is to produce a small number of parts to be 

evaluated. While in the past prototypes were made by hand, nowadays 3D printers are used 

for this purpose. Having the great advantage that by using a computer program you can create 
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multiple designs with different measures, versions and sizes. And finally the parts or 

prototypes can be printed in a few minutes.  

There are several types of printers that, due to their technological base, produce parts of 

different materials. Depending on the printing technology, 3D printers can be divided into: 

Stereolithography (SLA) whose material is usually a photocurable resin; Fused Deposition 

Modelling (FDM) which melts a polymer (PLA, ABS, PET, PC, etc.) and extrudes it through a 

small head until it cools; Selective Laser Sintering (SLS) which by means of a laser melts 

powder (ceramic, glass, nylon, polystyrene, etc. ) to shape the parts; and finally Multi Jet 

Fusion (MJF) that through the injection of a special ink on a layer of powder (Polyamide and 

polypropylene) melts the material with the desired design. 

Thus, 3D printing technology gives us the opportunity to create a wide variety of parts and 

prototypes easily and quickly, in order to evaluate their mechanism and functionality. So the 

choice of material is not very important at this point. However, it would be of vital importance 

at the time of manufacturing the final prototype, which would lead to the scaling of pieces by 

means of additive manufacturing with molds. 

 

The proposed insertion system is inspired by the design and mechanism that can be found in 

syringes, laboratory micropipettes, and other instruments commonly used in laparoscopic 

surgery (Figure III-1). This means that the end user, i.e. the surgeon, is familiar with this type 

of instrumentation and can learn how it works more easily and intuitively, without the need for 

lengthy training beforehand. 

 

 

Therefore, the aim is to create a prototype of an introducer that will allow the patch to be 

implanted inside the fetal sac. Designs will be made, the parts will be manufactured and the 

handling and shape will be discussed with the medical team. An optimal method will be looked 

Figure III-1. Models of different medical devices that actually exist in the market. ENSEAL™G2 Articulating tissue 
sealer of Ethicon (A); Pipetman micropippete of Gilson™ (B); Type CW aspiration anesthetic syringe of Hu-Friedy 
(C); and Performer™ Introducer (Cook® Medical). 
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for so that the introducer can store the patch inside and keep it protected from external agents. 

The introducer must be able to be introduced through the trocar or trocars used in surgery. 

Once introduced through the trocar, it must allow the patch to be deployed inside the fetal 

cavity by means of a attachment system. Finally, it must be able to be used and removed 

without losing amniotic fluid during the process. Above all, the insertion system must be 

effective, safe, fast and easy to use.  
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3.2. Materials and Methods 

Solid Works 2018 CAD (computer-aided design modeling) software has been used to make 

the drawings and designs of the insert system. With the advantage that modifications can be 

made quickly and easily, and that the file system is fully compatible for the production of parts 

and molds. 

To produce the first prototypes, some parts have been reused from medical devices already 

on the market, and others have been designed and manufactured with 3D printing. The 

cannula and inner sliding rod, made of polypropylene, have been obtained from an existing 

introducer model already on the market that is used in aortic and peripheral interventions 

(Figure III-1 D). The thumb pusher and the clamping system were designed according to 

handling comfort criteria and were manufactured in PA12 polyamide using the HP Multi Jet 

Fusion 4200 industrial 3D printer (Barel S.A). 

Once the final design of the introducer has been established and definitively decided, a 

manufacturer producing parts by injection and extrusion of plastics certified for medical use 

will be sourced to replace the components and parts of the prototype that are now reused 

and/or produced by 3D printing. 

The materials used to produce the introducer allow it to be sterilized by steam autoclaving 

with a standard program, and also with ethylene oxide (EtO), among other methods. 

The evaluation of the mechanism and parts is performed by simulating in the laboratory the 

process of patch attachment. A 0.1 - 0.2 mm thick silicone film placed in a 30 mL glass vial, 

and tensioned with a customized stopper, is used as a model. This film has a hole in the 

center of about 3 mm in diameter, to simulate the diameter that would be formed in the fetal 

membranes. A 12 F trocar is introduced through this hole, through which we introduce the 

insertion system manufactured with the patch inside. In order to improve the introducer or 

insertion system we basically evaluate the handling and stability, as well as the individual 

parts that form it, and if there are any design problems. At this point the opinion of the medical 

team is of great importance due to the fact that they are the end users, and they help to design 

a system that is already familiar to them.   
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3.3. Results and Discussion 

Initially, two types of design for the introducer were considered: one inspired by the way 

laboratory micropipettes are operated and the other inspired by commonly used syringes 

(Figure III-1 B and C). Both designs would have in common that the mechanism for pushing 

and deploying the patch would be the same, but the way to pick up and handle the introducer 

would be slightly different, from the point of view of the grip and the position of the arm when 

performing the technique. 

The introducer must protect the patch on the inside in a rolled-up form so that it can later be 

unfolded and the patch can be fixed to the amnion by means of a thread or traction device. 

Therefore, the introducer or insertion system consists of a cannula attached to a manual 

clamping piece adapted to the ergonomics of the hand, and of an internal dipstick with a 

longitudinal hole attached to a pressing piece for the thumb at the base of which there is a 

hole. Through this hole is arranged the thread through which, once the patch is unfolded and 

the insertion system is removed, allows the patch to be fastened and fixed on the amnion. 

  

For this purpose, some sketches were drawn and several clamping and pressing pieces were 

designed (Figure III-2). Prototypes were fabricated and handling tests were performed. Initially 

it was thought that the micropipette-based design (Figure III-2 A and E left) would be the most 

suitable due to the fact that it would allow the arm to be more relaxed and less arched when 

A B 

C 

D E 

Figure III-2. Various designs created with Solid Works 2018 modeling software of the micropipette-inspired manual 
cannula (A); thumb pushers (B); different designs of the manual clamping system inspired by micropipette and 
syringe (C); fixation mechanism of the cannula to the manual clamping system (D); and the two final designs 

complete with cannula and pusher (E).   
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introduced through the trocar during surgery. However, after evaluating the handling with the 

medical team, we opted for the syringe design (Figure III 2 E right) due to the fact that 

surgeons and other healthcare personnel are much more familiar with this type of handling.  

After the results obtained and thanks to the suggestions made by the collaborating physicians, 

the required modifications were applied to arrive at a final prototype of the insertion system 

(Figure III-3) (Annex 1). 

The final design of the insertion system consists of a cannula where in its proximal part there 

is a support to place the index and the medium finger. Inside it there is a longitudinally dipstick 

with a ring-shaped support on the proximal part. In this way we obtain a mobile mechanism 

similar to a commonly used syringe (Figure III-3 A and B). 

 At the distal part of the interior of the cannula there is the rolled patch (Figure III-3 C). The 

anchoring wire integrated to the silicone, which acts as a fixing point, allows the glue to be 

held with a subjection wire with which we will make the traction.  The two caps of this fastening 

wire go through the dipstick through the existing hole until they come out through the base of 

the pusher ring. In this way, once the adhesive is deployed inside and the optimal activation 

time of the adhesive has passed, the insertion system and the trocar used during surgery can 

be removed simultaneously. Next, the adhesive is fixed by pulling with the double thread of 

subjection the indicated time without deformation. Once the adhesive is fixed to the amnion 

we remove the traction wire stretching one of the two caps of the wire, which is smoothed 

thanks to the anchor wire integrated to the adhesive until it is completely extended (Figure 

III-4). Finally, ultrasound would verify that the patch is correctly attached and would proceed 

to suture the incision point of the muscle layers and the skin. 

Figure III-3. Final design of the two disassembled parts of the insertion system prototype (A), and the ensembled 
insertions system that is used in the ex vivo and in vivo assays, with the modifications proposed by the collaborating 
doctors (B); process of placing the rolled patch inside the canula. The entry of the clamping/pulling wire through the 
pierced rod can be observed, with the consequent exit through the hole of the thumb pusher (C).   
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It should be said that in order to finish pointing the insertion system, not only was it developed 

and tested in the laboratory, but it was also tested, modified and pointed during some of the 

ex vivo phantom and in vivo assays that will be carried out in Chapter IV. It is precisely during 

these assays, together with the medical team, that decisions regarding design and 

measurements are evaluated and taken. The introducer must be comfortable, easy to use, 

simple, intuitive, but above all it must be effective. 

Figure III-4. Images of the complete process of placing the patch on a silicone membrane with the final prototype 
introducer. First step: introduction of the introducer, with the patch rolled inside, through the trocar until the 
introducer cannula emerges from the distal end of the trocar cannula (A and B); Second step: hold the introducer 
like a syringe and press the pusher with your thumb until the patch comes out of the cannula (C and D); Third step: 
with the patch already deployed, remove the trocar along together with the introducer (J) until leaving only the 
double thread and gently pull to keep the patch attached to the membrane (E and F); Final step: cut one of the ends 
of the traction thread and pull the other so that the thread slides and only the patch is stuck to the membrane (G-I). 
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In future versions, outside of this thesis, the material of the dipstick will be modified to be more 

rigid, and the pieces currently produced by 3D printing will be produced by additive 

manufacturing by injection molding.  Moreover, reserving modifications in the design of the 

manual clamper and the pusher, we can customize the introducer so that it can be used in a 

robotic surgical system, such as the Da Vinci (Intuitive Surgical).   
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3.4. Concluding remarks 

A prototype introducer has been manufactured with a mechanism validated by medical 

personnel that, when introduced through a trocar used in minimally invasive surgery, allows 

the protection, release, unfolding and attachment of the patch to the amniotic membrane. It 

should also allow the quick activation of the adhesives developed in chapter IV. The introducer 

can be manufactured with different diameters and lengths according to market needs, and 

easily modified due to the 3D modeling software that allows changes to be made simply and 

quickly. In addition, the software incorporates a tool with which to create the mold planes. This 

is a very useful tool when, in the future, we want to manufacture larger scale introducers with 

materials that comply with the regulations for medical devices of this type. 

Both the final prototype of the individual introducer and the entire sealing system (introducer 

+ patch) allow sterilization with ethylene oxide, and can certainly be sterilized with other 

methods that, although considered, have not been used. 

Thus, then, we have an introducer system that will be used in some ex vivo tests and in the 

in vivo tests in the following chapters to evaluate the adhesion of the patch to the amniotic 

membrane. 
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Bioadhesives with activation on wet environment 

This chapter discusses the different strategies followed to create a layer with 

adhesive properties on the designed patches. It includes the development of the 

bioadhesives and the tests that have been carried out to evaluate their stability on 

the patch, as well as their adhesion capacity on human amniotic membranes 

(HAM). The creation of thin polymeric films with potential adhesive properties 

produced by Chemical Vapor Deposition techniques, an adhesive inspired by the 

glue of marine mussels, and finally an adhesive based on cellulose derivatives will 

be discussed. As well as the paradigm shift in terms of the strategies followed in 

the development of the adhesive 

 

4.1. Introduction 

There are an abundance of adhesives on the market with the fundamental function of joining 

two materials of the same or different natures and preventing them from separating. An 

adhesive is defined as a substance that acts as an interface between the surfaces of these 

two materials, called subtracts, and prevents them from separating by means of physical and 

chemical forces (adhesion) between the adhesive and the subtract, and the internal force of 

the adhesive (cohesion).  

The evaluation of the adhesion can be done by means of an adhesive bond breakage assay, 

with which we will find four possible cases (Figure IV-1):  

-Separation by adhesion appears when separation occurs at the substrate-adhesive 

interface. 

-Separation by cohesion occurs when adhesive bonding occurs. 

-Intermittent separation, which would be a mixture of the two previous ones. 

-Separation by substrate breakage occurs when the substrate breaks before the adhesive 

bond or interface does. 

When an adhesive is designed, it is intended that the separation never occurs at the 

substrate-adhesive interface, but that the breakage is intended to be cohesive.  
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One of the most commonly used classifications is based on the formation mechanism of the 

adhesive joint, which can be divided into two main groups: pre-polymerized adhesives, in 

other words, those in which the polymer already exists before being applied to the substrate; 

and reactive adhesives, those in which the adhesive in liquid, viscous, gel, . ..., state is formed 

by monomers or oligomer chains that polymerize or crosslink during the polymerization 

process when they are placed between the two substrates to be bonded72. 

-Pre-polymerized adhesives: 

a) In liquid phase: 

i. Aqueous solutions such as cements, glues or starch. 

ii. Organic solutions such as natural rubber 

iii. Emulsions or liquid solutions such as PVC-based adhesives. 

b) In solid phase: 

i. Piece-sensitive adhesives such as contact adhesives or adhesive tapes. 

ii. Hot melt adhesives. 

 

-Reactive adhesives: 

a) That cure by polyaddition. Addition by opening a double bond of a monomer 

containing it, such as cyanoacrylates, anaerobics or acrylics. 

b) Curing by polycondensation. Condensation of single molecules in the reaction of 

difunctional monomers with reactive end groups, like epoxies or silicones.  

 

 

Figure IV-1. Scheme of the four types of failure that exist when two pieces joined by an adhesive are separated. 
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When developing an adhesive, it is important to identify the adhesive bond formation process. 

That is, adhesives must be substances with very specific properties before and after the 

assembly of the two substrates. Before assembly the adhesive must be able to completely 

wet the entire surface of the materials to be bonded or sealed, including penetrating into all 

microcavities. And after assembly, the adhesive must hold the substrates together, in addition 

to serving as a physical-chemical barrier to prevent the ingress or leakage of liquids, gases 

or contaminants. 

 

To explain the phenomenon of adhesion, there is no single theory, but it is necessary to know 

the different models. These explain the physical and chemical phenomena that occur at the 

substrate-adhesive interface. The physical phenomena can be explained by the mechanical 

adhesion model, the diffusion theory and the electrical theory. Chemical phenomena are 

explained by the thermodynamic adsorption or surface wetting theory.72–74 

 

Most of these principles and concepts of adhesive development can also be applied to the 

field of surgical adhesives, but not always. Surgical adhesives are defined as biocompatible 

and biodegradable substances that polymerize or crosslink two surfaces where at least one 

of them is of biological origin (cells, tissue, organ, etc.). There is a great variety of them, both 

of biological and synthetic origin. The substrates of biological origin and the wet environment 

of the body are two factors that make it very difficult both to develop a bioadhesive and to 

evaluate this adhesion. There is a big difference in the development of an adhesive for 

external use (e.g. skin) and one for internal use (e.g. bone, blood vessels, lung, gut, etc.), 

where each tissue has its own characteristics. They have different stiffness, flexibility, 

elasticity and roughness. They have different surrounding fluids (blood, urine, amniotic fluid, 

mucus, saliva, etc.) and a certain cellular growth. A unique regeneration and vascularization, 

etc. At the laboratory level, it is often difficult to create a model whose results can be 

transferred to in vivo studies, due to the lack of a standardized methodology. The use of 

human samples is limited, and simulating organs and tissues, as well as their environment, is 

not an easy task. This difficulty also lies in the fact that the use of internal adhesives is 

relatively new. Perhaps not so much in open surgeries but in minimally invasive surgeries and 

in increasingly complex reconstructive procedures. Currently, the great advances in minimally 

invasive complex reconstructive surgery are linked to advances in the field of bioadhesives 

and biomaterials, where research itself is fed back.75 
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Surgical adhesives have traditionally been used initially as wound dressings, skin adhesives 

and dental fixings. Until now, the major players in adhesive development were biomedical 

companies, traditional adhesive companies or medical device developers such as Baxter,  

BBraun, BD Global, Ethicon, etc. It is in the last two decades that the interest of the 

pharmaceutical industry in adhesives has grown. Mainly due to their great potential for 

controlled release of drugs at sites of action (e.g. in the cornea or oral cavity) or at sites of 

absorption (e.g. in the small intestine or nasal cavity). Adhesives can also be used as 

therapeutic agents due to the fact that they can coat and protect damaged tissues (gastric 

ulcers or oral mucosal lesions) or be used as lubricants (oral cavity, eyes, and vagina). Also 

of interest are skin adhesives, tissue sealants, dental adhesives and bone cements. Due to 

all these uses and increasing research efforts in the biomedical and pharmacological sector, 

more and more adhesives for medical use are appearing on the market (Table IV-I).43,74–77 

Adhesives for medical use can be classified in different ways according to several criteria. 

According to their molecular origin they can be of biological origin (gelatin, chitosan, collagen, 

fibrinogen, etc.) or of synthetic origin (cyanoacrylates, methacrylates, polystyrenes, 

polyvinylalcohol, etc.). Depending on the type of tissue where it is to be used, they can be 

classified into adhesives for hard tissues (dental cements, bone cements, etc.) or adhesives 

for soft tissues (pressure sensitive adhesives (PSA) for skin wounds, 2-octyl cyanoacrylate 

for joining blood vessels, fibrin and albumin-based organ sealants, etc.). Depending on 

whether it binds to cells and cell surfaces (cytoadhesives) or whether it binds to mucous 

membranes (mucoadhesives) such as the inside of the mouth, nose or intestine. Depending 

on whether the use is external on skin or internal on organs and tissues. Depending on the 

desired effect on the tissue, they can be hemostatic agents, tissue sealants, hydrocolloids, 

cements, fixatives, or binding agents. An authoritative criterion is therefore necessary to clarify 

the classification of bioadhesives that have been developed and are in the process of 

development. In addition, a systematic standard for new emerging formulations is urgently 

needed, such as a well-accepted manual on evaluation protocols for each medical application 

linked to a condition or disease. For example, the same test will not be used to evaluate a 

bioadhesive for bone application as one developed to prevent seroma.75,76,78,79 
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Table IV-1. Table of some marketed products presents in the biomedical market. 

  

Trade names Manufacturer  Composition Crosslinker Use 

Band-Aid® 
Johnson & 

Johnson 

PVC, polyethylene or 

polyurethane 
 Skin injuries 

BioGlue®80 CryoLife 
Purified bovine serum albumin 

(BSA) 
Gluteraldehyde Vascular surgery 

Coseal® 
Baxter 

Healthcare 

Two modified PEG   dilute 

hydrogel chloride 

Sodium 

phosphate/sodium 

carbonate solution 

Surgical sealant. Hemostatic 

agent 

Crosseal 

Omrix 

Biopharmac

euticals 

Human-derived proteins as 

tranexanemic acid 
  

Dermabond80 Ethicon 2-octyl cyanoacrylate   

Duraseal®81 
Confluent 

Surgical Inc. 

Hydrogel of PEG ester 

solution 

Trilysine amines 

solution 
Neurologic surgeries (sutures) 

FloSeal 
Baxter 

Healthcare 

Bovine-derived 

Gelatingranules + bovine 

thrombin solution 

 hemostatic 

Glubran®82 GEM 

Ethyl-2-cyanoaclylate, butyl 

acrylate and 

mathacryloxysulpholane 

  

Glubran® 2 GEM 
n-butyl-2-cyanacrylate and 

methacryloxysulphlane 
 

Laparoscopic and traditional 

surgery and digestive 

endoscopy. Embolizing agent  

Glubran® Tiss 

2 
GEM   Cutaneous use 

Hystoacryl® B.Brown n-butyl 2-cyanoacrylate  

Closure of clean surgical 

wounds with minimal tension. 

Sclerotherapy of esophageal 

varices and gastric fundus. 

Preveleak® 
Baxter 

Healthcare 
BSA Polyaldehyde 

Blood vessels and tissues 

around the heart 

SurgiFlo® Ethicon Gelatin matrix  Thrombin  

Tisseel 
Baxter 

Healthcare 

Human Fibrinogen/Bovine 

aprotinin 

Human 

thrombin/calcium 

Choride dihydrate 

Hemostatic, mesh fixation, 

gastrointestinal anastomoses, 

neurosurgery 

Tissucol® 
Baxter 

Healthcare 

Human fibrinogen, Factor XIII, 

human fibronectine, human 

plasminogen, 

Bovine aprotinine, 

human thrombine 
Local Hemostasis 

Tridyne™ VS BD Global 
Polyethilenglycol + Human 

serum albumine 
 Extravascular leakage 



Chapter IV-Bioadhesives with activation on wet environment 

76 
 

Thus, the strategy to follow in the development of an adhesive for medical use, although not 

entirely clear, in our opinion is defined by: 

-The type of tissue where we want to use the bioadhesive and its environment. 

-How and when the adhesive should cure.  

-How long it should remain acting.  

-If we want to release some type of drug in the area.  

-If we want tissue regeneration. 

-Whether it should have flexible or elastic properties.  

-If we want to use or not a support substrate together with the adhesive. 

-If the adhesive will be of biological (bioadhesive) or synthetic origin.  

 

Although we follow different strategies in the development of an adhesive, it must meet certain 

common criteria, in which bonding performance is the most important property. At the macro 

level, the total bond strength of an adhesive is defined as the maximum force required to 

separate two sections of adherent tissue joined by it, assuming that this force is equal to or 

greater than the original bond strength of the target tissues. At the micro level, and as 

mentioned above the total bonding performance of a bioadhesive is equal to the sum of the 

adhesive and cohesive forces.74,83,84  

Due to the fact that the quantity of functional groups in a formulation tends to be constant, the 

increase in adhesive strength is generally to the detriment of cohesive strength, and vice 

versa. Thus, to achieve ideal bonding performance, it is necessary to establish a balance 

between adhesive and cohesive strengths.85 Two indispensable aspects during the gelation 

of an adhesive are its penetration into the surface of the tissue and its mechanical interlocking. 

A higher crosslinker density leads to a higher cohesive strength. While a good penetration 

ability can give better adhesion due to higher wetting and adsorption of the tissue surface, 

more uniform distribution and more mechanical interlocking. Thus, the degree of penetration 

of the adhesives and their crosslink densities are important factors affecting the overall 

bonding performance.74,86 As mentioned above, there must be a balance between adhesion 

and cohesion. Very high levels of cohesion can lead to a stiff and hardened bonding interface 

and cause tissue irritation. While the level of adhesive strength should be designed according 

to the selected tissue and applications. Adhesive and cohesive interactions typically include 

mechanical interlocking, intermolecular bonding, electrostatic bonding, chain entanglement 

and cross-linking formation. Adhesion generally involves molecular attractions while cohesion 

is practically due to mechanical interlocking.76,87,88   
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Bonding performance is totally related to the effectiveness of the adhesive per se. That along 

with safety, usability, cost and approval, adds to the set of five categories proposed by 

Spontnitz and Bruke as criteria to be followed for the development of an ideal bioadhesive. 

As mentioned above, the biomaterial or adhesive must fulfill its function, it must be effective. 

Although the effectiveness of an adhesive system, which is quantitative, is in many cases 

determined by the surgeon's skills and the decisions taken at the time, especially with regard 

to sealants and hemostatics. There are no generic instructions for their use, due to the fact 

that it will depend on the complications, the type of intervention, the amount of fluids in the 

area, etc. For example, a plastic surgeon who must control a small but important exudate will 

need a greater amount of slow-acting material than a cardiovascular surgeon performing a 

reconstruction of a portion of the aorta. This is to say that a great effort must still be made to 

establish standards for the efficacy of hemostatic, sealing and bioadhesive agents. Some are 

not widely used because of the added difficulty of having to make different decisions 

depending on how the surgery evolves.77,89   

Safety is the second and most important category. Even if an adhesive is effective, it cannot 

be used in an intervention if it is not safe. Safety is defined by the toxicity (cytotoxicity, 

histotoxicity, organ toxicity and systemic toxicity) of the molecules that form the adhesive in 

the deposited area and the secondary products, by-products or metabolites resulting from the 

biodegradation of this adhesive in the same area or in the periphery, which can have a toxic 

effect and accumulate in distant tissues and organs through the bloodstream. In addition, it 

must avoid the risk of infection, be non-carcinogenic, and not cause immunological reactions, 

both in the short and long term.77,89  

The third category pertains to usability or ease of use. It is usually the operating room nurse 

who is in responsible for preparing the material. Therefore, easy and intuitive reconstitution 

or preparation of the bioadhesive is key to success. It is even better if this step can be 

eliminated or minimized, due to the fact that it is the surgeon who must apply the material to 

the site. Product efficacy or polymerization time is crucial, as is the ability to apply the material 

in a wide variety of procedures through applicators designed for linear, spray, endoscopic, 

laparoscopic or robotic techniques. While it would be ideal to have bioadhesives, sealants or 

hemostatics that can be used in multiple processes and interventions, the wide variety of 

these inevitably leads to establishing a specific use in a specific situation.77,89 

The fourth is the cost that the adhesive must have, both to produce it and to sell it. How cost-

effective is its use. If its use shortens the duration of the procedure or the length of post-

surgical hospitalization, there can be significant savings in the final medical cost. It is therefore 

very important that the price of the bioadhesive, sealant or hemostatic be below this cost. 
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Although many surgeons believe that the cost of such material should be below $100 per 

application. Many times this cost-benefit analysis is not taken into account, so it should gain 

importance in the near future.90    

Finally, approval and regulatory approval are also crucial, due to the fact that the capacity to 

obtain a product certified by regulatory agencies such as the FDA or EMA is not a trivial 

problem. During development, the use of certain materials must be considered with an eye 

on the ability to save cost and time in the arduous regulatory process, where developing a 

new adhesion system or a new polymer or biomaterial will always be risky. An example is the 

fibrin sealant hemostatic that was approved in Europe in 1972 but not in the United States 

until 1998. It required 25 years of additional effort on the part of manufacturers and physicians 

to receive final approval. So a strategy focused on a small modification of an already accepted 

polymer never assures a quick and easy approval, although certainly with more speed and 

less effort than a new material that has never been used before and has no data.89,90 

  

In recent years, a wide variety of adhesives have been developed for medical use, each one 

targeted to a specific application and tissue, and with a curing strategy characteristic to the 

type of activation intended (Table IV-2). There are bioadhesives that polymerize by applying 

ultraviolet light, such as methacrylated gelatin.91 Bioadhesives that polymerize when they 

come into contact with environmental humidity, such as cyanoacrylates.23. Bicomponent 

bioadhesives that are instantly activated when mixed with an oxidant as polymers bound to 

catechol groups.23,92 Bioadhesives in hydrogel form that adhere to mucous membranes by 

capturing water, such as carbomers or celluloses86,93. There is a wide variety to choose from, 

each with its strengths and weaknesses. For this reason, it is of vital importance to establish 

a strategy for the bioadhesive developed to fulfill its function.   

 

The strategy adopted for the development of our adhesive is partially defined because it must 

act in such a wet environment as the inside of the fetal sac, which is filled with amniotic fluid. 

It must be able to be introduced together with the patch inside the cannula without adhering 

to itself or to its internal walls, which would prevent it from being unfolded. It must also join 

two totally different substrates such as a biological surface (like the internal cellular monolayer 

of the amnion) and a silicone patch without detaching. At least it must remain adhered until 

the chorion and amnion are sealed by their natural overlapping movement, without loss of 

amniotic fluid. 
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Table IV-2. Table with the composition of some bioadhesives and strategies used in research to get new 

bioadhesives.

  

Bioadhesive Composition Crosslinker Use 

ASA/AG94 Sodium Alginate (SA)/Gelatin  Amino gelatin (AG) Soft tissue adhesive 

CAD-C95 Collagen (type I) 

Citric Acid 

Derivative (CAD) 

with three active 

ester groups 

Bonding reagent for soft tissue 

GelMa91 Methacrylated Gelatin UV light Lung leakage prevention 

DCTA96 Gelatin FeCl3 and genipin Seroma prevention 

 Gelatin   

PEG/DEX97 
PEG amine + linear dextran 

aldehyde polymers + L-DOPA 
  

Gel/Alg/C98 Gelatin + alginate Carbodiimide  

Dex-U-AD99 Gelatin + Dextrane UV light  

CPT100 Chitosan + PEG H2O2 Wound closure and hemostasis 

CS-PEG101 Chondroitin sulfate (CS) PEG-(NH2)6 
Wound healing and 

regenerative medicine 

PACA/PLLA102 
Allyl 2-cyanoacrilate (PACA)+ Poly 

(L-lactic acid) (PLLA) 
Poly (L-lactic acid) Dermal wound healing 

CHI-C103 
Chitosan conjugated with catechol 

groups 

Thiolates pluronic F-

127 (Plu-SH) 
Hemostasis 

PEG4-D104 
4armed PEG-NHS end-capped with 

dopamine 
NaIO4 Tissue repair and drug delivery 

cPEG424,25,105 

4armed PEG-amine + 3,4-

duhydroxydrocinnamic acid (DOHA) 

incorporation 

NaIO4 
Bioadhesive in extrahepatic 

islet transplantation 

iCMBA106 

Injectable Citrate-bases mussel-

inpired bioadhesive iCMBA): Citric 

acid + PEG + dopamine 

NaIO4 

Suture replacement, tissue 

grafts, hemostatic wound 

dressing, waterproof sealants. 

HA-CA107 dopaminated Hialuronic acid (HA)  NaIO4  Minimal invasive cell therapy 

HA-ME 
Methacrylated hyaluronic acid + 

irgacure 2959 
UV light  

PAA-Dopa108 
Dopaminated Poly(acrylic acid) 

(PAA) 
ZnCl2 

Biomedical adhesion and 

tissue 

PE-dop109 
Copolymer of 3,4-dihydorxystyrene-

styrene 
Fe3+, IO4-, Cr2O7

2- Underwater adhesion 

DMA/UV-

PVA110 

Dopamine methacrylamide (DMA) + 

photocurable  poly (vinyl alcohol) 

(PVA) 

Uv light and Darocur 

1173 
Bioadhesive hydrogel 
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Having made a brief review of the adhesives for medical use that have been developed and 

are currently being developed, and of the points and criteria to be taken into account for the 

development of the bioadhesive, the following points explain the three different strategies 

followed to obtain a patch that adheres to the amnion. It should be taken into account that 

each of the choices of these three strategies has been given by the results obtained and the 

discussions produced after the experiments carried out with the adhesives together with the 

proposed viscoelastic substrate (Chapter II), applying the conclusions and knowledge 

acquired during the process. 

 

4.1.1. Bioadhesive thin film by Chemical Vapor Deposition. 

One of the basic criteria proposed was that the adhesive layer should be sufficiently thin, 

flexible and elastic so that once the patch was rolled onto the cannula it would not separate 

from the silicone substrate, and that it would allow the patch to unfold correctly without altering 

its initial shape. In addition, in the choice of the strategy it was taken into account that the 

adhesive deposition process should be fast, relatively low cost and easily scalable. In this 

direction, the deposition of a thin adherent polymeric layer by Chemical Vapor Deposition 

(CVD) techniques was proposed.111 These techniques have the basic and general foundation 

of forming a solid film on a substrate through a reaction of gas phase compounds (monomers 

or reactants). They are currently used in different industrial and biomedical applications such 

as the manufacture of coatings, powders, fibers and uniform components.112  

In our case, monomers of interest are used as reactants to create an adhesive polymeric thin 

film on the patch surface. CVD techniques include Plasma Enhanced Chemical Vapor 

Deposition (PECVD), Pulse-Plasma Enhanced Chemical Vapor Deposition (PPECVD), 

initiated Chemical Vapor Deposition (iCVD), initiated Plasma Enhanced Chemical Vapor 

Deposition (iPECVD), oxidative Chemical Vapor Deposition (oCVD), grafting, and other 

variants. All of them have in common that it is necessary to use volatile reactants that will 

react inside a vacuum chamber. PECVD and PPECVD use the continuous and pulsed plasma 

state, respectively, as the energy source to form the polymers.113 iCVD uses a gas-phase 

initiator such as tetrabutylperoxide (TBPO) to create free radicals and facilitate the 

polymerization of the monomers. Whereas oCVD uses oxidizing species such as FeIIICl3 or 

FeIIIp-toluenesulfonate (FeIIItosylate) for this purpose.114–116 

There are numerous research works realized and published in the last 20 years by the 

reference researchers in the field of CVD deposition techniques such as Gleason et al, Choy 

et al, and Yasuda et al, who, although working in the same field, surprisingly do not share the 
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same terminology for the same techniques.114,117,118 However, in recent years, reviews have 

also been published that attempt to integrate, update and standardize this terminology.119,120  

Being fully aware of the advantages and disadvantages (Table IV-3)119, as well as their 

deposition ratio and retention of functional groups115 (Figure IV-2) PPCVD and iCVD 

techniques have been chosen for the creation of our thin film with bioadhesive properties. 

These techniques are commonly used in our research group, which gives us a certain 

advantage. This choice will allow us to compare, identify and select the most suitable 

technique for the polymerization of the different monomers or precursors to be used.  

 

Table IV-3. Comparative table for some CVD techniques. 

 

 

 

 

  

CVD 
techniques 

Advantages Drawbacks 

CVD • Avoids the line-of-sight. 

• High deposition rate. 

• Production of thick coating layers. 

• Co-deposition of material at the same time. 

• Requirement of high temperature. 

• Possibility of toxicity of precursors. 

• Mostly inorganic materials have been used. 

PECVD113 • Avoids the line-of-sight issue to certain extent. 

• High deposition rate. 

• Medium-low temperature. 

• Both organic and inorganic materials as precursors. 

• Unique chemical properties of the deposited films. 

• Thermal and chemical stability. 

• Wide range of monomer usable. 

• Resistances. 

• No limitations on substrates: complicated geometries 

and composition. 

• Random radical recombination occurs. 

• Instability against humidity and aging. 

• Time consuming specially for super-lattice structures. 

• Existence of toxic, explosive gases in the plasma 

stream. 

• High cost of equipment. 

PPECVD • More chemically-regular products. 

• More linear products. 

• Low temperature. 

• Difficult to find the right parameters  

• Existence of compressive and residual stresses in the 

films. 

 

iCVD • High stable polymerization process. 

• High number of unaltered functional groups. 

• Regular copolymerization. 

• Possibility to make an unaltered gradient of different 

polymer in the same sample. 

• Less energy. 

• Us of crosslinkers. 

• Slow process. 

• Low deposition rate. 

• Difficult to clean the chamber. 

• Use of strong oxidants as peroxides. 

• It is necessary to activate the substrate previously. 
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Plasma deposition techniques allow the functionalization of surfaces of various types. That is, 

the modification of the physical and chemical properties of the exposed surface of any part 

that is introduced into the reactor, through the addition of thin films of nanometer thickness. 

Thus obtaining a surface covered with the reactive groups of interest.121–126 

Pulsed Plasma Enhanced Chemical Vapor Deposition (PPECVD) 

As briefly discussed above, CVD techniques are generally based on the creation of a thin 

polymeric film on a surface from the monomers in the gas phase. Specifically, the PECVD 

and PPECVD techniques do so by using plasma in a vacuum chamber. The basis of the 

technique is that the plasma creates ions and radicals in the monomers that are introduced in 

such a way that they react with each other and bind to the substrate forming a layer that grows 

the longer the process progresses. The deposition rate of PPECVD and PECVD is typically 

higher than non-plasma methods. Control is easier due to the fact that the plasma-activated 

precursor is more reactive, and a selective voltage can be applied to control the concentration 

of ionized precursors inside the chamber.113,119 While PECVD energy is delivered 

continuously to the monomer, leading to multiple fragmentation pathways and the creation of 

new molecules, in PPECVD this energy is applied in short bursts, allowing molecules exposed 

to the electric field to return to a ground state between each pulse. Förch et al. characterize 

the pulsed plasma deposition mechanism in terms of plasma on-time or ton, off-time or toff, and 

input power or Ppeak. Plasma modulation is defined by the Duty Cycle (DC), which is the ratio 

of ton to the total pulse duration (ton+toff), 

DC =
ton

(ton+ toff)
 

while the equivalent power, or Peq, experienced by the substrate material during the pulse 

duration is expressed as the product of DC and Ppeak.127 

Peq = DC ∗ Ppeak 

Figure IV-2. Graphic when the deposition grade and functional group 
retention of PECVD, PPECVD and iCVD can be observed.115 
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Thus, the thickness of the polymeric layer, its flexibility and the nature of the reactive groups 

available are defined by the type of monomer used, the polymerization time, the Peq applied, 

the internal vacuum pressure of the reactor, the on/off cycles of the plasma or DC, and by the 

volatility and the input flow of the monomer or monomer mixture.  

 

Induced Chemical Vapor Deposition (iCVD)  

The iCVD technique (Figure IV-3) is another versatile method for forming polymer films by 

radical polymerization, in which polymers are formed by growing their chain. A thermal initiator 

is introduced simultaneously with one or more vapor-phase monomers into the vacuum 

chamber. The filaments, which are suspended a few centimeters from the sample, are heated 

and when the thermal initiator flows through them, selective decomposition of the initiator 

takes place. The resulting fragments react with the monomers adsorbed on the surface of the 

cooled substrate and polymerization occurs. iCVD is compatible with vinyl monomers, 

acrylates, methacrylates and styrenes. The functional groups of the monomers, such as 

epoxies, amines or carboxylic acids, remain intact, converting the deposited polymer layer 

into a reactive polymer layer, even at high deposition rates. The conservation of these 

functional groups is key to making thin films that respond to changes in humidity, temperature 

or pH. 

 

 

 

 

  

Figure IV-3. Schematic picture of a standard iCVD reactor (A) and a scheme of the polymerization process that 
occurs into the vacuum chamber.116 
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Monomers Library 

There is a wide library of monomers (Figure IV-4) that can be used to create films by CVD 

techniques which, as mentioned above, are based on the creation of radicals that react with 

each other to produce a growth of the polymer chain. This occurs in a wide variety of vinyl 

monomers, especially acrylates and methacrylates. Many of these monomers are 

commercially available, which has led to the rapid development of biocompatible, functional 

and biofunctional surfaces.115,128  

 

The library of functional polymers is formed by the polymerization of different monomers, and 

each family have characteristics properties. Exist polymers with bio-compatible properties as 

poly (2-hydroxyethyl methacrylate) (PHEMA) and poly(trivinyltrimethylcyclotrisiloxane) 

(PV3D3), polymers with an anti-microbial properties as poly(dimethylaminomethyl styrene) 

(PDMAMS) and poly(dimethylaminoethyl methacrylate) (PDMAEM), polymers with 

hydrophobic properties as poly(perfluorodecyl acrylate) (PPFA), polymers with conductivity 

properties as poly(3,4-ethylenedioxythiophene) (PEDOT), poly(pyrrole)(PPY) and poly(3-

thiopheneacetic acid)(PTAA), monomers that are used as crosslinkers as ethylene glycol 

diacrylate (EGDA), ethylene glycol methacrylate (EGDMA) and divinylbenzene (DVB), and of 

course exist a list of monomers with a functionalized groups. In other words, they have a 

reactive group and the polymerization of these monomers allows bind and block molecules 

on their surface by additive or substitutive reactions. These polymers are, among others, 

poly(glycidyl methacrylate) (PGMA), poly(pentafluorophenyl methacrylate) (PFM), 

poly(propargyl methacrylate) (PPMA), poly(furfuryl methacrylate) (PFMA), poly(acrylic acid), 

poly(allylamine) (PAA), etc.111,115 

Figure IV-4. Library of the functional polymers formed by PPECVD and iCVD techniques. 115 
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From the existing library of monomers, we have great interest in those that can exert an 

adhesion function thanks to their functional groups. GMA has an epoxy group that can 

covalently bind to amino groups of membrane proteins.123 PFM is also highly reactive to amino 

groups.129 AITC is not part of the library of monomers commonly used to create thin films but 

it has been found convenient to use it to create the first PAITC thin films. AITC has an 

isothiocyanate group which should also react rapidly with the amino groups of the membrane. 

Allylamine, on the other hand, has an amino group to which a reactive molecule can be 

attached and could also be useful to make an in vitro model of the amniotic membrane by 

simulating its surface with amino groups.123 And finally, EGDA has the function of crosslinking 

the polymeric chains in case it is necessary to stabilize them when forming the thin film, due 

to the fact that the substrate used is viscoelastic, so the thin film should also be elastic.111,130 

Therefore, theoretically and for our final objective, the deposition of a thin film based on the 

functional and reactive monomers GMA, PFM and AITC, and using PPCVD and iCVD 

techniques would allow us to deposit a thin polymeric layer that would only have adhesive 

properties when enter in contact with the amniotic fluid and with the amino groups of the 

lysines of the proteins present in the cell membrane of the cells that form the cubic monolayer 

of the amnion. 

 

4.1.2. Bioadhesive inspired on marine mussel glue. 

Mussel adhesion is a natural process which involves the secretion of a type of protein glue 

that hardens into a solid and turns into a water-resistant adhesive.131,132 These types of 

mussel foot proteins (Mfps) are known to cure rapidly to form adhesive plates with high 

interfacial bond strength, durability and toughness. 3,4-Dihydroxyphenylalanine (Dopa), 

which is modified from tyrosine through post-translational hydroxylation, is one of the basic 

building blocks of Mfps. The catechol group of Dopa has the ability to form various types of 

chemical interactions and crosslinks rapidly. It is believed that the presence of these catechol 

groups fulfills the functions of interphase binding and solidification of adhesive proteins. The 

catechol group is capable of reacting in various ways, allowing it to bind to organic and 

inorganic surfaces, through the formation of reversible non-covalent and irreversible covalent 

bonds (Figure IV-5). This variety of interactions proposed by several authors provides the 

opportunity for the development of bioadhesives based on the utilization of some of these 

reactions.133–135 

 



Chapter IV-Bioadhesives with activation on wet environment 

86 
 

A good strategy to follow in the development of an adhesive based on the reactivity of Dopa 

groups is to add these groups to polymeric chains of biological or synthetic origin. In this 

direction, researchers around the world are adding these catechol groups to polyethylene 

glycol chains (cPEG)23,136, to chitosan chains92,  to tetronic acid (cT) and even extracting 

mussel proteins to create a mussel adhesive protein solution (MAPS)137. Researchers are 

also working on the deposition of poly(Dopamine) (PDA) on surfaces to render them 

reactive.138,139  

Figure IV-5. Possible interactions and reactions of the catechol groups of dopa.133 
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Thus, there is an excellent opportunity to develop a bioadhesive of this type from natural 

polymers such as collagen, hyaluronic acid or gelatin, due to the fact that theoretically they 

would be more similar in nature to the amniotic membrane. In addition to having a hydrogel 

behavior, which gives a greater affinity on tissues and an increase in molecular interactions 

in an aqueous medium, such as the inside of the fetal sac, filled with amniotic fluid. 

 

4.1.3. Bioadhesive inspired in the formation of hydrogels with cellulose derivates. 

Soft tissue wounds can be due to traumatic injuries or wounds caused by surgery. 

Traditionally, the way to close these wounds has been by sutures, but these sutures are not 

the ideal method due to the fact that, in addition to being an invasive method, the material 

from which the suture thread is made does not actively participate in the healing, scarring and 

regeneration process of the affected tissue. Compared to traditional sutures, soft tissue 

adhesives have effective homeostasis, require less equipment and less time, and avoid the 

appearance of secondary wounds caused by the removal of non-absorbable sutures. 

  

As mentioned above, commercial adhesives for soft tissue application include 

cyanoacrylates, gelatin, and fibrin glue, which, although they offer certain advantages, do not 

solve the problems and demands of surgeons. An ideal adhesive for soft tissues should have 

a high-water content, be safe, easy to apply, degradable and have the desired adhesion for 

each type of tissue. Cyanoacrylate can cause toxicity and inflammation. Fibrin is extracted 

from plasma, so it has a very high cost and can transmit disease. And the cross-linking stability 

of gelatin is very low. All this has led many researchers to look at hydrogels as potential 

bioadhesives. Both in cell migration, growth and organization during regeneration, as well as 

in their adhesive and sealing properties.94  

Hydrogels are polymers that have a high-water content due to their water absorbing 

properties. Their polymer chains once cross-linked become insoluble, forming a large water-

trapping network. The resulting hydrogel can consist of 1-2 % polymer and 98-99 % water by 

volume. In addition, they can be dehydrated and then swollen in water to regain their hydrated 

form. Although in recent years they have been used more for drug encapsulation applications 

and as extracellular matrix-like scaffolds, recently there has been growing interest in their use 

as bioadhesives. Their high hydration capacity allows them to maintain the native 

physiological microenvironment, to present good properties against bacterial infections in the 

wound, and to mimic certain properties of the extracellular matrix serving as a substrate for 

wound regeneration or healing.140 
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Hydrogels can be of synthetic origin, natural origin, and a mixture of both. Synthetics have 

the advantage of greater reproducibility, adaptable mechanical properties and control of the 

scaffold architecture, macroscopic characteristics and cross-linking of the polymer chains. In 

contrast, to form the hydrogel, most synthetic polymers require hard processing conditions 

such as the use of organic solvents or high temperatures, which are not suitable for cells or 

the tissues they form. During the last decades, some synthetic polymers have emerged as 

potential candidates due to their solubility in water. These polymers usually contain 

hydrophilic groups and can be nonionic, cationic, anionic, or amphoteric. Depending on the 

molecular forces, synthetic polymers can be classified into thermoplastics and elastomers. 

Examples are PEG, PVA, polyacrylamide, polypropylene and poly(N-isopropyl acrylamide) 

(PNIOAAm). A common problem associated with these synthetic hydrogels is the lack of 

biological recognition for cell attachment, migration and proliferation.141,142 On the other hand, 

hydrogels of natural origin usually consist of proteins and polysaccharides. Commercial 

molecular matrices are formed from animal and plant tissues. They include proteins such as 

collagen from bovine skin, fibrinogen from blood products and silk proteins from silkworm 

cocoon. Polysaccharides such as hyaluronic acid are obtained from rooster combs and 

chitosan is obtained from the partial deacetylation of chitin isolated from crustacean shells. 

Given concerns about the possibility of infectious agents being transferred into animal tissue 

materials, alternative sources such as plant tissues are often selected and even produced by 

biosynthesis. Plant-derived polymers that have been studied include alginate, cellulose, and 

starch-based polymers. 

Cellulose (Figure IV-6 A) is the most abundant, reusable and biodegradable polymer of 

natural origin used in different applications. Similar to other polysaccharides, cellulose has 

long been used in medical applications due to its lack of toxicity (monomeric residues are part 

of the metabolites that can be found in the body), its biodegradability, its insolubility in water 

and other organic compounds, its hydrophilicity and swelling, its stability to temperature and 

pH variations, and its chirality, as well as its lack of taste and odor.143–145 
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Functionalization and modification of celluloses is usually carried out through their hydroxyl 

groups, which has partial or full reactivity by using various reagents to produce derivatives 

such as cellulose esters and cellulose ethers with useful properties. Pure cellulose is insoluble 

in both cold and hot water due to its strong intramolecular hydrogen bonding, so these 

derivatives acquire some solubilization in water.141,146 The group of cellulose ethers (Figure 

IV-6 B) are of great interest and differ from each other by type of substituent, level of 

substitution, molecular weight (viscosity), and particle size. The average number of hydroxyl 

etherified groups in each glucose unit determines the degree of substitution, which can modify 

the properties to obtain a desired solubility and viscosity. The most common types of cellulose 

ethers are hydroxypropyl methyl cellulose (HPMC) or hypromellose, hydroxypropyl cellulose 

(HPC), hydroxyethyl cellulose (HEC) and sodium carboxymethyl cellulose (NaCMC).147 

In this direction, although traditionally celluloses are used more for drug encapsulation and 

release, the choice of cellulose is justified because some of its derivatives such as HPMC are 

soluble in water at low temperatures, but as the temperature increases it becomes less 

soluble, so theoretically we can control its solubility at body temperature. In addition to their 

high swelling capacity, their quick formation of hydrogen bridges with hydroxyl groups on the 

surface of tissues, and the ability to vary their viscosity, make them molecules of great interest 

to form a hydrogel with bioadhesive capabilities. 

 

Figure IV-6. Cellulose molecular structure (A) and chemical structures of ether 
derivatives (B).147 
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Therefore, the objectives of this chapter are to find a strategy that allows the patch surface to 

have wet adhesive properties on the amniotic membrane.  The adhesive must be able to be 

deposited on the patch surface in such a way that it can be folded and unfolded without the 

adhesive separating or breaking. The adhesive must be deactivated when the patch is folded 

in the introducer and activated when it unfolds and enters in contact with the amniotic fluid. 

And in vitro, in vitro, ex vivo and in vivo tests must be created and set up to evaluate the 

efficacy of each of the adhesives to be developed, first without the introducer and then using 

the introducer developed in Chapter III. 
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4.2. Materials and Methods 

The tests and trials to evaluate the adhesion of adhesives will be carried out taking into 

account the existing tests for the evaluation of adhesives but adapted to the tissue, the type 

of adhesive and the substrate chosen. It should be noted that the way of evaluating adhesives 

has been evolving and improving as the thesis progressed, so that at the end of the project a 

sequential methodology has been established that was not available at the beginning of the 

project. The characterization and evaluation of adhesion has been carried out according to 

the nature of the adhesive, so that sometimes the same tests are not performed. This can 

also be explained by the lack of a methodology and ex vivo tests with human amniotic 

membrane (HAM) at the beginning of the project. In addition to the first stages of development 

of an adhesive surface, an attempt was made to obtain a model of an artificial membrane that 

would behave physically and chemically as close as possible to the human amniotic 

membrane. This attempt was abandoned due to the availability of HAM from time to time. Ex 

vivo models with HAM were developed in parallel to the different adhesion strategies. 

Therefore, it is sometimes not possible to compare the results of the same test between 

different adhesives. Having HAM gave us the advantage of directly testing the patches with 

adhesive on the target tissue. For ethical and legal reasons, HAM tests could not be 

performed in our laboratory due to the fact that it is not accredited to work with human 

samples. So the ex vivo tests with HAM were performed in the laboratories of the Hospital de 

la Maternidad de Barcelona, together with members of the team of doctors collaborating in 

the project. Therefore, in our laboratory the adhesive development techniques were used, the 

different formulations were prepared, characterization techniques were used and the patches 

and the insertion system were fine-tuned. The ex vivo tests, as mentioned above, were 

performed at the Hospital de la Maternidad, the in vivo tests on rabbits at the Hospital de Sant 

Joan de Deu, and the in vivo tests on sheep at the Hospital de Bellvitge. 

  

4.2.1. Bioadhesive thin film by Chemical Vapor Deposition 

Deposition of the polymeric thin films 

The functional monomers used to create the polymeric thin films are glycidyl methacrylate 

(GMA), allylamine (AA), ethylene glycol diacrylate (EGDA), hydroxyethyl methacrylate 

(HEMA) and allylisothiocyanate (AITC). Terbutyl peroxide (TBPO) was used as reaction 

initiator in iCVD technique. 

The thin films produced by PPECVD and iCVD techniques were deposited on medical grade 

silicone (NuSil 9340), and on silicon wafers as a deposition pattern.  
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Prior to initiating the polymerizations with both PPECVD and iCVD, the surface of the silicone 

samples was activated according to our standardized oxygen plasma activation process. 

(2.2.3) 

A horizontal tubular borosilicate reactor, customized by our research group, has been used 

to create the different thin films by PPECVD (Figure IV-7). 

The conditions established for the deposition of the respective polymer thin films are as 

follows: 

a. AA thin film: Power= 15 W; ton= 10 ms; toff= 20 ms; P0sist= 4.6x10-2 mbar; PwAlil= 4x10-1 

mbar; Temperature AA= RT; Time= 10 mins.  

 

b. AA/EGDA thin film: Power= 15 W; ton = 10 ms; toff = 20 ms; P0sist= 4.5x10-2 mbar; PwAlil= 

5x10-1 mbar; PwEGDA= 2.6x10-2 mbar; Temperature GMA= 75 ºC; Temperature EGDA= 

RT; Time= 10 mins. 

 

c. AITC thin film: Power= 30 W; ton = 10 ms; toff = 20 ms; P0sist= 3.7x10-2 mbar; PwAITC= 7x10-

2 mbar; Temperature AITC= 40 ºC; Time= 3 mins. 

 

 

 

 

 

 

 

Figure IV-7. Scheme of the horizontal plasma reactor used to make the polymeric thin films by PPECVD 
techniques. 
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To create the thin films by iCVD we have also used a customized reactor in which a 632.8 nm 

Helium-Neon laser (Thorlabs HNLS008R), a sensor (Thorlabs S120C) and the 

ThorlabsPowerMeter 1.0.2 software allow us to measure and calculate the thickness of the 

film during the polymer deposition process and stop the polymerization process when the film 

has the desired thickness (Figure IV-8).  

The calculations to obtain the flow rates of the monomers, for all the depositions, start from a 

basal vacuum pressure of the system of 2-4x10-2 mbar. Thus, the conditions established for 

obtaining the polymeric thin films on the medical silicone substrate by iCVD are as follows: 

a. GMA thin film: TBPO= 1.7 sccm; GMA= 1.5 sccm; Pw= 8x10-1 mbar. Plate Tº= 15-24 

ºC; TBPO Tº= RT; GMA Tº= 70 ºC; tubes Tº=110 ºC; Filament Tº= 300 ºC; Time 2.5 

hours to obtain a 700 nm film. 

 

b. HEMA/EGDA/GMA thin film: TBPO= 1.7 sccm; HEMA= 0.26 sccm; EGDA= 0.13 sccm; 

GMA= 0.23 sccm; Pw= 8x10-1 mbar. Plate Tº= 15-24 ºC; TBPO Tº= RT; HEMA Tº= 80 

ºC; EGDA Tº= 60 ºC; GMA Tº= 70 ºC; tubes Tº= 110 ºC; Filament Tº= 300 ºC; Time 1h 

to obtain a 200 nm film. 

 

c. HEMA/EGDA/PFM thin film: TBPO= 1.59 sccm; HEMA= 1.56 sccm; EGDA= 0.34 

sccm; PFM= 3.22 sccm; Pw= 8x10-1 mbar. Plate Tº= 15-24 ºC; TBPO Tº= RT; HEMA 

Tº= 80 ºC; EGDA Tº= 60 ºC; GMA Tº= 70 ºC; tubes Tº= 110 ºC; Filament Tº= 300 ºC; 

Time 1h to obtain a 200 nm film.  

 

Figure IV-8. Scheme of the customized iCVD reactor to make the polymeric thin films and the position of the 
laser to measure the thickness. 
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Modification of the functional groups of silicone already polymerized with functional groups. 

The modification of the allylamine thin film on the silicone substrate is done by adding a 

volume of X mL of 1,1-Thiocarbonyldi-2 (1H)-pyridone 95% (TCBP) (Alfa Aesar) at 200 mg/mL 

in DCM for x minutes. In this way theoretically an isothiocyanate group is obtained from 

allylamine. 

  

Evaluation and characterization of different polymer thin films. 

The way of evaluation has been improved as results were obtained, and the deposition 

strategy was modified. There is still no sequential order of tests to evaluate the suitability of 

the patch as a bioadhesive surface. On the one hand there is a physical and chemical 

evaluation and characterization of the film, and on the other hand adhesion tests using ex 

vivo human amniotic membrane (HAM) models. 

The stability of the deposited polymer layer is evaluated by a simple visual cracking test on 

silicone without micropattern, in which the silicone is slightly stretched and observed for 

cracking with a microscope (Leica DM2500M). A solubility test is also performed by adding a 

drop of miliQ water or whatever solvent we are going to use to perform some reaction on the 

functionalized surface. 

 

The presence of isothiocyanate groups on the silicone surface is evaluated by with a FTIR-

ATR spectrometry (Nicolet iS10, Thermo Scientific). 

 

The thickness of the most promising films is characterized by atomic force microscopy (AFM 

XE70, Park Systems). 

 

The adhesion capacity is evaluated in 4 ways: 

1. Adhesion of fluorescent proteins on the functional groups of the thin film. 

Fluorescein-labeled albumin 6 mg/mL (Sigma-Aldrich) in 10X PBS is used to evaluate 

protein adhesion. Medical silicone discs with a hexagonal patterned copper grid (SPI 

Supplies) are used as a mask to exclusively polymerize the part not covered by the grid. 

Adhesion evaluation is qualitative, by comparison between the polymerized and 

unpolymerized areas with a Nikon Eclipse TE 2000-U fluorescence microscope. 
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2. Bacterial adhesion on thin film functional groups. 

a) Bacterial biofilm adhesion. 

Pseudomonas aeruginosa culture and biofilm formation on silicone discs with polymeric thin 

film in a half disc. Seeding of 100 000 cells/well in a 6-well plate with a volume of 5 mL TSB 

culture medium for 48 hours at 37 ºC. Removal of the medium with care not to wash away 

the biofilm and staining with crystal violet. Evaluation of the edge of the film by optical 

microscopy for the presence of violet biofilm. 

 

b) Adhesion of isolated bacteria. 

Culture of Escherichia coli on silicone discs with polymeric thin film with hexagonal pattern. 

Seeding of 100 000 E. coli cells/well in a 48-well plate with a volume of 0.5 mL LB medium, 

at 37 ºC under gentle agitation for 24 hours. Visualization of bacterial distribution with SEM. 

 

3.  Cell adhesion on the functional groups of the thin film.  

Two types of cells are seeded in a 96-well plate with silicone on the bottom of the well. 

Human Normal Dermal Fibroblasts (HNDF) and Mammary gland derived from metastatic 

adenocarcinoma with GFP (MDA/GFP). 0.1 mL per well with 10 000 cells/well, 24 hours 

at 37 ºC and 5 % CO2. The silicone is half polymerized and half unpolymerized so that cell 

adhesion will be evaluated qualitatively by observing the deposition of cells on the 

transition line of the thin polymeric film with the silicone. 

     

4.  Ex vivo adhesion test 

By means of ex vivo tests with human amniotic membrane, adhesion is evaluated with a 

manual lateral traction test and subsequent lifting 5 and 10 minutes after contact between 

the silicone thin film and the HAM. Saline and 10X PBS are added to maintain tissue 

wetting and to favor the interaction between the thin film and the amnion. 
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4.2.2. Bioadhesive inspired on marine mussel glue: dopaminated Hyaluronic Acid 

The second family of bioadhesives developed and tested is dopaminated hyaluronic acid 

(DHA). This DHA has been obtained by modifying and adjusting a synthesis previously 

performed in our research group148, based on the results obtained by Zhang et al149. The 

objective is to establish a DHA formulation in which the application of an oxidizing agent 

causes a partial oxidation of the catechol groups to quinone groups, which are reactive to 

amino and hydroxyl groups. Therefore, this preliminary oxidation is intended to form a flexible 

dehydrated film that upon contact with the amniotic fluid finishes reacting with the amniotic 

membrane molecules. 

 
Synthesis of dopaminated hyaluronic acid (DHA) 

The hyaluronic acid used is of high molecular weight (mw= 1x106) and pharmaceutical grade 

(F002104, from Bioibérica). The synthesis of DHA is divided into the oxidation phase of the 

hyaluronic acid chain (Figure IV-9 a) , and the incorporation phase of the dopa groups into 

the oxidized hyaluronic acid chain (Figure IV-9 b): 

-Phase 1. Oxidation of HA. 

Dissolve the HA in cold miliQ water at 10 mg/mL in a reaction balloon. The volume 

corresponding to 5% of a 0.5 M aqueous solution of sodium periodate is added dropwise. In 

the absence of light it is shaken during 2 h. Then a volume equivalent to 1% of the total volume 

of the initial HA solution of 1,2-propanediol is added to inactivate any unreacted sodium 

periodate and stirred for 1 h at room temperature. The solution is purified by exhaustive 

dialysis with miliQ water under gentle agitation, using a volume at least 20 times the volume 

to be dialyzed. The dry product is obtained by lyophilization. 

 

The following amounts are attached as an example: 

1) 1 g HA + 100 mL miliQ water (10 mg/mL) under stirring until complete dissolution. 

2) 5 mL of 0.5 M NaIO4 is added dropwise and allowed to react for 2 h in the dark. 

3) To inactivate the unreacted NaIO4 1 mL 1,2 propanediol is added and stirred for 1 h at room 

temperature. 

4) Dialysis is performed in miliQ water every 4 hours. Three changes of miliQ water.  

5) It is lyophilized to obtain the dry product. 
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-Phase 2. Dopamination of the oxidized HA chain. 

Once the freeze-dried ox-HA is obtained, the dopamination of the hyaluronic acid is 

performed. For this purpose, the desired grams of ox-HA are dissolved in 0.1 M sodium borate 

buffer at pH 8, containing 0.1 M NaCl until a concentration of 10 mg/mL is reached. The 

amount of dopamine hydrochloride is added to achieve a 1:3 reaction molar ratio of aldehyde 

groups of ox-HA to amines of dopamine groups. The mixture is stirred until complete 

dissolution for 1 h at room temperature. 

Then the necessary amount of sodium cyanoborohydride (NaBH3CN) is added as needed to 

achieve a reaction molar ratio of 1:6 of aldehyde groups of HA-ox to moles of sodium 

cyanoborohydride. The reaction is incubated under hood at 45 °C and in nitrogen atmosphere 

for 24 h. The solution is purified by exhaustive dialysis with miliQ water with a minimum of 

three changes every 4 hours, with a volume 20 times greater than that of the mixture to be 

dialyzed. Finally, it is lyophilized. 

 

The following amounts are attached as an example: 

1) 1 g oxidized HA + 3.15 g dopamine hydrochloride (molar ratio 1:5 aldehyde diamine) + 100 mL 

0.1 M sodium borate and 0.1 M NaCl at pH 8. Shake until dissolution. 

2) Add 2.09 g NaBH3CN (molar ratio 1:6 aldehyde to NaBH3CN). It is shaken and incubated at 45 

ºC for 24 h in N2 atmosphere. 

3) Dialysis is performed in MilliQ water 3 times every 4 hours.  

4) Lyophilized to obtain the dry product. 

Figure IV-9. Synthesis of dopamine hyaluronic acid. Oxidation of HA (a) and incorporation of dopamine groups (b).148 
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Synthesis evaluation. 

The evaluation of the synthesis is performed by means of 1H-NMR (400 MR spectrometer) 

and Mestrenova 9.0 software (Mestrelab Research), which calculates the degree of 

substitution (SD) or the percentage of dopa groups that have been substituted to the lateral 

chains of the hyaluronic acid.  

 

Evaluation of the oxidation/adhesion reaction. 

Different formulations of different concentrations of DHA with oxidizing agents such as Fe3Cl2 

and NaIO4 are provided. The volumes are deposited on a glass surface and different ratios of 

oxidants are mixed until a hydrogel or coagulate is formed. It should be remembered that 

these oxidants have to make a first partial conversion from catechol to quinone because if 

they do it completely, all the chains will react with each other and there will be no reactive 

groups available to react with the amino and hydroxyl groups of the amnios. 

The ability to form a hydrogel or clot is evaluated, and the selected formulations are deposited 

on silicone disc activated with oxygen plasma. It is dehydrated in an oven at 40 ºC for 3 hours. 

It is left to rest at room temperature over night and then its flexibility is evaluated after being 

rolled. Finally, the adhesion to the amnios is evaluated with an adhesion test by uprising with 

a fragment of HAM. 

 

HAM adhesion evaluation. 

1. Multiaxial test.  

The multiaxial test (Figure IV-10) consists of a low height stainless steel cylinder where we fix 

a piece of HAM at the top. We fix the HAM with a metallic ring with a load-bearing ring so that 

it is well sealed. The membrane is connected to a tank with a solution of PBS with fluorescein, 

and is blown up by a peristaltic pump at a speed of 2 mL/min. The cylinder has a manometer 

that registers the pressure changes in the system, so that when the pressure inside the 

chamber increases, the HAM is inflated until leakage and/or amnion rupture occurs, even 

exceeding the intrauterine pressures. In this way, by making a hole in the HAM and attaching 

the patch on the inside, we can record the pressure changes in the membrane, establishing 

the pressure at which the first leak appears and the pressure at which the membrane is 

ruptured, if the leak allows the rupture pressure to be reached.  Before placing the patch in 

contact with the HAM, it is left to rehydrate with PBS for 1 minute and then a strong pressure 

force of approximately 1-2 N is applied for another 1 minute before placing it in the chamber 

and beginning to inflate it with the fluid. The evaluation of each sample with the multiaxial is 

stopped when the system pressure stops increasing. All the data of pressures and images 
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are recorded by a computer offering us images at the time of braking/leakage and creating 

pressure graphs. 

 

 

2. Phantom test. 

The patches that pass the multiaxial test are evaluated with another ex vivo test: the phantom 

adhesion test. (Figure IV-11). This type of phantom is made of silicone and simulates the 

layers of the skin and abdomen muscle of pregnant women up to the chorioamniotic 

membrane, so that by attaching the HAM to the lower part of the phantom we can simulate in 

a more realistic way all the human tissues that we find. The cylinder, about 20 cm high, is 

filled with PBS and the phantom acts as a stopper by fixing it at the bottom. The pressure is 

regulated by varying the height of a full PBS cylinder to stabilize the pressure inside the 

cylinder to about 30 mmHg. Different from the multiaxial test, in the phantom test we can 

introduce the adhesive with the developed insertion system, which at the same time is 

introduced through the inside of the trocar, reproducing the same steps that we would perform 

during the fixation of the adhesive to the fetal surgery. 

Finally, the patches that give acceptable values in the phantom adhesion test are used in an 

assay with pregnant rabbit.  

 

 

Figure IV-10. Scheme of the equipment to make the multiaxial ex vivo test (A) and the real image of the system 
(B). 
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3. In vivo test with rabbits 

The in vivo assay in pregnant rabbits is performed by making an incision in the abdomen to 

open it completely and remove the fetal sac with the fetuses inside. Once outside, a hole is 

made with a 10 F trocar and the patch is inserted with a 7 F introducer or introduction system 

adapted to the small size of the animal rabbit model. The patches have been adapted with a 

final diameter of 10 mm and a volume of adhesive proportional to the corresponding surface. 

Small sutures are made next to each patch to mark the position, and the fetal sac is reinserted. 

Finally, the tissue layers are closed and sutured. After 7 days the fetal sac is removed again, 

and the position of the patches to the chorioamniotic membrane and the presence of adhesive 

are evaluated by direct visualization.  

  

 

 

 

 

 

 

 

 

 

 

Figure IV-11. Scheme of the equipment used to realize the adhesion phantom test (A) and real image of a 

test with a silicone patch with DHA (B).  



Chapter IV-Bioadhesives with activation on wet environment 

101 
 

4.2.3. Bioadhesive inspired in the formation of hydrogels with cellulose derivates. 

Formulations. 

The third type of adhesives are based on the formation of hydrogels from cellulose derivatives. 

After extensive pre-testing, the most promising formulations have been selected. The relevant 

volumes and concentrations were deposited on medical silicone discs with the micropattern 

and on medical silicone discs with the integrated electrospun PCU layer. All depositions have 

been made after activation in an oxygen plasma reactor (as discussed in section 2.2.3). 

These formulations are: 

a. 0.3 mL HPMC to 10 mg/mL (H7509 de Sigma-Aldrich) with a viscosity of 2600-5600 

mPa·s to 2 wt % in H2O (20 ºC) and a un mw of 86 kDa, for use in research. 

b. 0.3 mL HPMC to 10 mg/mL (Metolose® 90SH of ShinEtsu) with a viscosity of 15000 

mPa·s al 2 wt % (20 ºC), pharma grade. 

c. 0.3 mL HPMC to 10 mg/mL (Metolose® 90SH of ShinEtsu) with a viscosity of 100000 

mPa·s at 2 wt % (20 ºC), pharma grade. 

d. 0.3 mL HPMC 100000 M 10 mg/mL + HEC (250 HHX of Natrosol™ de Ashland™) 10 

mg/mL, with different ratios. 

e. 0.3 mL HPMC 100000 M 10 mg/mL + AC 0.5%. 

f. 0.3 mL HPMC 100000 M + HEC HHX + AC 0.5%. 

 

Sample preparation. 

After activation of the silicone discs with oxygen plasma (see Chapter X), volumes of the 

selected formulations are deposited with a micropipette. The oxygen plasma treatment 

increases the hydrophilicity of the silicone disc and the adhesive formulations are spread 

homogeneously on its surface. 

For the HPMC and HPMC/HEC samples without citric acid, once the formulation is deposited 

on the discs, they are dehydrated in an oven for 4 hours at 55 °C. The samples with citric acid 

are also dehydrated in the oven but with a first phase of 5 hours at 40 ºC and a second phase 

of 10 hours at 80 ºC. Afterwards, both are left to rest at room temperature.  

 

Solubility evaluation of cellulose derivates adhesives. 

The evaluation of the solubility is made by thermogravimetric analysis (TGA) (TGA 2 of Mettler 

Toledo) of the samples before and after immersion in mQ water and Simulated Body Fluid 

(SBF) at 37 ºC under gentle agitation for a maximum of 168 h. The conditions of the analysis 

by TGA consist of a temperature ramp from 30 ºC to 900 ºC, with a temperature increase of 

10 ºK/min with nitrogen atmosphere. Three samples of 4.3 mm diameter are obtained from 
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each disc and the average is calculated to obtain the percentage of weight loss compared to 

the untreated samples.  

 

Evaluation of adhesion in HAM. 

1. Ex vivo tests. 

The ex vivo adhesion and sealing tests are performed using the multiaxial test and the 

phantom test, in the same way as described in section 4.2.2. In addition, following the in vivo 

results with sheep, described below, an adhesion test based on the use of a dynamometer 

was set up to test the formulations with pharmacological grade HPMC. Adhesion tests are 

performed with a manual dynamometer (Sauter FH200) placed on a test bench (Sauter TVP-

L). To perform the test, a disc with the adhesive to be tested is glued to the base with double-

sided tape. A 20 mm diameter flat circular metal head is used. The first tests were performed 

with the bare head (data not shown), while the final tests are performed by adding a 0.6 mm 

thick polystyrene sponge attached to the head, which serves as an interface between the 

steel head and the chorioamniotic membrane, to reduce the hardness and make it look more 

like the real thing. Thus, the test is performed by adding 0.2 mL of PBS (10x) to the patch 

adhesive. After 60 seconds of hydration we pull the movable part of the upper head to make 

a force of 1.5 N on the disc with adhesive for 120 seconds. Then the dynamometer is set to 

zero and we make an opposite force, recording the maximum force produced in separating 

the patch from the head with the HAM. Finally, the formulations with the highest force values 

are selected.   

  

  

Figure IV-12. Sauter dynamometer installed at the test bank (A); round plane metal head customized with the 
polystyrene sponge (B); and customized head with the HAM and the patch (C). 
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2. In vivo test.  

The in vivo tests have been carried out first in a pregnant rabbit animal model and finally in a 

pregnant sheep. 

In the in vivo rabbit assay, a 25-day-old pregnant rabbit is used. A large incision is made in 

the abdomen through which the fetal sac is brought out. Two 14 mm diameter silicone patches 

with 203 μL of dehydrated HPMC (10 mg/mL) are implanted using an 8 F introducer, adapted 

to the small size of the animal model. The technique of insertion and fixation of the patches 

in the amnion during the procedure and just before closing the incisions is evaluated. The 

position of the patches 4 days after surgery is also evaluated by visualization of the patches 

adhered to the amnion. Finally, the amount of adhesive to each of the patches is evaluated 

by thermogravimetric analysis (TGA), with the same conditions described in section “Solubility 

evaluation of cellulose derivates adhesives”. The analysis of a patch submerged in 10 mL of 

SBF at 37 ºC and gentle agitation during the same days as the implantation in the rabbit has 

been incorporated. 

In the in vivo pregnant sheep trial, 16 patches were implanted in 4 sheep. Each approached 

uterine horn is perforated 4 times using the Seldinger technique of catheter insertion. Each 

orifice is sealed with a 17 mm diameter patch where 300 μL of HPMC (10 mg/mL) has been 

previously deposited and dehydrated using the 10 F introducer developed in Chapter III, which 

is introduced through a 12 F trocar. Once the patch is deployed inside, it is left to hydrate for 

60 seconds and then it is pulled by means of the double traction thread against the amnion 

for 120 seconds. After this time, one of the strands of thread is dropped and the other is 

stretched. This causes the traction thread to slide off the patch fixation thread (see chapter 

III). The use of fetoscopy allows visualization of the attached patches during the entire 

surgery. The adhesion to the amnion is evaluated by monitoring the first 5 minutes of 

attachment and just before introducing the entire new fetal sac into the uterine cavity. After 7 

days the fetoscope is reintroduced to quantify the number of patches adhered to the amniotic 

membrane. The state of the orifices made in the chorioamniotic membrane, the loss of 

amniotic fluid, and the appearance of lesions and the state of the fetus are evaluated. The 

amount of HPMC remaining in the patches is also quantified by TGA. Finally, the sheep are 

euthanized in accordance with current regulations.    
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4.3. Results and Discussion 

The results obtained in each family of adhesives and adhesion systems that we have 

developed, give rise to conclusions that explain the reason why we have been modifying the 

strategy to obtain optimal adhesion of the patch on the amnion. We could say that during the 

process of developing an adhesive that meets all the requirements set, a paradigm shift has 

been made that has caused us to change our way of perceiving the reactivity of a tissue such 

as the amniotic membrane, which has the unique property that nothing can stick.    

 

4.3.1. Bioadhesive thin film by Chemical Vapor Deposition 

Poly glycidyl methacrylate (PGMA) thin film 

The first strategy focused on the deposition of a polymeric thin film with reactive groups that 

would establish a covalent bond with the amino and hydroxyl groups of some amino acids 

such as lysines, arginines, serines, ..., of the membrane proteins of the monolayer of cells 

that form the surface of the amnion. The first approach was to deposit a thin film of poly 

glycidyl methacrylate (PGMA) on the silicone. GMA contains an acrylate group, by which the 

GMA or PGMA polymer is formed by a radical reaction, and an epoxy group. These epoxy 

groups in resins, during the curing process, usually react easily with amino groups and 

hydroxyl groups150 Thus, using the iCVD technique, films with a thickness of 200 nm and 700 

nm were deposited, and an adhesion test was performed on human amniotic membrane 

(HAM). The membrane was wetted with saline and the patches were deposited on top for 5 

and 10 min, and lightly pressed. The evaluation was intended to qualitatively identify the 

resistance caused by the patch on the amniotic membrane. In case of adhesion, when the 

patch is pulled laterally the membrane should follow the movement of the patch. It was 

observed that the patches did not adhere to the amnion in either time interval. In addition, 

water repulsion was observed on the surface of the GMA patches, indicating that the surface 

was hydrophobic. 

This first approach gave way to the idea of decreasing this hydrophobicity to bring the thin 

film as close as possible to the amnion. Therefore, hydroxyethyl methacrylate (HEMA) was 

added to the PGMA thin film. The HEMA was cross-linked with ethylene glycol diacrylate 

(EGDA) so that it would not have an exaggerated swelling effect when in contact with water. 

Without a crosslinker the PHEMA chains would have little cohesion, and the thin film would 

easily break under shear stress. Thus, a deposition of several thin films was made, where the 

layer closest to the silicone was formed by PHEMA and EGDA, and the most external one by 

PGMA. The first thin film had a thickness of 100 nm of PHEMA / EGDA and 100 nm of PGMA, 
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with a total thickness of 200 nm. The second had 175 nm of HEMA / EGDA AND 220 nm of 

GMA, with a total thickness of 395 nm. The third had 350 nm of PHEMA / EGDA and 50 nm 

of PGMA. And the fourth 800 nm of PHEMA / EGDA and 75 nm of PGMA. 

The adhesion ability of the four patches were again evaluated with the lateral pull test in HAM 

at 5 and 10 minutes, resulting in insufficient adhesion. It should be remembered that one of 

the requirements to be met is that the developed adhesive should react at a maximum time 

of about 5 minutes. 

The results concluded that, being true that epoxy groups react with amines and hydroxyls, 

the reaction of our PGMA + PHEMA / EGDA thin film with the amnion either does not occur 

or occurs at an insufficient rate to be of interest as a bioadhesive surface within the minimum 

required time. 

 

PPFM thin film 

Next, we wanted to deposit another thin film preserving the HEMA/EGDA layer. This layer 

gave us the capacity of swelling and above all the ability of the reactive groups to be closer 

to the amnion proteins. In order to have a higher reactivity, GMA was replaced by PFM. PFM 

also forms a polymer with a methacrylic group and has the advantage that the five-fluorine 

ring is very reactive. Therefore an iCVD deposition of a first HEMA/EGDA layer of 220 nm 

and a PFM layer of 150 nm is deposited. 

The adhesion results with HAM showed a lack of adhesion to the HAM at 5 and 10 min, since 

it did not show resistance to lateral movement. Although the hydrophilicity of the film increased 

(contact angle of 31º), the substitution of GMA by PFM did not give optimal adhesion results 

either. This could be explained by the fact that the amount of amino groups is not enough to 

fix such a bond and/or that the reaction is slower than initially thought.151 
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PAA thin film to isothiocyanate 

After these results it was decided to test another reagent group such as isothiocyanates, 

which also react with amino groups. This decision was made because isothiocyanate groups 

are commonly used in research to label and immobilize proteins. Molecules such as 

fluorescein isothiocyanate (FITC) are widely known and used precisely because the 

isothiocyanate group attached to fluorescein reacts with the primary amine of lysines, labeling 

proteins and emitting fluorescence. Thus, as a first approach it was decided to make a thin 

film with isothiocyanate groups but with the previous step of depositing an allylamine polymer 

(PAA) and then converting its amino groups into isothiocyanates by reacting with 1,1-

Thiocarbonyldi-2 (1H)-pyridone (TCBP).152 In this way, theoretically, we obtained a thin 

polymeric film full of isothiocyanate groups, which we know for sure react with amine groups 

of proteins. To achieve this, two types of polymeric film were created, one of PAA alone and 

the other of PAA with EGDA as a crosslinker. In both types the PPECVD technique was used, 

which, unlike iCVD, is faster and allows an oxygen plasma activation to be performed just a 

few seconds before starting the polymerization in the same reactor.  

  

In contrast to the previous depositions with GMA and PFM monomers, we wanted to 

incorporate some characterization techniques to know if we really have a PAA film. The 

presence of amino groups on the surface was evaluated using the attenuated total refraction 

(ATR) technique of two PAA thin films polymerized for 5 and 10 minutes. The results obtained 

(Figure IV-13) showed that at 3250 cm-1 there was a band corresponding to NH2, with an 

Figure IV-13. Comparative graph with the ATR results of PAA thin film at 5 and 10 mins. 
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increase of the signal in the PAA thin film at 10 min compared to 5 min of polymerization. This 

indicates a higher presence of these amino groups on the surface as the PPECVD deposition 

lasts longer. 

Furthermore, we wanted to know if this film was enough flexible and resistant to follow the 

subsequent reaction with TCBP, where toluene and dichlormethane (DCM) are used. Toluene 

and DCM, like many other solvents, have a swelling effect on the silicone producing an 

increase in volume and associated deformation153. It was found that the toluene deformed the 

silicone excessively. Therefore, the reaction was tested only with DCM. In order to know if the 

thin film would resist the DCM treatment, the elasticity of these films was evaluated 

microscopically (Figure IV-14). By stretching slightly at the ends and leaving the disc in 

repose, we could see if cracking appeared. The images obtained with optical microscopy 

showed an initial cracking in the PAA thin films before stretching the samples. This cracking 

has two morphologies, one in which the cracking is seen in the form of large plaques or 

macrocracking (black arrows), and the other in the form of microcracking (white arrows). The 

crushing into large plates or macrocracks before performing the stretching test is explained 

by the fact that during the polymeric deposition process the silicone receives a negative 

pressure to establish the vacuum. The vacuum in the reactor causes the silicone to expand 

slightly, so that once the deposition of the PAA thin film is complete, the reactor chamber 

returns to atmospheric pressure. It is precisely at this moment that the silicone is contorted 

and the thin film, if not too elastic, undergoes macrocracking. This effect is not observed in 

the PAA thin film with EGDA since the crosslinker prevents this macrocracking in reinforcing 

the polymetric chains. After stretching the samples and reanalyzing the films, a series of 

microcracks can be seen in both types of thin films, which are slightly superior to the PAA 

samples.   

Figure IV-14. Images of thin films of PAA and PAA/EGDA deposited over medical grade silicone. The images 
show the difference of cracking level before and after stress process. Black arrows show macrocracking of the 
thin film, white arrows show microcracking, and blue arrows show the marks and irregularities that exist usually 
in the silicone, due to the molding process. 
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This microscopic evaluation discarded the use of thin film with only PAA but not yet 

PAA/EGDA thin film. To demonstrate that these microcracks were due to an excessive 

stretching force that we had manually caused, we applied a drop of 50 μl of milliQ water and 

DCM on top of the PAA/EGDA thin film, and we evaluated the integrity of the surface 

microscopically. The images (Figure IV-15) showed that the PAA/EGDA film is dissolved with 

milliQ water, but not with DCM. Moreover, with DCM the microcracking did not appear. The 

integrity of the PAA/EGDA film was subsequently demonstrated by submerging the 

PAA/EGDA samples for 10 minutes in various solvents such as milliQ water, methanol, DMSO 

and DMC, and performing ATR analysis. The results (annex) showed the presence of amino 

groups at the surface in the samples submerged in DCM at 3250 cm-1, but not in the samples 

submerged in milliQ water, methanol or DMSO, demonstrating that the PAA layer was highly 

soluble in several solvents but not in DCM. 

Knowing these results, we knew that we could convert the surface amines to isothiocyanates 

without degrading the thin film. Thus, after several unsuccessful attempts to convert the 

amines to isothiocyanates it was finally established that the best way to produce the 

isothiocyanate conversion reaction was to submerge the silicone discs with PAA/EGDA in a 

solution of TCBP (20 mg/mL) with DCM for 48 hours under gentle agitation. Once the reaction 

was finished, the appearance of isothiocyanate groups was evaluated with ATR, which 

reduced the intensity of the band at 3250 cm-1 to the detriment of a band at 2100 cm-1. The 

data obtained by ATR (Figure IV-16) show a low band at 2100 cm-1 indicating a low presence 

of isothiocyanate groups. 

Figure IV-15. Microscope images that show the solubilization and disappearance of the polymeric thin film 
with a drop of water but not with DCM drop.  
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A manual lateral traction adhesion test was then performed to evaluate the adhesion 

sensations with the HAM. A slight resistance to lateral movement was observed, but not very 

much because the patch remained adhered to the HAM. This can be explained by the low 

presence of isothiocyanate groups due to the low conversion of amines by the reaction with 

TCBP 

 

Poly allyl isothiocyanate (PAITC) thin films 

After spending a lot of time depositing a homogeneous layer of PAA, followed by a reaction 

to convert primary amines to isothiocyanates, and not having optimal results neither in 

conversion nor in adhesion capacity, it was decided to look for an alternative. After searching 

for possible molecules with isothiocyanate groups, allyl isothiocyanate (AITC) was found to 

be an interesting candidate. Although AITC is not part of the known library of monomers for 

creating thin films by CVD techniques, its allyl group makes it theoretically capable of forming 

a polymeric thin film. AITC is a compost derived from cruciferous plants and is present in 

mustard, horseradish, and wasabi. Antibacterial, antifungal and anticarcinogenic activity has 

recently been described in its monomeric form. Activity that it would not have in its polymeric 

form unless it is degraded in monomers over time. According to its vapor pressure value (0.49 

kPa at 20 ºC) similar to GMA (0.42 kPa at 25 ºC) it is a good candidate for thin film deposition 

by PPECVD and iCVD. 

Figure IV-16. Comparative graph of ATR to evaluate the conversion of the NH2 groups (3250 cm-1) of 
PAA/EGDA thin film to isothiocyanate (2100 cm-1).  
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Thus, after adjusting the polymerization conditions of both PPECVD and iCVD, a band 

corresponding to the isothiocyanates around 2100 cm-1 appeared in the corresponding 

graphs obtained by ATR (Figure IV-17). The results show a higher intensity in the thin film 

obtained by iCVD, probably because this technique preserves better the integrity of the 

reactive groups of the monomer. On the other hand, with PPECVD a less intense signal is 

obtained, but with a higher presence of amino groups (3250 cm-1).  

 

At this point, it should be noted that due to technical problems with the iCVD equipment it 

was not possible to make more samples. Nevertheless, the number of samples obtained and 

characterized was sufficient to be able to perform the adhesion test in HAM with the PAITC 

patches obtained with the two techniques. The results obtained at 5 and 10 minutes showed 

a certain resistance to lateral movement but not in elevation. This adhesion was not enough, 

which made us reconsider the strategy to follow in the development of the adhesive. 

 

Before taking any decision, we wanted to understand why the PAITC thin film did not have 

enough adhesive properties. We did not know if it was because the reaction speed of these 

isothiocyanate groups was not fast enough or if we could not adhere proteins to our thin film. 

So, we did some experiments to determine the cause.  

 

 

Figure IV-17. Graph of ATR to compare the intensity of the band corresponding to isothiocyanates groups (2100 
cm-1) of PAITC thin films obtained by PPECVD (green line) and iCVD (red line).  
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The PPECVD technique was used to make the new samples because it is the fastest 

technique and, moreover, it allows the deposition on the medical silicone discs without having 

to change the reactor to activate its surface with oxygen plasma. Some copper grids with a 

hexagonal pattern were added on top of the silicone to act as a mask. In this way a thin PAITC 

film in the form of a hexagonal pattern was obtained. Polymer is only deposited in those areas 

where the grid does not cover the surface. In the area covered by the grid there remained the 

unmodified silicone. The structure was evaluated under optical microscopy both on the silicon 

wafers serving as a deposition pattern and on the silicones functionalized with PAITC thin 

film.  

The images obtained of the silicones with PAITC did not show cracking, unlike the other thin 

films tested previously. However, a wrinkled structure of the polymeric layer was observed  

Figure IV-18, D and F). The presence of wrinkles in polymeric films is well described in the 

literature since it is due to the movements that the substrate suffers during the pressure 

changes in the reactor. In our case, the medical silicon disc is contracted when it is made the 

vacuum in the reactor and recovers its initial shape at the end of the polymerization and 

returns to the atmospheric pressure. As already commented, this effect was the one that 

produced the cracking of some thin films tested previously but it seems that in the PAITC 

deposition it does not happen, and these wrinkles appear. It is described that geometries can 

be created depending on the direction from which the subtraction is tensioned and the applied 

force154–158. But what is not yet described is the directionality of these wrinkles that we 

observed in some sectors of the samples. Straight line wrinkles appear (Figure IV-18, E and 

F, black arrows) due to the imperfections present in the silicon. That is to say, the straight 

lines that appear in the silicone (Figure IV-18 E, white arrows) are due to scratches in the 

mold that is used to manufacture the silicone films and where they are cured, to later obtain 

the discs. Thus, according to these results, and taking into account that it would be necessary 

to do some experiments to control the polymeric deposition according to a geometry etched 

on the silicone and to verify that this is always completed, it would be possible to make 

polymeric patterns without the need to apply stresses on the substrate to cause different 

shapes in the wrinkles. It would only be necessary to etch or print the geometry on the 

substrate so that the deposited polymer would acquire the geometry of the engraving. It would 

represent a great advantage especially in rigid substrates where it is not possible to apply 

tensile forces. This could be of great interest in the fields of materials engineering, 

microfluidics, organ-on-a-chip, lab-on-a-chip, etc. 
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After measuring the PAITC thin film thickness with an atomic force microscope (AFM) it was 

decided to evaluate the potential of this film to bind proteins, bacteria, and cells. In this way 

we will obtain data on the reactivity of the isothiocyanate groups. 

The first assay performed was to evaluate the ability of isothiocyanate groups to bind animal 

proteins. In this case fluorescein-labeled albumin was used. The results using fluorescence 

microscopy (Figure IV-19) showed a clear intensity of fluorescence in the area where there 

was the PAITC thin film in hexagonal form, showing practically no signal in the area where 

there was only silicon. This indicates a clear binding capacity of the amino groups of the 

albumin Lysines to the isothiocyanate groups.   

 

 

 

 

 

Figure IV-18. Images obtained by optical microscopy of the PAITC thin film (yellow color) deposited on a silicon 
wafer after removing the hexagonal grid (A) and image of the edge of the film (B); result obtained from analyzing 
the thickness of the same sample (156 nm) by AFM (C); images of the wrinkles (dotted black arrow) appeared 
in the PAITC thin film on a medical silicone substrate after removing the hexagonal grid, where the pink area 
corresponds to the polymer-free silicone and the bluish area to the deposited polymer (D); the white arrows 
indicate the lines on the surface of the silicone due to scratches on the surface of the mold (E); the black arrows 
indicate the straight line geometry of the deposited polymer following the lines of the silicone surface (D, E and 
F). 
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Once it was demonstrated that the proteins were able to bind to the polymeric surface, it was 

decided to test the adhesion of bacteria on the polymer. Escherichia coli was chosen because 

it is a bacterium widely known and used in research, and moreover, they are easily identified 

by their morphology. On the other hand, Pseudomona aeruginosa was also used because 

they are known to form biofilms quickly. To evaluate the presence of E. coli bacteria, a SEM 

was used, where the images obtained (Figure IV-20) showed not only the presence of E. coli 

on their surface but also the clear arrangement of these bacteria on the concave part of the 

wrinkles. This could be explained by the fact that the size of E. coli coincides with the depth 

of the wrinkle coming into contact with a greater number of isothiocyanate groups (Figure 

IV-20 C and D). Furthermore, it can be clearly seen that in the area where there is no polymer 

there are practically no bacteria, thus demonstrating that the PAITC film is able to bind 

bacteria. And in reference to the straight lines where the polymer has grown according to the 

geometry, it was observed that the bacteria were arranged in a row following the geometry of 

the concavity of the adjacent wrinkle, reinforcing the reasoning that it could have interesting 

applications. 

Figure IV-19. Process of deposition of the PAITC thin film and reaction of binding to the amino groups of lysins present 
in the external part of albumin (A); and image obtained with a fluorescence microscope of the PAITC surface with the 
hexagonal pattern where an intense green signal can be observed, indicating the presence of fluorescein-labeled 
albumin (B). 

Figure IV-20. SEM images of PAITC surface where adhering E. coli bacteria can be seen (A, B and C); at non 
polymerized surface there are not bacteria adhered (B); the location of bacteria on the concave part of the wrinkles 
could be explained by the scheme (D). 
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In parallel, a silicone disc with half polymerized and half unpolymerized side was submerged 

in medium with P. aeruginosa, and after allowing it to grow for 48 hours, the biofilm was 

formed with violet crystal. Macroscopically it was possible to see that half of the disc was 

covered by biofilm, especially in the polymerized part (Figure IV-21 A). Macroscopically it is 

possible to see how the biofilm grows in an irregular way, and it is distributed covering part of 

the silicone zone without polymer, but it is not fixed there. The biofilm grows from the area 

with the PAITC thin film, where it is fixed. Observing in more detail the polymer limit zone with 

optical microscopy (Figure IV-21 B and C), it was clearly observed that the biofilm with violet 

glass was located in the PAITC zone and not in the clear part.  

These two results, therefore, corroborate the ability of the thin film to bind, in this case to two 

types of bacteria through the isothiocyanate groups. 

 

Finally, the last assay to evaluate PAITC binding was performed with human cells. The aim 

was to verify that the cells were able to bind to isothiocyanate groups through their membrane 

proteins. Therefore, human normal dermal fibroblasts (HNDF) and mammary gland cells 

derived from metastatic adenocarcinoma that express green fluorescein protein (MDA/GFP) 

were cultured on medical silicone discs with half side with PAITC and the other half without 

polymerization, this is with the fresh silicone. The reason for using these two cell lines was to 

obtain information on the differences between a culture with physiologically healthy cells and 

one with tumoral cells, and whether the binding affected them in the same or different ways 

The results obtained (Figure IV-22) showed low cell viability in both cases. A greater 

confluence of cells was expected in the PAITC zone than was actually observed. Moreover, 

live cells can be observed, although some of them do not have the expected morphology for 

Figure IV-21. Macroscopic view of the disc with a half part with biofilm of P. aeurginosa (A). Microscopic images 4x 
(B), and 20x (C) of the edge of the polymerization zone (right side). 



Chapter IV-Bioadhesives with activation on wet environment 

115 
 

the cell lineage. The change in morphology and the low number of cells could be due to 

several factors. On the one hand, the cells would not be comfortable in the PAITC substrate 

and would not divide, remaining "lethargic", although some cells maintain the morphology of 

the cell line. Another explanation could be that there is a cytotoxic effect in which some cells 

die remaining in an arrested and immobilized form due to attachment to isothiocyanate 

groups, while others survive. And another explanation could be that the cells are disposed on 

the substrate remaining immobilized and unable to migrate on the substrate. Some more than 

others. While generating these hypotheses to try to explain the images obtained, it was clear 

that the cells are at the limit of polymerization without migrating to the silicone zone, being 

alive, dormant or dead. It seems that the PAITC thin film binds in some more or less reversible 

way the membrane proteins of the cells allowing them to bind to the polymerized zone, as 

opposed to the non-polymerized zone. 

From the results obtained in all these protein, bacterial and cell adhesion assays, it was 

concluded that the isothiocyanate groups on the PAITC surface were indeed able to react 

with amino groups. What happened, and could be related to other functional monomers such 

as GMA or PFM, is that the binding speed to amino groups is not fast enough to be used as 

an adhesive that acts in 5-10 minutes. Furthermore, in the absence of any cytotoxicity test, 

the results with cell immobilization showed a non-quantified but evident cytotoxicity. The cells 

were not comfortably positioned against the PAITC thin film. 

All these data questioned the main strategy to make the silicone disc have adhesion 

capabilities thanks to the deposition of any thin film with adhesive properties. This made us 

reconsider the strategy and the need to find another type of adhesive that would react quickly 

enough to keep the patch attached to the amnios. 

 

Figure IV-22. Images of culture of human normal dermal fibroblastes (HNDF) 4x (A) and 40x (B) where the wrinkles 
of the PAITC (black arrow) and the cells morfology can be identify; and mammary gland cells derived from 
metastatic adenocarcinoma that express green fluorescein protein (MDA/GFP) at 4X. At both cultures the cells are 
disposed in the polymeric part (right side), especially close to the limit..  
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4.3.2. Bioadhesive inspired on marine mussel glue: dopaminated Hyaluronic Acid 

(DHA) 

After analyzing all the results obtained in the deposition of polymeric thin films with adhesive 

properties, a series of conclusions were reached that differed from the initial approach. 

Although the first strategy was to obtain a thin adhesive layer, it was found that, apart from 

not obtaining sufficient adhesion in the HAM tests due, among other things, to the lack of 

speed in forming covalent bonds, the thickness of this layer was insufficient for all the reactive 

groups present in the film to come into contact with the cell wall of the amnion. Moreover, the 

thin films did not prevent fluid penetration between the patch and the amnios.  For this last 

reason, it was decided to develop an adhesive that would swell upon contact with the amniotic 

liquid. Thus, by capturing water and swelling, the reactive groups of the adhesive would be 

forced to come into contact with the proteins of the membrane due to the force exerted by the 

patch on the membranes wall thanks to the thread we use for traction. If there is sufficient 

reaction speed in forming molecular bonds with the amniotic surface proteins, it should 

support the movements and external forces that the patch may suffer.  It should also have a 

low solubility in the amniotic fluid. In this direction we thought of hyaluronic acid, which is a 

polysaccharide present in tissues and organs of our body, with the interesting function of 

hydration and lubrication due to its great capacity to capture water and swell, as it has a large 

number of hydroxyl groups in its chain. Our group had previously worked with high molecular 

weight hyaluronic acid by adding quinone groups on the side of the chain with a substitution 

percentage of approximately 75%. In addition, the hyaluronic acid used was of 

pharmacological grade, so we already had one more step to avoid regulatory problems in 

case it had a strong adhesion capacity in the amnios and we finally used it as an adhesive for 

our medical device. In our case, the principal strategy to follow was to deposit the already 

dopaminated hyaluronic acid on the flat silicone discs with concave hemisphere 

micropatterns, so that the adhesive would have a larger contact surface with the patch and 

thus be able to covalently bind to it. 

As already mentioned in the introduction concerning the functioning of adhesives, but which 

is necessary to remember, an adhesive must have an optimal bond between it and the 

substrate (medical silicone patch), an optimal cohesion between the chains that form it, and 

an optimal bond between the adhesive and the substrate where it wants to be fixed (amnios). 

Therefore, by means of oxygen plasma activation, radicals are created on the surface of the 

silicone which, together with the concavities of the micropattern, should increase the bonding 

with the partially activated adhesive. Partial activation of the adhesive would be done with 

oxidizing agents such as Na2IO4, FeCl3, mushroom tyrosinase, ..., so that the catechol groups 
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hanging laterally from the hyaluronic acid chains would be converted into quinones. Some of 

these quinones would covalently bind to each other, cross-linking the hyaluronic acid chains. 

Others would react with the radicals created on the surface of the silicone, binding covalently. 

Others would have nowhere to bind as they could not find a place to react. And finally, as the 

AHD-based adhesive rapidly dehydrated, some quinone groups would not convert to catechol 

or find amino groups until the AHD film was rehydrated with the amniotic fluid. At this point 

oxidation would finish and the reaction with amniotic membrane proteins would occur. 

To achieve this, the first step was to increase the degree of dopamination of the hyaluronic 

acid to the maximum percentage of substitution that would allow synthesis. Using AHD with 

different degrees of substitution means that we cannot control oxidation in a clear way, in 

terms of finding a successful formulation with optimal reproducibility between the different 

batches synthesized.  

 

Improvement of the degree of dopamination of hyaluronic acid. 

In the first syntheses, substitution percentages between 70 and 85% were obtained, with 

undesirable variability. After doing some preliminary tests and observing variability in the 

results, it was decided to adjust the reaction to increase this degree of substitution by 

increasing the molar ratio from 1:3 to 1:5 of aldehyde versus amine. That is, by adding more 

dopamine hydrochloride. According to the 1H-NMR described in the literature, the multiplet 

signal appears at δ=1.91 ppm. In our case (Figure IV-23) the multiplet signal is at 2.03 ppm 

and is associated with the protons of the NH-COCH3 groups.148,159 The triplet signals at δ= 

2.88 ppm and δ= 3.23 ppm correspond to the ethylene protons of the -NHCH2-CH2- groups 

of the DOPA. And the signals between δ= 6.75 ppm and δ= 6.92 ppm are associated with the 

protons in ortho and meta position of the aromatic ring. The dopamination ratio or degree of 

substitution (DS) of DHA is obtained from the calculation of the integral of the area under the 

signal at δ= 2.88 ppm belonging to the DOPA group and δ= 2.03 ppm corresponding to 

hyaluronic acid, using the formula: 

 

SD (%) = I2.8 ppm/(I2.03 ppm/2) 

 

The calculations obtained for the first unmodified reactions showed a degree of substitution 

between 70 % and 85 % (Figure IV-23 A). Whereas, with the increase of the dopamine ratio 

a degree of substitution of approximately 98.5 % was obtained. (Figure IV-23 B). 
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Formulation and evaluation of oxidation in the formation of a DHA film. 

The first step was to determine if a flexible DHA film could be formed, due to the fact that this 

film should be able to be deposited on the surface of the silicone disc and not crack when the 

patch was rolled up and introduced into the cannula. Therefore, we proceeded to perform a 

series of tests by depositing different volumes at different concentrations of DHA and FeCl3, 

IO4Na2, on medical silicone discs with smooth surface and with the micropattern of concave 

hemispheres. Also, on oxygen plasma activated and not activated discs. It is important to 

emphasize that this process was done in parallel with the development of the disc as substrate 

for the adhesive and of the insertion system, so that sometimes, especially at the beginning, 

the substrate and the adhesive deposition techniques used and their formulations vary. Only 

some tests, results and some images obtained during these tests will be shown. The first part 

of the tests were aimed at obtaining quick feed-backs to delimit the concentrations and 

volumes on which we had to work. The main objective was to obtain information on the 

bonding of the films to the silicone disc. The flexibility of the dehydrated films, and if they were 

breakable. If they solubilized quickly when re-hydrated with water. If the plasma activation of 

the silicones allowed to deposit the entire volume homogeneously on the disc or if it was 

necessary to modify the substrate. In conclusion, to identify the best strategy to obtain a film 

ready to rehydrate with adhesive properties, and finally to obtain a specific volume and 

concentrations.   

 

 

 

 

Figure IV-23. 1H-NMR spectra of one of the first dopamine hyaluronic acid (DHA) (A) compared to the spectra of 
the final DHA (B), after modifying the synthesis (Annex 3).  
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As tests were carried out, conclusions were reached to continue the search for the best 

formulation. It was concluded that the substrate had to be plasma activated so that the DHA 

formulation would extend over the entire surface of the disc due to the fact that the medical 

silicone was highly hydrophobic and once dehydrated the DHA film would separate from the 

substrate (Figure IV-24 A). That the substrate should have micro-roughness so that the 

adhesive would have a larger contact surface and adhere better. That the mixing of DHA and 

oxidant should be done before dehydration and not after, due to the fact that the dehydrated 

DHA film without oxidant was not flexible and was breakable. That at very high concentrations 

of DHA and FeCl2 a clot was formed, and it was not possible to form a film (Figure IV-24 B 

and C). That at low concentrations of DHA and FeCl3 a film was formed but solubilized in a 

few minutes upon rehydration with water, so it was critical to find the balance between the 

possibility of forming a compact and flexible film but not solubilizing quickly. 

  

 

  

Figure IV-24. Images where the DHA film is separated from the medical silicone disc is shown, in addition to presenting 
high rigidity. It also does not occupy the entire surface of the disc due to insufficient plasma activation (A); formation of 
clots within the DHA mixture just when it comes into contact with drops of FeCl3 (289 μl of DHA (30 mg/ml) + 172.5 μl 
of FeCl3 (6 mg/mL)), showing the impossibility of making a homogeneous mixture (B); clot formation at DHA 
concentrations of 30 mg/mL and 15 mg/mL, until the optimal formulation is found to obtain a homogeneous mixture at 
10 mg/mL (C). 
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In order for the DHA-based adhesive to have a larger contact surface area with the silicone, 

and to have more points to covalently bind to after activation with oxygen plasma, a 

micropattern of concave hemispheres was added to the silicone surface (see Chapter 2.2.3 

and 2.3.3.). This micropattern was incorporated definitively in all the silicone discs used in the 

subsequent ex vivo and in vivo tests. (Figure IV-25). 

Once the optimal volumes and concentrations of DHA and FeCl3 were obtained, formulation 

was also added to the discs with electrospun Silicone/PCU for ex vivo adhesion tests. Disc 

deposition was performed with the 85 % and 98 % dopaminated DHA batches. The most 

promising results were obtained with 98 % as a homogeneous mixture without aggregates 

was achieved. Higher aggregate or clot formation was expected with the formulation using 

98% DHA due to the higher number of dopa groups, but the results showed the opposite. This 

could be explained because there is a higher amount of FeCl3 for a lower number of dopa 

groups in the 85% DHA preparation, all available dopa would react. The results also showed 

that deposition on micropatterned silicone discs resulted in a more homogeneous patch with 

less deformation and stiffness than deposition on electrospun silicon/PCU discs. This could 

be due to the fact that the oxidized DHA chains, when covalently bonded to the PCU fibers 

and dehydrated, produce tensile forces that deform the patch (Figure IV-26). 

Figure IV-25. Optical microscopy images of the silicone surface with the micropattern (A); of the oxidized and 
dehydrated DHA formulation (B); and 10 mm and 15 mm diameter patches (C). 
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Evaluation of adhesion on human amniotic membrane (HAM) 

The evaluation of the adhesion of the patches with DHA and FeCl3 was first performed with 

direct adhesion tests on AMH, then with the multiaxial and phantom test, and finally with in 

vivo assays on pregnant rabbits, as the first animal model used. 

 

a. Adhesion test by lateral traction and elevation. 

While formulations were being found with which to create a homogeneous film on the 

silicone disc, adhesion tests were carried out in HAM. The tests consisted of hydrating the 

area with physiological saline and depositing the patches on the amnion for 1-5 minutes, 

pressing lightly. After this time the patch was pulled laterally with tweezers to see if there 

was any resistance and tension in the amnion, indicating adhesion. Finally, if there was 

lateral adhesion, the patch was elevated with the tweezers from one extreme.  

The FeCl3 and NaIO4 formulations formed flexible films, but the FeCl3 formulations had 

better adhesion results in HAM than NaIO4. Lateral adhesion was never obtained with the 

DHA and NaIO4 formulations. This difference in adhesive properties could be explained 

by the formation of coordination bridges with iron, or because there are differences in the 

degree of oxidation. It is not exactly known whether or not to convert all the catechol groups 

to quinone, due to the fact that the remaining catechol groups can be covalently bonded 

by Michael addition, by the formation of Schiff bases, etc. In fact, a mixture of several of 

these reactions is likely to occur, which we have little control over, with the type of iron salt 

Figure IV-26. Images of the silicone (top) and silicone/PCU electrospunned (bottom) discs with the final formulations 
before and after dehydration, but with the synthesized batches of DHA at 85% (left) and 98% (right). 
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used, pH, temperature, concentrations and ratios, etc. also coming into play.92,131,160,161 

Hypothetically, this variability in the reaction mechanism could lead to poorly reproducible 

results in terms of adhesion values, a fact that could difficult the development itself. Even 

so, the adhesion results of the DHA formulations with FeCl3, although improvable, were 

promising. There was some resistance to lateral movement and vertical detachment by 

lifting but it appeared that the cohesion in the chains was not high enough due to the fact 

that fragments of DHA were observed on the amnion (Figure IV-27). That is, there was 

adhesion of DHA to the amnion and silicone but not enough cohesion between the DHA 

chains.  

It was very important to test potential candidates on ex vivo models such as the multiaxial 

test due to the quantitative data that we did not have so far. 

  

 

 

 

 

 

 

 

 

 

Figure IV-27. Image of the adhesion test by lateral traction and vertical detachment. The HDA + FeCl3 patches 
(black dotted arrows) have risen from the HAM leaving traces of DHA on the HAM (black arrows.) 
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b. Multiaxial test  

The multiaxial test provides data concerning the effect of the patch on the punctured 

chorioamniotic membrane. Quantitative data are obtained by recording the increase in 

pressure up to the maximum value supported by the chorioamniotic membrane with the 

patch attached as the volume of fluid in the system increases. It also provides information 

on the pressure at which leakage occurs and the pressure at which the membrane breaks.   

By the time the multiaxial test was completed, the first candidate and formulation had 

already been selected. Therefore, a formulation of 298 μL of DHA (10 mg/mL) + 72 μL of 

FeCl2 (6 mg/mL) was tested on silicone discs with pattern and silicone discs with integrated 

electrospun PCU. In addition, a commercial ethylcyanoacrylate-based adhesive 

(SuperCeys® Unick®, from Ceys®), which is more flexible than commonly used 

ethylcyanoacrylate but also not suitable for use on human tissues, was also included. The 

flexible cyanoacrylate was deposited only on flat silicone disc with micropattern. An n=8 of 

the two adhesives was used for this test. Normal reference values of intrauterine pressure 

in common pregnancies is maximum 14 mm Hg in basal state and rises between 30 and 

50 mmHg during labor contractions. Values above 14 mmHg for rupture or leakage are 

therefore considered acceptable. However, the higher the pressure values, the more 

promising the patch is as a candidate. 

The results of the multiaxial test (Figure IV-28) (these results are part of the published 

article (annex)) with the cyanoacrylate patch showed little reproducibility, although the 

leakage pressure values appeared at higher pressures than in the two DHA patches. The 

leakage values of the DHA patches gave values below the marked limit of 14 mmHg. This 

could be due to the fact that DHA swells and allows water to penetrate between its chains, 

producing an initial leakage but supporting the increase in pressure up to 50-60 mmHg. 

Between the leakage values of the two DHA patches, better results were obtained in the 

silicone patch with electrospun PCU, even without reaching a pressure of 14 mmHg. This 

could be explained by the fact that the DHA penetrates between the electrospun fibers of 

the PCU, which serve as anchor points, thus improving the bond between the patch and 

the HAM. This result could indicate that the bonding of the DHA with the silicone surface 

is not enough strong to obtain an adhesion force between the two that exceeds 14 mmHg. 

In contrast, in both patches, the leakage produced at low pressures (≈ 5 mmHg) stabilized 

and disappeared as the pressure increased, obtaining promising results on the burst 

pressure of the HAM. In the silicone patch with PCU, HAM burst pressures were slightly 

higher than the patch without PCU. It is interesting to mention the acceptable results 

obtained with cyanoacrylate, both in leakage and HAM rupture, although stiffness of the 
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adhesive was observed once the adhesive had cured, in addition to the already known 

toxicity. In any case, the use of cyanoacrylates should not be discarded due to the fact that 

their formulation could be modified to obtain an adhesive that, once cured, is more flexible 

and elastic than the current ones, using longer chain cyanoacrylates.  

 

It is true that the multiaxial test pushes to the limit the behavior of the patch and the AMH 

individually, as well as together. In addition, the multiaxial test does not allow the chorion 

and amnion to slide over each other, and the curvature of the HAM suffered by increasing 

fluid pressure is not representative of reality. Therefore, the information obtained only tells 

us whether the candidate is promising. It is necessary, then, to perform complementary 

tests such as the phantom adhesion test, which will bring us closer to the in vivo model. 

Tests are also necessary to identify whether the adhesive we are using is toxic to the cells 

that are in contact with it. 

 

 

 

Figure IV-28. Results obtained with the multiaxial test. On the one hand the graph shows the maximum pressure 
free of leakage (A), and on the other the graph shows the maximum pressures that the corioamniotic membrane 
supports before appears the rupture (B) with membrane rupture pressures (B). The samples used are patches 
of silicone and silicone/PCU with cyanoacrylate and DHA. The images show the appearance of the first leakage 
(A) and the rupture of the amnion.  
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c. Toxicity tests 

In parallel to the ex vivo adhesion tests, the collaborating medical team performed pyknotic 

nucleotide and lactic acid dehydrogenase (LDH) tests (these results are part of the 

published article (annex)).  Both tests are used to indicate cytotoxicity by contact. The first 

test indicates damage to the cells of the amnion monolayer with light microscopic 

visualization of abnormalities in the cell nuclei by hematoxylin-eosin staining. And the 

second indicates tissue damage by the presence of free LDH in the medium.  

The results of the pyknotic nuclei test (Figure IV-29 A) indicated a pyknotic index below 2 

% in the DHA patches at 24 and 48 hours, compared to the positive toxicity control used, 

which presented values between 30-40 % at 24h and 20-35 % after 48 hours. 

The results obtained in the LDH test (Figure IV-29 B) indicated a cytotoxicity of the DHA 

patches between 3 and 8 U/L as low as in the untreated sample (p = 0.154), compared to 

the positive control showing values higher than 1754 U/L after 24 and 48 hours (IQR 998.5 

- 2775.5, p < 0.01).  

Therefore, the results obtained by these two tests indicate that the DHA-based adhesive 

is biocompatible with the cells and tissue forming the HAM. 

 

Figure IV-29. Results obtained in toxicity tests of pyknotic index (A) and LDH (B). The microscopic images (40X) 
show normal nucleus in the cells of untreated amniotic membrane (left), and some pyknotic nucleus (arrow) on the 
cells of the amniotic membrane treated with a positive toxicity control (right). The toxic adhesive layer (asterisk) can 
be observed. 
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d. Phantom test 

After performing the multiaxial test and evaluating the toxicity of DHA, the phantom test 

was performed. The phantom simulates the tissues and layers that we must go through 

with the trocar to access to the fetus cavity. This test not only gives us information about 

the adhesion of the patch on the HAM, also, using the introducer or insertion system, we 

obtain information on the insertion process itself, and on the viability of the technique by 

being able to evaluate the unfolding of the patch and its mechanism of fixation to the 

amniotic membrane. 

The phantom test showed an effectiveness of 100 % (N = 5) in the insertion, release, 

unfolding and fixation of the silicone patch with micropattern and DHA in the HAM with an 

inclination of 90º and 45º. Indicating that the insertion method and strategy works 

optimally.  

In reference to the adhesion produced, the results (Table IV-4) were not encouraging due 

to the fact that with an introducer inclination of 90º 1/5 of the patches remained adhered 

to the HAM. On the other hand, with an introducer inclination of 45º, three of the five 

patches did not adhere correctly to the HAM, and even one of them is detached after a 

few seconds.  

 

               Table IV-4. Results of the ex vivo assay with phantom test. 

 

 

 

 

 

 

These results showed that the introduction system was optimal, but the DHA-based 

adhesive did not have sufficient adhesive power to remain attached to the AMH in 100% 

of the cases. Nevertheless, it was decided to test the silicone and DHA patches in an 

animal model. 

 

 

 

 

 

 

  90º (N = 5) 45º (N = 5) 

Insertion    

 Complete 5/5 5/5 

Adhesion    

 Complete 4/5 2/5 

 Partial 0/5 2/5 

 Absent 1/5 1/5 
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e. In vivo test 

Before implanting the patches in the amniotic membrane of pregnant rabbits, two patches 

of silicone with micropattern and DHA were implanted in the peritoneum of a rabbit for 4 

days (Figure IV-30). The results showed that the patches remained attached in the same 

area although one of them was slightly displaced. The presence of the adhesive was 

observed but when the patches were separated from the peritoneum the adhesive 

fragmented easily. This fact can be explained by a lack of cohesion of the adhesive chains.  

After evaluating the adhesion in peritoneum, 4 patches of the same candidate were 

implanted in 25-day-old pregnant rabbits. The insertion results showed that rabbit 

membranes are extremely thin and elastic, probably due to the fact that rabbits usually 

have about 5-8 baby rabbits per litter, so the chorioamniotic membranes need to be 

extremely adaptable to the number of fetuses. In addition, there is practically no space 

between the membranes and the offspring, making it difficult to insert and unfold the patch. 

It should be noted that the size of the trocar and patch was adapted to the rabbit model, 

finally using a 7 F trocar instead of 10 F, and a 10 mm diameter patch instead of 17 mm. 

The handling of the introduction system was acceptable although some improvements 

were applied. 

Regarding the adhesion of the patches, 7 days after implantation it was observed that any 

of the patches were not in the site where they were initially implanted. In addition, no 

adhesive was observed on the surface of the silicone discs (Figure IV-31 right), verifying 

a lack of cohesion and adhesion of the adhesive. Considering that the fetuses have their 

own movements inside and that during surgery the fetal sac is repositioned and 

repositioned together with the fetuses, it is expected that the patch supports all these 

movements. Since this is not the case, it is concluded that the candidate patch consisting 

of a silicone disc with micropattern and DHA does not meet the expected adhesion criteria.  

Figure IV-30. Images of peritoneal rabbit surgery, obtained during (left) and after 4 days (right) of the 
implantation of the silicone patches with HDA.  
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It is true that the strategy of binding the adhesive to the amnion by covalent bonds is 

interesting, and in fact it seems to happen with DHA, but covalent bonding may not be 

entirely controllable due to the need for prior oxidation of the DHA and subsequent 

dehydration so that the adhesive can be deposited on the surface of the silicone disc. In 

fact, we can make the adhesive deposition and the dehydrated film does not break when 

it is rolled on the cannula and subsequently unfolded, but the forces supported by the DHA 

chains are not enough to obtain a sufficiently cohesive adhesive. The presence of 

enzymes may also influence the degradation of DHA due to the presence of 

hyaluronidases in organisms, for example, which degrade hyaluronic acid. This factor, 

added to the forces that the patch must support, means that hyaluronic acid, even if it is 

long chain, is not a good option for producing adhesives that must support so many tensile 

movements. The possibility of substituting the hyaluronic acid chain for another type of 

chain that would not degrade so rapidly was considered. But it was concluded that using 

a strategy based on the oxidation of the dopa groups not only offered poorly reproducible 

results, but it was also very difficult to control the degree of oxidation. It was very difficult 

to control the mechanism necessary to stabilize such oxidation in an adhesive that needs 

to be dehydrated and rehydrated to get the maximum adhesion capacity. 

Therefore, it is necessary to modify the strategy by looking for other polymers that are not 

influenced or are minimally influenced by enzymes of the organism, whose chains have a 

greater capacity to crosslink between them, between them and the silicone substrate, and 

between them and the proteins of the domain, without using a mechanism as dependent 

on different factors as is the dopamination of molecules. 

  

Figure IV-31. Images of pregnant rabbit surgery obtained during (left and center) and after 7 days (right) of the 
silicone and DHA patches implantation.  
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4.3.3. Bioadhesive inspired in the formation of hydrogels with cellulose derivates  

Hydroxypropyl methylcellulose (HPMC) 

Considering the results obtained previously with the bioadhesive based on dopaminated 

hyaluronic acid, it was decided to use other polymers that are widely known and used in the 

pharmaceutical industry. Celluloses, such as HA, also offer high water catchment, so that an 

adhesive based on cellulose biopolymers would have the capacity to swell when rehydrated 

with amniotic fluid, which together with the silicone substrate would block its exit through the 

wound produced in the chorioamniotic membrane. 

Hypromellose or hydroxypropyl methylcellulose (HPMC) was chosen first because it binds 

easily to moist substrates such as mucous membranes. Furthermore, being of vegetable 

origin, they cannot be degraded by any human enzyme. The only way to lose adhesive would 

be by mechanical causes or by its degree of solubility in aqueous media, always depending 

on the length of its chains and the crosslinking between them.  

HPMC has the peculiarity that as the water temperature increases, it becomes less soluble. 

This property is very interesting due to the fact that we will try to find out the degree of solubility 

at 37 ºC, which is the temperature around which the adhesive would be found inside the fetal 

sac. Upon rehydration, as the cellulose chains are rich in hydroxyl groups, they would form 

hydrogen bonds with the other hydroxyl and amino groups of the amnion proteins. These 

bonds, although not as strong as ionic and covalent bonds, have the capacity to create 

interactions constantly over time. This would result in an adhesive that, when applied to the 

patch, would adapt to the different movements and tensions that occur in the chorioamniotic 

membrane during pregnancy.  

 

The strategy to be followed represents a paradigm shift in that it is intended to obtain an 

adhesive that will adhere dynamically instead of covalently bonding and remaining immovable 

at a specific point. It should be remembered that the basic function of the patch is to prevent 

the leakage of amniotic fluid during the first minutes after removal of the trocar, and thus avoid 

the penetration of fluid between the amnion and the chorion, resulting in the rupture of these 

layers. Theoretically, therefore, it would not be necessary for the patch to be attached to the 

membrane until the moment of birth, as long as it significantly reduces the risk of membrane 

rupture. Ideally, however, the patch should remain attached to the amnion until birth, when it 

would be removed together with the placenta.  

After some initial trials with different volumes and concentrations of HPMC, it was finally 

decided to use a formulation of 300 μL of HPMC (10 mg/mL). This volume was deposited on 

17 mm silicone and silicone/PCU discs, previously activated with oxygen plasma according 
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to optimized conditions (Chapter 2.2.3 and 2.3.3). Once the required volume was deposited, 

it was dehydrated in an oven at 40 ºC for 8 hours.  

 

Multiaxial assay 

The results obtained in the multiaxial test (Figure IV-32) (these results are part of the 

published article (annex)) showed that the patches with silicone and silicone/PCU with 300 

μL of HPMC (10 mg/mL) had a similar but slightly higher burst pressure than the results 

obtained with DHA, thus obtaining more than acceptable pressures, in addition to having 

results with lower variability. The most important result was observed in the leakage 

appearance pressures, in which there was a significant improvement. Leakage appearance 

pressures in the HPMC patches were higher than 25 mmHg with a maximum of 65 mmHg, 

compared to pressures lower than 10 mmHg in the DHA patches. The results were also better 

than those obtained with the flexible cyanoacrylate, both in the burst pressure and in the 

pressure with leakage appearance. 

 

These first results showed that the HPMC-based adhesive could be a good candidate for in 

vivo assays in pregnant rabbits, but first it was necessary to test the patches in the phantom 

model. 

 

 

 

Figure IV-32. Results obtained with the multiaxial test. It can observe the results obtained between de patches with 
HPMC against HDA, related the maximum pressure free of leakage and the maximum pressure of rupture. 
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Phantom assay 

For the phantom test, the same samples were used as for the multiaxial test. That is, 10 

silicone patches with the 300 μL formulation of HPMC (10 mg/mL) and 10 silicone and 

electrospun PCU patches with the same formulation were introduced using the developed 

insertion system allowing 60 seconds to rehydrate the HPMC.  

The results obtained (Table IV-5) showed that all the patches could be correctly inserted and 

attached to the phantom. The patches with the silicone substrate remained attached to the 

amnion in their entirety during the 5 minutes of the test, whereas 50% of the patches with the 

silicone substrate and electrospun PCU detached before the end of these 5 minutes. This 

detachment could be due to the fact that when the 300 μL of HPMC is deposited on the 

electrospun PCU layer it penetrates between the fibers and upon dehydration it hides between 

the fibers. During the rehydration process, the HPMC does not have sufficient swelling to 

expose the polymeric chains of the HPMC in sufficient quantity for it to optimally achieve its 

adhesive properties on the amnion. 

Table IV-5. Results obtained in the phantom test. 

 

Therefore, it is concluded that although the PCU fibers can protect the adhesive from 

mechanical degradation at the time of rolling it into the cannula, this quantity is not sufficient 

for optimal adhesion. It would be necessary to adjust the thickness of the electrospun layer 

and the porosity of the fibers to adjust the final volume and concentration of the adhesive. For 

this reason and due to the optimal adhesion results obtained in the phantom test of the silicone 

patches with HPMC, it was decided to test these patches in the in vivo test in pregnant rabbits.  

 

In vivo assay with rabbits 

Due to the small size of the rabbit model, 14 mm diameter patches were prepared with the 

formulation adapted to the new patch surface. Therefore, patches with a deposited volume of 

203 μL of HPMC (10 mg/mL) were prepared, introduced into the insertion systems. Finally, 

two of them were implanted. It was important to obtain information on the ability to adhere to 

the amnion, in addition to obtaining quantitative data on the amount of adhesive that remained 

adhered to the patch after 4 days of implantation. 

 n Silicone + HPMC Silicone/PCU + HPMC 

Patch insertion 10 10 10 

Patch placement 10 10 10 

Patch adhesion after 5 mins 10 10 5  
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Concerning implantation, the two patches were optimally positioned on the chorioamniotic 

membrane and could even be seen by ultrasound once the abdominal suture was closed 

(Figure IV-33). After 4 days the position of the patches was evaluated. The two patches were 

slightly displaced from the original implantation site, but no amniotic fluid leakage was 

observed. The patches were removed to assess the presence or loss of HPMC.  

The amount of adhesive present in the patch was quantified by thermogravimetric assay 

(TGA). The results obtained showed a loss of HPMC of 29 % in the first disc and 21 % in the 

second disc. This weight loss can be attributed to two factors. The first could be explained by 

the fact that part of the adhesive remained stuck to the surface of the amnion, indicating good 

interaction of the HPMC chains with the amnion but insufficient cohesion between the chains, 

due to the fact that the patches were not in the expected place. Secondly, some solubilization 

of the adhesive would occur when in contact with the amniotic fluid, although the adhesive, 

being between the membrane and the silicone disc, would be partially protected. 

To establish the degree of solubilization of the HPMC formulation in the disc, a solubility test 

of the same silicone patches with HPMC was performed. In triplicate, the patches were left 

under gentle agitation and 37 ºC, in miliQ water and simulated body fluid (SBF) for 1, 7 and 

14 days. Subsequently, the presence of HPMC was quantified by TGA. 

 

Figure IV-33. Images of the pregnant rabbit surgery with the implantation of the patches (black arrow) with HPMC in 
pregnant rabbit model (left). The echography images (right) shown an adhered patch to the amniotic membrane (blue 
arrow and cercle). 
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The results obtained (Figure IV-34) showed that there was a quick initial solubilization of the 

HPMC after 24 hours. Remaining 45 % of adhesive in the patches in miliQ water, and 50 % 

in the patches with SBF. The loss of HPMC increases slightly at 7 and 14 days, and to a 

greater degree in the miliQ water medium due to the lack of salts in its composition, which 

increases the solubility of the HPMC. In fact, this type of test and these aqueous media are 

used as accelerated solubilization media, giving an indicative information of the solubility of 

the adhesive. Therefore, although initially useful, they are far from the real solubilization 

produced inside the fetal sac.   

The large difference in HPMC percentage between the patches quantified in the in vivo 

pregnant rabbit test and the solubility test can be explained by the fact that in the solubility 

test the adhesive is not protected because is entirely in contact with the aqueous medium. In 

addition, the constant agitation movement accentuates this difference in solubility. On the 

other hand, the patch inside the fetal sac suffers some movement produced by the fetuses, 

but this movement does not occur constantly and does not seem to have an excessive 

influence.  

After evaluating the surgeries performed on rabbits, together with the medical team, it was 

concluded that the pregnant rabbit model was not a valid model for implantation due to the 

fact that rabbits have a very high number of fetus and they are arranged in a sequential 

manner in a fetal sac, that is far from being similar to the human model. In addition, the patch 

must be reduced in size due to the fact that it must be adapted to the size of the rabbit fetal 

sac. For these reasons and to get closer to the human model, it was decided to use sheep for 

the following in vivo tests and no longer use the rabbit model. 

Figure IV-34. Results obtained in the solubility test of the samples with 
HPMC after 1,7 and 14 days. 
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Cytotoxicity test 

In parallel to the in vivo tests, cytotoxicity tests were performed with the silicone and 

silicone/PCU patches with the selected formulation of 300 μL of HPMC (10 mg/mL). The 

results obtained (these results are part of the published article (annex)) in both the pyknotic 

nuclei index assay and the LDH assay (Figure IV-35) showed relatively low rates of toxicity 

and very similar to those obtained with the patches with DHA and the negative cytotoxicity 

control (silicone and silicone/PCU disc without adhesive). Although an increase in LDH values 

is observed in the 24-hour sample of silicone with HPMC, it does not reach 500 U/L of LDH 

nor the lower limit of the positive toxicity controls. Therefore, we can conclude that the patch 

with the HPMC formulation does not present toxicity on the cells of the amnion monolayer. 

 

In vivo assay with sheep 

With excellent toxicity results, it was decided to realize a test on pregnant sheep by implanting 

16 silicone patches with HPMC. But before testing the patches it was important to establish a 

method to sterilize the entire sealing system. That is, it was necessary to use a sterilization 

method that would sterilize the patch with the adhesive already assembled in the insertion 

system, without altering the properties of the adhesive. After evaluating the different 

sterilization methods such as dry or wet pressure sterilization, gamma rays, etc. It was 

decided to use ethylene oxide (EtO) sterilization at 37 ºC as the method that theoretically least 

altered the different materials, and because of the relative simplicity of sterilizing with this 

method. Once the sterilization method was selected, a quick test was performed in the 

multiaxial test with three silicone patches with the chosen formulation of HPMC. In this way 

we would know that the adhesion capacity would be altered if the amnion rupture pressure 

Figure IV-35. Graphs with the results obtained from the pyknotic nucleus and LDH assay. 
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decreased in relation to the results obtained previously (Figure IV-32). The results showed a 

mean rupture pressure of 69.6 mmHg, with a minimum value of 53.9 mmHg and a maximum 

of 97.6 mmHg. These values were slightly higher than those already obtained, so EtO 

sterilization did not decrease the patch adhesion and sealing capacity. Therefore, it was 

concluded that the EtO sterilization method was optimal in terms of patch sealing properties, 

thus allowing the initiation of the test in pregnant sheep. 

The in vivo test in a large animal model (in this case sheep) allows us to evaluate different 

aspects of the sealing system: on the one hand, the viability of the insertion technique in real 

conditions more similar to surgery in humans, the visualization of the patch placement by 

fetoscopy, the adhesion of the patch during implantation, at the end of the intervention and 

after 7 days. It also allows us to identify signs of injury in the area corresponding to the orifice 

created, rupture of the amnion, and whether the chorioamniotic membranes separate from 

each other. 

Four pregnant sheep were used where 4 silicone patches with the dehydrated HPCM 

formulation of 300 μL (10 mg/mL) were implanted in each one. After removing the uterine 

horns and filling them with serum to increase intrauterine pressure and better navigate with 

the fetoscope, they were punctured and the patches were placed one at a time, tracking their 

position with the fetoscope until all 4 patches were placed in each sheep (Figure IV-36).  

Figure IV-36. Image of implantation process in pregnant sheep. First of all, the trocar is introduced with Salinger 
technique (A). The introducer is introduced through the 12 F trocar (B) and the patch is deployed (C and D). After the 
rehydration process the patch is fixed to the amnios with the traction threat (F and G). After 5 minutes the patch is 
observed (H).  The presence of 3 patches adhered to the amnion can be observed moments before reintroducing the 
fetal sac (I).   
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The results obtained (Table IV-6) showed that of the 16 patches implanted, 9 of them (56.2 

%) were attached at the end of the intervention, and 7 of them detached during the 

manipulation of the uterine horns or during the implantation of the remaining patches. In some 

cases it could be observed how the fetal membrane was naturally retracted due to stimulation 

in the area, making it difficult to fix the patch. And in other cases, spontaneously, the patches 

were detached from membrane. It could be that this lack of adhesion was also influenced by 

the concave shape that the patch adopts when unfolded, due to the fact that for several days 

the patch is rolled up in the cannula of the insertion system, causing that when unfolded it 

does not adopt the original flat disc shape. After 7 days of implantation, the presence of the 

discs in the implanted position was evaluated. None of the remaining 9 patches were adhered 

to the implantation site. In fact, all the patches were found to be glued on top of each other. 

This could be due to the adhesive not having enough time to rehydrate and reach its maximum 

adhesion capacity, and/or the adhesive not having sufficient cohesive power and its chains 

not supporting the movements produced during the emptying and reintroduction of the uterine 

horn into the uterine cavity.  

 

Table IV-6. Summary table of the results obtained in the in vivo assay with sheep. 

 

In all sheep, the fetuses of the uterine horns where the 4 patches were implanted were 

healthy, there were no lesions beyond the orifice itself, and no leakage of amniotic fluid was 

observed through any of them  

The adhesive quantification on the surface of the implanted patches was performed by TGA. 

The results (Figure IV-37) showed a loss of HPMC on the patch surface between 18 % and 

40 %, with an average HPMC presence of 70 %, a median of 67 % and a SD of 6.6 %. Always 

bearing in mind that we do not know the time at which each patch was detached, nor the 

degree to which the movements that occur within the amniotic sac up to the time of recovery 

at 7 days may affect the integrity of the adhesive.  

 

 

 

 Cases 

Adhesion at the end of 1st surgery 9/16 (56 %) 

Adhesion at 2nd look surgery 0/16 

Macroscopic lesions SS sites 0/16 

Macroscopic lesions fetuses 0/4 
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From the results of the in vivo test in sheep it was concluded that the insertion system allowed 

the optimal implantation of the patch, with an easy to use mechanism for the medical team. 

That the use of the patches and the insertion technique did not adversely affect the health 

status of the fetuses. As for the adhesion of the patch, it was concluded that the adhesive and 

cohesive capacity of the HPMC formulation should be improved in order to support longer 

adherence to the amnion, although no leakage of amniotic fluid was observed at any time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-37. Comparative graph of the remaining total HPMC  in the 16 patches implanted in 
4 sheep, after 7 days. 
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Formulations with pharma grade HPMC and HEC 

The reduction of adhesive on the surface of the patches led us to consider four improvements: 

on the one hand, the need to test the following patches with a pharma grade HPMC; the need 

to increase the chain length due to a decrease in solubility; the need to increase the hydroxyl 

groups to increase the hydrostatic forces between the amnion and the adhesive; and the need 

to cross-link the polymer chains to improve the cohesion of the adhesive. For this reason, 

pharma grade HPMC was used for the new formulations and tests. Metolose 90SH 15M 

HPMC and Metolose 90SH 100M HPMC (ShinEtsu) were chosen. Some of these formulations 

included hydroxyethyl cellulose (HEC) (Natrosol M and HHX, from Ashland), which is a 

cellulose that is very similar to HPMC but with a higher number of hydroxyl groups. Finally, 

citric acid (CA) was also added in some of these formulations as a crosslinker to increase the 

cohesion of the adhesive.146,162,163 From this point on, the tests were carried out exclusively 

with silicone discs with the selected micropattern.  

 

Phantom test  

The first phantom test trial was performed with the pharma grade HPMC. It was intended to 

find out whether the new HPMC also allowed the patch to remain attached to the HAM, 

although an enhancement using amniotic fluid at 37 °C was added to obtain an ex vivo model 

even closer to reality. The three EtO-sterilized patches, with the 300 μL deposited formulation 

of 15M HPMC (10 mg/mL) and dehydrated, were optimally attached with the introduction 

system. All the patches are detached before the first 15 min. Concluding that while the patch 

could adhere during the first few minutes, this time was not sufficient to bring this formulation 

to in vivo tests in sheep. Further tests showed that the 15M HPMC, although easily 

rehydrated, solubilized too quickly (data not shown).   

At this point it was decided to test some formulations with HPMC, HEC and citric acid as 

crosslinker. After selecting the most promising formulations, another ex vivo test was 

performed with phantom, HAM and amniotic fluid at 37 ºC. The patches used contained a 

total deposited and dehydrated volume of 300 μL of the following formulations:  

A) HEC 250M (10 mg/mL) 

B) HEC 250M (10 mg/mL) + CA 1.25 % 

C) HPMC 15M (10 mg/mL)/ HEC 250M (10 mg/mL) 1:3 + CA 1.25 % 
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The results showed that all patches lasted at least 1 hour adhered to the HAM. At which time 

each test was interrupted. As an interesting and merely informative note, the test performed 

with the HPMC/HEC+CA formulation patch was left for a whole weekend, so that the patch 

remained adhered to the HAM for between 3 and 68 hours. 

  

At this point, a solubility test of the three formulations was performed in order to choose the 

most promising one. The data obtained (Figure IV-38) showed that the solubility values of the 

HPMC/HEC+CA formulations were better than the other two formulations. Above all, a lower 

initial adhesive loss was observed for HPMC/HEC+CA in the order of 23 %, compared to 40 

and 54 % for HEC and HEC+CA, respectively. In addition, a more real trend in adhesive loss 

can be observed as time progressed. This can be explained by the fact that in the first two 

formulations the saturation point of the medium is reached faster. That is, the extraction media 

(miliQ water and SBF) do not allow more adhesive to solubilize due to the saturation of the 

medium itself due to the fact that HEC and HEC+CA solubilize rapidly during the first 12 hours. 

This can be seen especially in the data obtained in the medium with miliQ water where the 

lack of salts produces a higher degree of solubilization compared to the data obtained with 

the medium with SBF. It must be said that this method has its limitations but it gives us 

important information, especially on the degree of solubility during the first 12 hours.  

Figure IV-38. Comparative graph of the remaining total cellulose based 
formulations in the solubility test with miliQ water and SBF. 
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Patches with the HEC and HEC+CA formulations were discarded and an ex vivo phantom 

test was initiated for patches with the HPMC/HEC+CA formulation. Eight patches were 

implanted with the criterion that if 80% of these attached for at least 72 hours this formulation 

would be used for in vivo trials in sheep. The results obtained showed that of the 8 patches 

tested, one remained attached for 96 hours but only partially (Figure IV-39); one held for 2 

hours until membrane rupture, perhaps due to excess tension when placing the 

chorioamniotic membrane in the phantom; another stayed for 30 mins and the remaining 5 

detached before the first 5 minutes. Therefore, with a success rate of 12.5 %, the criterion of 

80 % of patches adhered for at least 72 hours was not achieved. 

 

These data led us to consider improvements in the in vitro and ex vivo assays previous to the 

multiaxial and phantom tests, due to the fact that obtaining HAM and amniotic fluid limits large-

scale assays. Therefore, it was of vital importance to obtain a method in our laboratory that 

would allow us to have adhesion values prior to the assays where a larger amount of HAM is 

used. In this direction, a dynamometric adhesion test was customized and developed. 

 

Figure IV-39. Picture of the first patch tested at 96 h. 
Partial detachment can be observed. 
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Dynamometric assay 

In order to obtain quantitative adhesion data before testing with the ex vivo fantom model, a 

dynamometric adhesion test was set up by customizing the equipment. A foam was applied 

on the flat metal head about 6 mm thick where a piece of HAM is placed (Figure IV-12). This 

foam allows us to apply a force between 1 and 1.5 N more precisely, simulating the force 

exerted when the patch is pulled against the amnion with the fastening thread. Tests in the 

laboratory indicated that tensile forces greater than 2 N caused the deformation of the patch, 

even breaking the silk thread. Therefore, dynamometer tests are performed by applying a 

maximum compressive force of 1.5 N for 1 minute, after rehydrating the patch with PBS for 2 

minutes. The force value obtained when trying to separate the head with the chorioamniotic 

membrane from the patch is the value we take as a reference to compare the adhesion of the 

patches with the different formulations. 

The adhesion values obtained by dynamometry of the patches that had already been tested 

previously in ex vivo phantom tests were used as a reference value, and compared with the 

new formulations. The results obtained in the dynamometry tests showed that the highest 

adhesion value was shown by the patch with HPMC 15M with 2.25 N, but we knew that it 

showed a very high solubility. Also as a reference we obtained the adhesion values of the 

patch with HPMC 15M/HEC 250M (1:3) + 1.25 % CA which, although we had obtained the 

best results in the ex vivo test with phantom, in the dynamometry test it obtained a low 

adhesion values of 0.15 N. Taking into account these two values and the adhesion results in 

the ex vivo phantom test, we were able to select the patch with the formulation that had the 

highest adhesion value. The highest adhesion value was the patch formulated exclusively 

with HPMC 100M, with an adhesion value of 1.4 N, followed by the same with CA, with a 

value of 1.03 N. This could be explained due to the fact that HPMC 100M having longer chains 

than HPMC 15M would produce a greater number of crosslinks between them, obtaining 

greater cohesion of the adhesive but maintaining the capacity to form hydrogen bonds. This 

ability to form bonds was reduced by adding CA, at the expense of further increasing the 

cohesion of the adhesive by forming covalent bonds between the chains. Therefore, it was 

decided to use the 100M HPMC formulation to perform the following ex vivo phantom tests.  
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At this point, before proceeding with ex vivo tests with the new formulation, improvements to 

the patch were considered. It was concluded that the rehydration of the adhesive was critical 

but at the same time we could not establish a point of equilibrium between rehydration, 

adhesion and cohesion. That is, we could not establish a time when these properties would 

be at their maximum values. From the moment it was decided to modify the sealing strategy 

we understood and accepted that developing a "dynamic" adhesive represented a challenge 

due to the fact that its adhesive behavior is difficult to predict and evaluate. For this reason, 

one thing that could facilitate the increase in adhesion and cohesion while the adhesive 

rehydrates, was to add a physical bond in addition to that already produced by the traction 

thread that keeps the patch in contact with the amnion for 1-2 minutes while the chains interact 

between them, between them and the disc, and between them and the amnion.  So finally the 

physical bonding, in addition to the chemical bonding produced by the adhesive, would allow 

the equilibrium of rehydration, adhesion and cohesion to be established while the patch is 

physically bonded. This physical adhesion was proposed as the incorporation of small 

microhooks or microarpoons attached to the surface of the patch, which we will see in the 

following chapter, together with the remaining tests until the last in vivo test in sheep. 

 

 

 

 

 

  

Table IV-7. Summary table with the tension forces supported by the patches in the dynamometric assay.  
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4.4. Concluding Remarks 

During the development of the different adhesives, it has been necessary to understand and 

analyze the true meaning of the results in the same time that they were obtained. The initial 

strategy of developing a patch with a thin polymeric film with adhesive properties by means 

of covalent bonds has evolved to obtain a patch with an adhesive that has a dynamic adhesion 

capacity. In other words, it would adapt and adhere as needed. This strategy was opposed to 

the initial strategy. A fact that was widely discussed and debated among us. The development 

of an adhesive that could be deposited on the surface of the disc in the form of a thin film, that 

was flexible, that could be rolled on a cannula without self-adhering, and that once rehydrated 

would swell and acquire adhesive and sealing properties together with the patch, although 

ambitious, could be possible. The results obtained especially from the use of HA made us 

understand the importance of an adhesive with the ability to swell to seal the flow of amniotic 

fluid between the disc and the membrane, as well as to penetrate partially through the orifice 

of the chorioamniotic membrane allowing the natural movement of the membranes. It could 

be affirmed that the importance of adhesion was reduced in favor of increasing the sealing 

capacity, for the maximum possible time. Obtaining a dynamic adhesive with sealing ability 

was only possible if the adhesive chains interact constantly with each other, with each other 

and the disc, and with each other and the amnion. And developing a bioadhesive that formed 

covalent bonds did not allow this. Therefore, efforts were directed to use molecules that form 

a large number of bonds by hydrostatic forces, such as HPMC.  

This chapter concluded that with the high viscosity HPMC-based adhesive/sealant it was of 

utmost importance to ensure that the adhesive could rehydrate and partially swell in a short 

time, and that once sufficiently rehydrated a tensile force not exceeding 1.5-2 N could be 

applied. A tensile force higher than these values would deform the patch through the hole in 

the membranes and would not allow a constant force of pressure to be applied from the entire 

surface of the patch to the amnion.  

This series of conclusions point the way to the incorporation of some modifications in the 

patch, in order to improve the sealing capacity of the patch. 
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Latest advances and next steps 

This last chapter shows the latest modifications introduced in the patch to add a 

physical anchorage in the form of microarpoons, in addition to the chemical 

adhesion provided by the adhesive. As well as the results obtained in ex vivo 

and in vivo studies derived from these modifications. It also includes a 

description of the possibility of incorporating a hexagonal mesh-shaped skeleton 

inside the silicone disc, in order to increase the stiffness of the patch and avoid 

deformations.  Finally, the next steps to follow are briefly discussed with the clear 

objective of creating a startup where the sealing system can progress as quickly 

as possible and reach the first assays in pregnant women. 

 

5.1. Introduction  

During the implantation of the patch, in order to save time in the rehydration and swelling of 

the adhesive, and so that its adhesion power would not depend on the time we are pulling 

with the traction thread, it was decided to incorporate a physical bond in the form of 

microarpoons in the patch.  

In nature, there is a wide range of strategies (Figure V-1) for achieving physical bonding. It is 

therefore natural for research to look to those anchoring methods that nature has perfected 

over millennia. Bio-inspired engineering tries to draw inspiration from these designs already 

existing in nature to adapt and incorporate them, as in the case that brings us here, to the 

medical device sector. Plants such as the burdock have hooks so that their seeds can get 

caught in the hair of animals and thus be transported much farther than if they were to simply 

fall to the ground. Geckos have a kind of microbrush on their toes that allows them to climb 

vertical walls. Lampreys and squids have teeth that, thanks to contraction, anchor themselves 

by means of a suction effect. In the same way, octopuses attach themselves by means of 

suction cups, but without the need to have teeth on them. Mosquitoes introduce their sting 

into the skin by means of a system inspired by medical needles. And a long etcetera.164,165  
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We were inspired by a harpoon design that also exists in nature. For example, the teeth of 

some snakes are oriented in such a way that when the snake is swallowed it is impossible to 

get out. In the same way the skin of sharks or scales of fish and reptiles are oriented so that 

there is practically no resistance in one direction but yes in the opposite direction. That is why 

we clearly look at the design of harpoons and fishhooks used in fishing, which consist of a 

needle-shaped end and a "death" so that once the harpoon penetrates, it is anchored and 

does not come out easily. Thus, by incorporating multiple microarpoons in the external part 

of the surface of the patch, it is intended to physically attach the patch to the amnion so that 

the microarpoons penetrate the membrane and cannot go backwards, the patch remaining 

attached while the adhesive acquires its maximum adhesive properties on the membrane. 

  

Figure V-1. Some strategies that exist in nature and that serve as examples for bio-inspired engineering. 
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5.2. Materials and Methods 

5.2.1. Incorporation of a microarpoons corona 

Design and fabrication 

The microarpoons design was carried out using Solid Works design software. The 

microarpoons strips were fabricated using S304 stainless steel sheets 0.01 mm x 100 mm x 

1000 mm. Laser cutting was carried out using the Laser P400U machine from GF Machining 

Solutions, with the Amplitude Satsuma 20 W femtosecond laser source (Microrrelleus S.A.). 

 

Once the microarpoons strips were obtained, they were immersed in acetone and ethanol 

and sonicated for 5 minutes. They were dried at room temperature and the ends were glued 

with ethylcyanoacrylate.  

 

The Nusil® medical silicone discs with the concave hemisphere micropattern were 

manufactured as explained in chapter 2.2.3, but with a diameter of 15 mm and a thickness of 

0.25 mm. This disc was placed on a 0.5 mm uncured silicone film and pressed to a thickness 

of 0.5 mm. The excess silicone has been leveled to the height of the cured patch and with 

micro-tweezers the micro-harpoon crown is inserted into the uncured silicone just outside the 

cured silicone disc. Once we make sure that the crown is integrated in the silicone with the 

help of a binocular magnifying glass (Leica M165C), the discs are introduced in the oven at 

50 ºC for 8 hours and it is left to rest at room temperature. Finally, it is cut with a 17 mm 

diameter metal punch. 

  

Preparation of the patches 

The patches are cleaned with 5% Hellmanex II solution, miliQ water and ethanol. It is dried 

with filtered compressed air and activated with oxygen plasma (chapter 2.2.3) and 300 mcl of 

HPMC Metolose® 90SH 100k (ShinEtsu) 10 mg/ml in miliQ water is added. It is placed in 

oven at 45°C for 2 hours and allowed to stand o.n. 
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5.2.2. Validation assays for the patch 

Multiaxial ex vivo test 

Two patches with the microarpoons strip with square fenestrations are used for the multiaxial 

test with HAM (Figure V-1A). And the test is performed in the same way as in chapter 4.2.2. 

evaluating the leakage pressure and the amnion rupture pressure. 

 

Stability tests 

To realize the stability test, a disc with the "S" design of the microarpoons strip was used 

(Figure V-1 B and Figure V-5). One of the discs was placed in a 12 F cannula for 24 hours. 

When deployed, the condition of the microarpoons and the crown were evaluated. 

 

In vivo test with pregnant sheep 

For the in vivo assay, 2 pregnant sheep were used. Five patches were implanted in each 

sheep with the second micro-harpoon design (Figure V-1 B and Figure V-5). The same 

procedure was followed as in the in vivo test performed with DHA in Chapter 4.2.2. After 

implanting each patch, we waited 5 minutes and observed their behavior with a fetoscope. 

After implanting the last patch of each sheep, we evaluated the presence and state of the 5 

patches that had adhered to the amnion. After 7 days we observe the position of the patches 

by reopening and removing the placenta with the fetus. The presence of adhesive on the 

patch is evaluated by direct observation. We also evaluate the state of the orifices, presence 

of leakage, state of the fetuses by means of their cardiac pulse, etc. 
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5.3. Results and Discussion 

5.3.1. Incorporation of a microarpoons crown. 

Design and fabrication 

The main design was proposed in such a way that the microarpoons would be manufactured 

in the form of a zipper tape. That is, each micro-harpoon would be represented by each of the 

teeth that form each of the strips of a zipper, with each microarpoon unit repeating until it 

forms a strip, which when joined at both ends forms a crown.  

Before creating the design of this microarpoons tape, it was important to consider several 

factors. On the one hand, the functionality of the microarpoon was important, so the length, 

thickness, shape, total number of microarpoons and the distance between them had to be 

established. The microarpoons should completely cross the amnion, but not penetrate too far 

into the chorion. If the microarpoons were to penetrate deeply into the chorion, they would not 

allow free movement of one membrane over the other. And, on the other hand, it was also 

important to establish how this crown was anchored inside the silicone disc, allowing it to roll 

up inside the cannula and unfold completely.  

Another important thing to consider before making the designs was to identify the way in which 

we would manufacture this microarpoons crown, due to the fact that the manufacturing 

technique can limit the measurements when working on a microscopic scale. Several 

methods were evaluated that would allow us to fabricate these microarpoons, including 3D 

printing, injection molding, and laser cutting.  

Having evaluated various methods of obtaining this harpoon tape, it was finally decided to 

use the laser cutting technique, due to the fact that, without being economical, it is the method 

that offered the possibility of manufacturing components on the scale we needed. We 

contacted several microtexturing and laser cutting companies and asked them about the limits 

of their lasers. The limit was set by the diameter of the laser beam. Meaning that, the smaller 

the diameter of the laser beam, the more details we can add in the design and the more 

accurate the final cut will be to this design. Identifying this limit was very important due to the 

fact that the material chosen to manufacture this crown was stainless steel film of a 0.01 mm 

thick. Although biocompatible metals such as Nitinol and titanium are used for implantology, 

stainless steel was useful for the prototype validation tests due to the fact that it does not 

oxidize in aqueous media and is not easily altered at the silicone curing temperature. In 

addition to being flexible with the thickness of the selected film and not having a very high 

cost, compared to the other options. 
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The first reference measurements for the design were obtained from the thickness of the 

stainless-steel film, which was 0.01 mm. The only way to have microarpoon as close as 

possible to a cylinder shape was by means of an orthohedron with a depth of 0.01 mm and a 

base of 0.01 mm. Another reference measurement was obtained according to the thickness 

of the amnion, which ranges from 0.010 mm to 0.050 mm depending on the tension exerted 

and the stage of pregnancy. As the microarpoons crown is integrated into the silicone disc, 

the total length of the microarpoons to be optimally anchored in the amnion should be between 

0.05 mm and 0.250 mm, varying according to the depth that we introduce the crown into the 

silicone disc to anchor it sufficiently so that it does not separate. The other reference measure 

is the thickness of the silicone disc, which ranges between 0.475 and 0.525 mm, so the part 

from where the microarpoons grows and which has the function of anchoring to the silicone 

should be between 0.05 mm and 0.2 mm.  

With the Solid Works design program, we designed several types of microarpoons strips 

(Figure V-2) taking into account the measurements we had as reference. Three parts 

distinguish these microarpoons strips: the microarpoons; the tabs and holes at the ends of 

the strip; and the fenestrations at the base, which have the purpose of allowing the silicone to 

penetrate between them, anchoring the strip inside the disc.  

Finally, after several meetings and discussions, we found a company (Microrelleus SA. 

Sabadell) capable of manufacturing the microarpoons strips with a femtosecond laser. This 

laser is ultra-short pulsed and offers high precision and low temperature cutting, so there is 

an absence of burrs in the cut material. The smaller head of this equipment allows projecting 

a laser with a beam diameter of 0.005 mm. Enough to cut the micro-harpoon with the details 

of our design. Especially with regard to the most critical part of the design, which is the "death" 

of the micro harpoon. 

 

Figure V-2. Three possible designs (A-C) with three repeating subunits of the microarpoons are shown. Designs B 
and C are intended to allow the crown to be more mobile during the folding and unfolding of the patch. In addition to 
having greater penetrability in the silicone substrate due to a larger size of the base. 
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Once the microarpoons strips were obtained (Figure V-3 C), the objective was to join them at 

their ends in such a way as to form a crown with the microarpoons oriented upwards (Figure 

V-3 B). In order to join it, tabs were designed at one end to fit through the holes at the other 

end (Figure V-3 D and E). Although this was attempted, the size we were working with was too 

small, so it was solved by joining the ends with an extra fast curing adhesive (Figure V-4 A). 

Once we had the crowns prepared, we thought about the best way to incorporate them into 

the silicone disc. After some trials, it was decided to use a dual cure system for the silicone. 

First, a micropatterned disc of 0.25 mm thick cured silicone was placed on a 0.5 mm base of 

uncured silicone. It is pressed to a total thickness of 0.5 mm and the excess is flattened to the 

same level as the cured disc. The crown is placed on the outside of the cured disc. Carefully 

and without bending the micro-hoops, insert enough so that only the micro-hoops remain on 

the outside. It is introduced in the oven at 50 ºC for 8 hours. Once the silicone is cured, it is 

left to rest at room temperature for about 8 hours and with a 17 mm diameter punch the 

silicone disc with the integrated microarpoons crown is cut (Figure V-4 B).  

 

 

 

 

 

 

Figure V-3. Microarpoons tape from the repetition of a microarpoon unit in .stl format (A) and a real image with a 
binocular magnifying (C-E); same ribbon but joined at its ends forming the crown in .stl format (B); real images with 
binocular magnifying glass of the details of the microarpoons, fenestrations of the base and tabs and holes at the 
ends (D and E). 
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It should be noted that the first discs with the microarpoons crown were made with the 

microarpoon design with the base fenestrated in the shape of a square window (Figure V-2 A 

and Figure V-3 C-E) Finally, it was decided to use the design with the S-shaped base (Figure 

V-2 B and Figure V-5 A and B) due to the fact that it allowed more dynamism of the crown 

when rolling and unfolding the patch. 

 

 

 

 

Figure V-5. Real image of the microarpoons tape with the final design selected, with the base defenestrated in the S 
shape (A and B). 

Figure V-4. Real image of the crown of microarpoons approximately 15 mm in diameter, attached with adhesive at 
its ends (A) and of the crown integrated in the silicone disc (B), and schematic images of the crown embedded in the 
silicone disc (C).   
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5.3.2. Validation assays for the patch 

Multiaxial ex vivo test 

The cost of manufacturing the microarpoons crowns is very high, so fewer tests were 

performed than desired. A first test was performed to evaluate the sealing of the HAM orifice 

using the multiaxial test with the first microarpoons design (Figure V-2 A and Figure V-3 C-

E). Two silicone patches with the integrated microarpoons crown were used. One without 

adhesive to see if the patch with adhesive remained anchored to the chorioamniotic 

membrane only through the microarpoons, and the second with the 300 μL formulation of 

dehydrated HPMC 100M. The results obtained showed appearance of leakage at a pressure 

of 24.2 mmHg in the patch with the HPMC formulation. This pressure did not increase further 

as more liquid was lost than entered the system. This value is above the 15 mmHg reference 

intrauterine pressure, so this patch modification was still sealing the membrane above 

physiological pressure. It was not possible to identify whether the patch attachment was due 

to physical binding because the patch without adhesive did not hold attached to the 

chorioamniotic membrane during the first few seconds of the test. This was probably due to 

the fact that the patch was not completely flat, and that some sectors of the microarpoons 

were hidden under the silicone. It was this result that led to the modification of the design to 

a larger strip base up to 0.3 mm in height. Precisely to make it easier and simpler to place the 

crown inside the silicone so that once cured it would be better integrated. 

Another aspect to be evaluated was whether the crown and arpoons would have undergone 

any damage after being subjected to a pressure of 24.2 mmHg. For this reason, the patch 

and all its microarpoons were photographed before and after the test. The results of the 

microscopy image analysis showed that in some sectors the crown had separated from the 

silicone disc and that some microarpoons had undergone some deformation. This result 

reinforced the idea of modifying the design and verified that the stainless steel microarpoons 

Figure V-6. Image obtained with a binocular loupe of the silicone patch with micropattern and microarpoons crown 
incorporated, before (A) and after (B) the multiaxial test. An example of one of the analyzed sectors is shown, where 
a deformation and disengagement of the microarpoons crown (black arrow) is observed. 
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deformed when they penetrated the chorioamniotic membrane and exerted tension up to 24.2 

mmHg.  

 

Stability tests for the microarpoons and deployment of the patch 

One of the things we were worried about when incorporating this microarpoons crown into the 

silicone disc was the stiffness it could acquire. Until now, the disc without the microarpoons 

crown could roll up inside the cannula and unfold without deforming. This incorporation could 

alter the properties of the memory effect that silicone has. One of the reasons why this 

viscoelastic material was selected. Another factor to be taken into account was the stability of 

these microarpoons. We had already observed that some of the microarpoons could lose their 

vertical orientation due to tensile forces on the microarpoons. However, at this point we 

wanted to know if the microarpoons would bend or break after the patch was deployed. If this 

happened, we would not be able to implant the patch in sheep using the insertion system we 

had developed. 

Previously, and together with the medical team, the decision to increase the diameter of the 

introducer from 10 F to 12 F was taken. It was not worth the risk of losing any patch due to 

the small diameter of the cannula. y It was not worth the risk of losing any patch due to the 

small diameter of the cannula. The patch when rolled into the cannula of the introducer could 

be too tight and forced into the cannula, deforming the microarpoons. So we could not use it 

for posterior implantation in sheep. Again, 10 microarpoons strips were fabricated with the "S" 

shaped base design (Figure V-1 B), the crowns were formed and integrated into the silicone 

discs. Only one of them was used to perform the stability study. By rolling the patch in the 

cannula and then unfolding it after 24 hours, its deformation, the anchorage of the crown 

within the silicone disc, and the integrity of the microarpoons were evaluated. 

Figure V-7. Images where the folded patch can be seen inside the cannula of the introducer (A); moment at which it 
is pushed outside after 14 hours of folding (B); and the unfolded patch with a slight "U"-shaped deformation (C). 
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The results showed that the microarpoons crown was well integrated into the silicone and the 

patch could be deployed correctly. But a slight deformation of the disc was also observed, it 

did not completely recover its flat shape. This deformation was attributed to the choice of 

stainless steel as material, so it could easily be avoided by using another material such as 

Nitinol or some thermopolymer that was more elastic and could be laser cut. Previously, this 

type of deformation had already been observed in some silicone discs of lower thickness and 

after being rolled inside the cannula for several days.  

As for the integrity of the microarpoons, the entire perimeter of the microarpoons was 

analyzed with a binocular magnifying glass to evaluate any deformation, comparing the 

images before rolling the patch and inserting it into the introducer cannula and after being 

deployed after 14 hours. The results of the images analyzed of the microarpoons before 

folding showed that in most of the perimeter the microarpoons were in good condition, and in 

some sector there was silicone between them. Analyzing the images of the unfolded disc, it 

was possible to observe slight deformations in some microarpoons, but the most remarkable 

result was the rupture of the crown in the place where the ends meet. This result verifies that 

there is a need for improvement in our crown design and assembly. Subsequently, an analysis 

of the integrity of the crown and microarpoons of the remaining 9 patches was made, and 

even knowing their limitations, it was decided to use them with the introducer or insertion 

system in the in vivo test in sheep. 

  

  

Figure V-8. Two examples of the binocular microscope analysis of the integrity of the microarpoons and the crown 
before and after unfolding. A slight deformation of the microarpoons can be seen (black arrow) but that should allow an 
optimal anchoring in the HAM (A), and a deformation of the crown (white arrow) due to the stress that the crown 
supports when being rolled (B). 
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In vivo test with sheep 

In two pregnant sheep, the ten patches that had been manufactured were implanted (five in 

each fetal sac), including the one we had used in the stability test for the crown and the 

microarpón (Figure V-9). The same procedure was followed as in the in vivo test performed 

with the DHA. In the same way we implanted each patch, waiting 5 minutes observing its 

behavior, and when implanting the last patch of each sheep we evaluated the presence and 

attachment of the 5 adhered patches. 

The results obtained (Table V-1) showed a correct insertion of all the patches with the 

introducer/insertion system adapted to 12 F cannula. The substitution of the braided silk 

traction thread by a Nylon monofilament also gave optimal results. This substitution was made 

due to the real danger that the silk thread could be damaged or entangled in the microarpoons. 

As for patch adhesion, fetoscopic camera monitoring showed that 7/10 patches remained 

attached to the amnion for a minimum of 12 minutes. Of which 4 of them detached before 

reintroducing the fetal sac into the abdominal cavity with a maximum of 45 minutes. 3/10 of 

the patches detached from the amnion during the first 5 minutes of observation. It was 

possible to identify, just at the moment of detachment, that the shape of the patch acquired 

the "U" shape that we had already observed previously in the stability test. This could explain 

why the patch detaches by exerting an opposing force on the membrane when we pulled with 

the fastening thread to anchor the microneedles and activate the adhesive. Finally, 3/10 

patches remained attached to the implantation site until the end of each intervention (one 

Figure V-9. Images of the implantation of the patches from outside the fetal sac in pregnant sheep model (A); from 
the inside with the fetoscope camera where unfolding (B), rehydration (C) and fixation of the patch in the amnion (E) 
can be seen; image with 3 adhered patches on the amnion of sheep # 1 (F) and sheep # 2 (G); once implanted the 
patches can be seen from the outside thanks to the dark color of the patch (H). The black arrows indicate the adhered 
patches and the white arrow the deformation of some of the patches in a "U" shape. 
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patch in the first sheep and two in the second). No amniotic liquid leakage was observed in 

any case, so the orifices were successfully sealed. It could be that the HPMC penetrates 

through the orifice and helps to seal the two membranes while allowing the membranes to 

slide between them. 

After 7 days, the presence and position of the three patches that had remained attached at 

the end of the first intervention were evaluated, and it was observed that none of the three 

patches were in the initial implanted position. No loss of amniotic fluid or inflammatory 

alterations of the membrane in the zone of the orifice were observed. Both fetuses were 

healthy.  

Once recovered (Figure V-10), 9 of the 10 patches were analyzed (SS2 was not found). In all 

patches, practically no separation of the microarpoons crown with the silicone disc, nor zig-

zag crown bending was observed. Most of the microarpoons remained unchanged from 

before rolling into the cannula, although some had slight deformation. Organic debris was 

present on the adhesive face. This was not the case on the external flat side. This means that 

part of the adhesive remains adhered to the face of the micropattern, although 

macroscopically it is difficult to appreciate. Most likely, part of the adhesive has remained 

adhered to the wall of the amnion, has solubilized, degraded, or mechanically separate. 

Figure V-10. Patches recovered after evaluation surgery at 7 days (one disc not found). In the image above you can 

see the "U"-shape deformation that some patches have. It can also see the remains of organic matter adhering to 

part of the adhesive present on the surface of the patch (A); Unaltered microarpoons in a sector of the SS1 patch 

before (left) and after 7 days of implantation (right) (B). 

Table V-1. Summary table with the implantation times in sheep of the 10 silicone patches with microarpoon crown 
and formulation of HPMC 100M. 
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Evaluating the final results, it is important to note that the U-shaped deformation observed in 

the unfolded patches is due to the stiffness of the material used in the microarpoons crown, 

which seems to have influenced the detachment of the patches, especially in the first minutes. 

So, a simple and necessary solution would be to change the material they are manufactured 

from, and/or add an internal Nitinol mesh attached to or separate from the microarpoons. This 

mesh would also preserve the flat shape of the disc and could exert a greater and more 

homogeneous traction force. 

Although there has been an optimal sealing of the holes avoiding leakage, the bonding 

capacity of the adhesive should be improved. Functional groups could be incorporated into 

the HPMC chain such as succinimidyl groups, dopamine, isothiocyanates, etc. due to the fact 

that this would improve not only adhesion to the amnion but also cohesion between the 

polymeric chains. And one thing to keep in mind, according to the fact that all the holes made 

have been optimally sealed, is that the adhesive has not allowed the leakage of amniotic 

liquid. Precisely this could lead to the possibility of substituting a non-biodegradable material 

such as silicone for one that can biodegrade in a few hours or days, because the sealing 

system would have done its purpose, which is precisely to seal the orifice, prevent the leakage 

of amniotic liquid and avoid rupture of the amnion. Therefore, if it could be demonstrated to 

be an advantage over using nothing, it could be perfectly viable. 

In reference to the use of the sheep model, although it gives us a large idea of the mechanism 

and the capacity of adhesion in amniotic membrane, it does not allow an optimal simulation 

of the conditions that we would find in a surgery in humans. To implant the patches, the entire 

fetal sac must be removed, the intrauterine volume increased with saline, and stitches made 

so that the amnion does not separate from the chorion when the trocar is introduced. After 

implant the patches, we reduce the volume of fluid and reintroduce the sac into the abdominal 

cavity. These movements of tension and distension of the chorioamniotic membrane, together 

with the low resistance of the membranes at the moment of traction of the patch on the 

amnion, make it difficult for the patches to remain stable on the amniotic membrane. 

Performing an approach inside the fetal sac only with minimally invasive surgery and placing 

the patch as if it were fetal surgery in humans could give us valuable information. It would 

also be interesting to use a non-invasive method to be able to track the position of the patches 

day-to-day. Returning to the idea of the internal mesh of Nitinol, its incorporation, in addition 

to the advantages already mentioned, could provide sufficient signal to be able to observe the 

patch by ultrasound. In this way we could optimally and truthfully assess the time the patch 

remains adhered. 
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5.4. Next steps 

5.4.1. Internal hexagonal mesh for the patch 

 We have found it interesting to add one more point to this thesis, in order to show a future 

improvement, already mentioned at the end of the previous point. Incorporating an internal 

mesh in the form of a hexagonal pattern, for example, inside the silicone would not only allow 

the patch to unfold completely flat, but also a greater force could be applied with the traction 

thread and this shape would be more homogeneous throughout the patch, making the 

microarpoons better anchored. In addition, the thickness of the patch could be reduced, so 

that it could be of larger diameter or could be used in introducers/insertion system with 

cannulas smaller than 10 F. This internal mesh could be manufactured in Nitinol by laser 

cutting at a high economic cost, using some biocompatible polymeric material with laser 

cutting or injection in micromolds.  

There are other possibilities, although technical feasibility and cost studies are pending. One 

of these options would consist of manufacturing the mesh and the microarpoons in a single 

piece, with the advantages that it would not be necessary to manufacture a crown avoiding 

the effect of the base of this, and in addition it could be integrated into the silicone disc in just 

one step. 

One of the next steps, in addition to the importance of improving the adhesive, would be to 

repeat the chain of tests that has been developed with patches with half-lentil shape. A 

Figure V-11. Design of the internal hexagonal mesh. Design created in Solid Works of the silicone patch with the 
hemisphere micropattern (A), the mesh with hexagonal pattern (B), the microarpoon crown (C) and the three previous 
elements together (D) in the patch model final without adhesive, and its details (F). 
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promising design, especially because the empty space in the dome of the patch could be 

used to integrate sensors for monitoring pregnancy by the physician. A pressure sensor could 

be added, for example, in order to correlate intrauterine pressure with the volume of amniotic 

fluid present and that through a Bluetooth system would send the information on a daily, 

weekly, monthly, ..., to be evaluated remotely by the physician without the need to visit the 

patient personally. Although discussing, assessing, and developing this and other possibilities 

would already be part of a future project that would continue with the development of the 

sealing system that has been discussed in this thesis. 
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5.5. Concluding Remarks 

In this last chapter, the silicone disc has been modified by incorporating microarpoons that 

have the function of physically attaching the patch to the amnion while the adhesive 

rehydrates and acquires its higher adhesion and sealing properties. A first prototype has been 

successfully fabricated by attaching these microarpoons inside the silicone, and ex vivo and 

in vivo tests have been performed to prove the efficacy of the entire sealing system.  

The ex vivo and in vivo stability tests of these microarpoons and the crown they form have 

laid the basis of the methodology for their evaluation. Their development and fabrication has 

meant entry into microscale manufacturing of components for medical devices. Both the 

techniques that can be used and the materials that can be used. Assessing their advantages 

and disadvantages, as well as working with them has made us understand to a great detail 

how and when they should be used.  

 

The results in the in vivo test in pregnant sheep, although improvable, are also promising. We 

know that there is margin for improvement in terms of patch adhesion, but it should be 

remembered that the main objective is to seal the orifices, prevent amniotic fluid leakage and 

chorioamniotic membrane rupture. And this objective has been achieved in the 10 orifices 

made in the fetal sacs of the two sheep. We also validated the introduction system, which was 

improved as the present thesis progressed. 

Finally, at this point and globally, as we were developing the sealing system and obtaining 

results, we were learning and understanding the importance of the membranes that protect 

the integrity of the fetus throughout its development. Membranes prepared so that nothing 

penetrates, nothing comes out and nothing adheres to them, while being extremely elastic 

and at the same time highly resistant. Confronting this type of tissue and developing a sealing 

system that "repairs" the hole created by ourselves has made us understand why, for so many 

years, the strategies used to solve this problem have not prospered. It is also true, and thanks 

are always due to all those researchers and physicians who tried it first and published their 

results. Without their results and conclusions, we might never have come up with the strategy 

and strategies that have been developed in this thesis. When one faces challenges of this 

magnitude in applied research one really understands the significance and applicability in the 

field of medicine and health. Debating, discussing, designing, developing, and modifying a 

sealing system of this caliber and in collaboration with a medical team has brought us closer 

than ever to a possible solution for iatrogenic fetal membrane rupture.   
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Conclusions 

• A first prototype of a medical device for use in fetal surgery has been developed. This 

medical device consists of a sealing system that aims to prevent the loss of amniotic fluid 

and rupture of fetal membranes, after performing minimally invasive surgery on the fetus, 

in a pregnant woman. 

• The parts that compose the sealing system have been developed and evaluated: the 

patch, the adhesive that is activated in wet environment; and the insertion system or 

introducer, used to implant the patch with the selected adhesive. 

• A disc-shaped patch and a semi-lentil shaped patch have been developed. These patches 

have been manufactured in medical grade silicone. 

• The surface of the patch has been modified using laboratory techniques in order to deposit 

various types of adhesive. a) a physical and permanent modification, by the incorporation 

of a micropattern of concave hemispheres and/or integrating an electrospun layer of PCU, 

to increase the contact surface with the adhesive; and b) a temporal modification with 

oxygen plasma to form covalent bonds with the adhesives.  

• The electrospun layer integrated into the silicone allows the thickness of the patch to be 

reduced while maintaining its elastic properties. 

• Several strategies have been tested and developed to achieve an adhesive surface on the 

patch. The first strategy consisted of binding proteins and cells but lacking a higher 

adhesive power. It was concluded that an adhesive with swelling behavior was needed. 

• The next adhesive development strategies were based on the use of biomolecules with 

high water absorption capacity and covalent bonding inspired by mussel glue. The results 

have shown the need to use a polymer with higher cohesion and lower degradation. 

• The development of the latest formulations with cellulose derivatives such as 

hydroxypropyl methylcellulose have shown promising results but with improved adhesion 

time of the patch to the amnion. 

• Formulations with HPMC have shown no cytotoxicity and are therefore perfectly 

biocompatible. 

• Ex vivo adhesion tests with HPMC formulations have shown promising sealing properties 

that prevent amniotic fluid leakage at higher than physiological intrauterine pressures. 

• A final prototype introducer or introducer system has been developed, It allows the patch 

with the adhesive to be implanted in in vivo models of pregnant rabbits and sheep. The 

introducer also allows the surgeon to implant the patch in an efficient, simple, fast and safe 

way. 



Conclusions 

165 
 

• In vivo results in pregnant sheep have shown that, after 7 days, the implanted patches 

were not attached to the amnion but the orifices were sealed. In addition, the fetuses and 

pregnant sheep were in good health. It is hypothesized that the adhesive penetrates the 

orifice, blocks the leakage of amniotic fluid, but does not avoid the natural movement of 

the chorioamniotic membranes. 

• The sealing system, consisting of the introducer, the patch with adhesive, and the thread, 

can be packaged and sterilized with ethylene oxide. 

• Microarpoons have been added to the surface of the patch in order to physically anchor it 

to the amnion while the adhesive rehydrates and acquires its maximum sealing properties. 

• Possible advances for future patch modifications have been shown in the form of the 

integration of a hexagonal patterned mesh to achieve a more homogeneous traction force 

on the patch. 

• A series of characterization and ex vivo tests have been created and developed, which 

would allow a much faster evaluation of any new adhesive formulation to be incorporated 

into the developed patches. 
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Annex 1. Solid works plan of final semi-lentil shape mold. 
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Annex 2. Solid work plan of final design of introductor. 



Annex 

181 
 

 

Annex 3. 1H-NMR spectra of one of the first dopamine hyaluronic acid (DHA) compared to the spectra of the 
final DHA, after modifying the synthesis (see annex for more details). 
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Ex‑vivo mechanical sealing 
properties and toxicity 
of a bioadhesive patch as sealing 
system for fetal membrane 
iatrogenic defects
Talita Micheletti1,2, Elisenda Eixarch1,2,3*, Sergio Berdun1, Germán Febas4, 
Edoardo Mazza5,6, Salvador Borrós4 & Eduard Gratacos1,2,3,7

Preterm prelabor rupture of membranes (PPROM) is the most frequent complication of fetal surgery. 
Strategies to seal the membrane defect created by fetoscopy aiming to reduce the occurrence of 
PPROM have been attempted with little success. The objective of this study was to evaluate the 
ex‑vivo mechanical sealing properties and toxicity of four different bioadhesives integrated in 
semi‑rigid patches for fetal membranes. We performed and ex‑vivo study using term human fetal 
membranes to compare the four integrated patches composed of silicone or silicone‑polyurethane 
combined with dopaminated‑hyaluronic acid or hydroxypropyl methylcellulose (HPMC). For 
mechanical sealing properties, membranes were mounted in a multiaxial inflation device with saline, 
perforated and sealed with the 4 combinations. We measured bursting pressure and maximum 
pressure free of leakage (n = 8). For toxicity, an organ culture of membranes sealed with the patches 
was used to measure pyknotic index (PI) and lactate dehydrogenase (LDH) concentration (n = 5). All 
bioadhesives achieved appropriate bursting pressures, but only HPMC forms achieved high maximum 
pressures free of leakage. Concerning toxicity, bioadhesives showed low PI and LDH levels, suggesting 
no cell toxicity. We conclude that a semi‑rigid patch coated with HPMC achieved ex‑vivo sealing of 
iatrogenic defects in fetal membranes with no signs of cell toxicity. These results warrant further 
research addressing long‑term adhesiveness and feasibility as a sealing system for fetoscopy.

Fetoscopic surgery is used in thousands of pregnancies worldwide yearly for a variety of fetal  indications1. 
One of the main unsolved drawbacks of fetoscopy is the damage created to fetal membranes, which is thought 
to explain that iatrogenic preterm prelabor rupture of membranes (PPROM) occurs in up to 30% of  cases1,1. 
PPROM is the main complication after fetoscopy and its occurrence substantially increases the risk of preterm 
birth and perinatal  morbidity1,1.

In most instances, PPROM occurs weeks after  fetoscopy4. Previous studies have shown that human fetal 
membranes do not heal after the creation of an iatrogenic  defect5–9. However, it has also been shown how the 
natural sliding of the amnion over the chorion might provide a natural protective mechanism against  PPROM6, 
which may explain why only a very small fraction of patients have PPROM within days of the procedure. On the 
other hand, mechanical factors such as chorioamniotic membrane separation after  fetoscopy10,10 or  septostomy12 
increase the risk of PPROM weeks later. This suggests that mechanical factors interfering with the adhesion 
between chorion and decidua may be an important trigger eventually leading to PPROM.
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Several systems have been attempted to seal fetal membranes, mainly in ex-vivo studies, so far without suc-
cess. The injection of fluid adhesives, such as mussel-glues13,13 and medical  sealants15–17 needs to overcome the 
problem of applying a fluid adhesive in the amniotic fluid wet environment. The use of collagen plugs across the 
membrane defect has shown poor results when tested in clinical  conditions18,18. We hypothesized that a semi-
rigid disc patch coated with bioadhesives could seal the amniotic defect, preventing exposure of the chorion to 
amniotic fluid and reducing the risks of chorion-decidua separation. To this end, we designed a semi-rigid patch 
made up of silicone, which can be coated with different combinations of bioadhesives.

In this study we tested the proof of concept that this integrated semi-rigid disc bioadhesive patch could 
achieve effective adhesion properties in human fetal membranes similar to well known adhesives, such as 
cyanoacrylate glue, but without their limitations to intrauterine use.

Results
Patients. Fetal membranes from a total of 27 donors were collected, 22 for mechanical tests and 5 for toxic-
ity tests. Gestational age at delivery was 39.1 weeks (range 39–39.4) and mean birth weight was 3213.6 g ± 457.9. 
Indications for cesarean section were previous C-section (59.3%), breech presentation (29.6%) and more uncom-
monly placenta previa, pelvic tumors and previous pelvic floor surgery.

Bioadhesives. Four different bioadhesive-coated patches were developed, by combining a semi-rigid patch 
and a bioadhesive component. The candidates were composed of silicone-dopaminated hyaluronic acid (S-DHA), 
silicone with polyurethane-dopaminated hyaluronic acid (SPU-DHA), silicone-hydroxypropyl methylcellulose 
(S-HPMC) or silicone with polyurethane-hydroxypropyl methylcellulose (SPU-HPMC), as indicated in Table 1 
and shown in Fig. 1.

Mechanical properties. As expected, bursting pressures after perforation and sealing were much lower 
than those observed in intact membranes (intact vs. any adhesive, p < 0.05).

Membranes sealed with either cyanoacrylate or integrated systems S-DHA, SPU-DHA, S-HPMC or SPU-
HPMC showed median values of bursting pressures in the range of 16–48 mmHg, with no significant differences 
among groups (Fig. 2).

In terms of maximum pressure free of leakage (Figs. 3, 4), S- and SPU-DHA patches presented leakage at low 
pressures (medians ranging from 1.6 to 4.8 mmHg). On the contrary, S- and SPU-HPMC candidates showed leak-
age at higher pressures [S-HPMC 44.9 mmHg (IQR 38.7–54.3) and SPU-HPMC 40.5 mmHg (IQR 30.1–59.9)], 
which were significantly higher than those observed with cyanoacrylate [21.4 mmHg (IQR 16.3–32.4)], p = 0.005 
and 0.02 respectively.

Toxicity. Pyknotic index at 48 h of culture (Fig. 5) was on average below 2% in all bioadhesives tested and 
in non-exposed membranes (p = 0.483), while in positive controls with commercial adhesive it was 31.1% (IQR 
26.0–36.5), p < 0.05 (Fig. 6).

Likewise, median LDH concentration at 48 h of culture ranged from 3 to 8 U/L and was similar to non-
exposed membranes (p = 0.154). The levels of LDH were significantly higher in the positive control 1754 U/L 
(IQR 998.5–2775.5), p < 0.01 (Fig. 7).

Discussion
In this study we tested an innovative integration of a semi-rigid biocompatible patch coated with bioadhesive. 
The results demonstrated that such system can achieve effective sealing of a defect created in human membranes 
ex vivo, with similar adhesiveness to that achieved by cyanoacrylate, but without cell toxicity. These results 
open new possibilities for the development of membrane sealing systems aiming at reducing the prevalence of 
PPROM after fetoscopy.

Our sealing system is based on the concept of sealing fetal membranes from the amniotic side. This may 
offer advantages to previously tested solutions. Collagen-based plugs have shown negative results when used 
 clinically18,18. Among other reasons, plugs can migrate, increase the size of the defect and they dissolve quickly 
in most  instances18,18. In addition, a physical plug across membranes might interfere with the natural protec-
tion against PPROM provided by the sliding of the amniotic over the chorionic membrane  layers6. Among fluid 
adhesives available for medical use, cyanoacrylate glues are extremely adhesive to tissues even in wet conditions. 
However, when applied as a glue, they show non-elastic adhesion with risk of damage due to  traction20 and its 

Table 1.  Types of sealing systems and composition. DHA, dopaminated hyaluronic acid; HPMC, 
hydroxypropyl methylcellulose; S, silicone; SPU, silicone-polyurethane.

Type of patch Abbreviation Semi-rigid patch Bioadhesive component

Silicone-DHA S-DHA Medical silicone disc (450 μm-thick and 17 mm-diameter)
DHA 70–80% of dopamination, 10 mg/mL

Silicone–polyurethane-DHA SPU-DHA Medical silicone with electrospun polyurethane disc (480 μm-thick and 17 mm-
diameter)

Silicone-HPMC S-HPMC Medical silicone disc (450 μm-thick and 17 mm-diameter)
HPMC 300 μL, 10 mg/ml

Silicone–polyurethane-HPMC SPU-HPMC Medical silicone with electrospun polyurethane disc (480 μm-thick and 17 mm-
diameter)
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application in intrauterine environment is complex due to its non-solid condition. Previous studies have inves-
tigated the use of mussel-like glues as an alternative to  cyanoacrylate15, since they are based on a catechol side 
chain of 3,4-dihydroxyphenylalanine (DOPA) amino acid that theoretically secures strong adhesion to almost 
any surface even  underwater15,15. Indeed, dopaminated-poly(ethylene glycol) (PEG), a mussel-like bioadhesive, 
was able to achieve leak-proof closure of 3.5-mm-trocar defects while stretched in vitro15 and has shown to 

Figure 1.  Semi-rigid patches composed of silicone only or silicone combined with electrospun polyurethane. 
(a,b) Silicone patch coated with dopaminated hyaluronic acid (DHA) in anterior and lateral views. (c–e) 
Silicone with electrospun polyurethane patch in lateral, posterior and anterior views. (f) Detail: electrospun 
polyurethane.

Figure 2.  Bursting pressure (mmHg) of fetal membranes in the study groups. Distributional plots express 
median and interquartile range, n = 8. Intact: intact membrane; Cyanoacrylate: positive control; S-DHA: silicone 
with dopaminated hyaluronic acid; SPU-DHA: silicone-polyurethane with dopaminated hyaluronic acid; 
S-HPMC: silicone with hydroxypropyl methylcellulose; SPU-HPMC: silicone-polyurethane with hydroxypropyl 
methylcellulose; ns: non-significant. Figure created using Stata 14.2.
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withstand bursting pressures around 35–40 mmHg13,13. In general, the application of glues on amniotic side of 
fetal membranes in clinical conditions is  challenging13,14,22. One study reported the development and ex vivo 
testing of an umbrella-like device supported by a purpose-designed mesh as a potential solution to apply a liquid 
mussel-glue to the amnion  defect17.

In this study we tested different adhesive polymers. To achieve a system similar to the dopamination of 
mussel-glues, we produced DHA from the polysaccharide hyaluronic acid. DHA adhered initially to membranes 
in the multiaxial device and achieved bursting pressures of 16–48 mmHg, similar to those reported using other 
bioadhesives mainly based on mussel-glue-like  systems13,15,22. However, DHA showed leakage from pressures 
as low as 1.6 mmHg. We decided to evaluate HPMC polysaccharide in the study due to its natural adhesive 
 properties23. Contrary to DHA, HPMC supported high bursting pressures preventing leakage up to 40–45 mmHg. 
Regarding the composition of the semi-rigid patch, S and SPU are largely used in medical  devices24,24. Since S 
is extremely hydrophobic and poorly adherent, polyurethane was added to tune the hydrophobicity. Moreover, 
such coating reduces the stiffness of the surface in contact with the tissue, making the materials mechanically 
friendly with the amniotic membrane. We demonstrated that both materials (S and SPU), coated with HPMC, 

Figure 3.  Maximum pressure free of leakage (mmHg) supported by fetal membranes according to treatment. 
Distributional plots express median and interquartile range, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. Intact: 
intact membrane; Cyanoacrylate: positive control; S-DHA: silicone with dopaminated hyaluronic acid; 
SPU-DHA: silicone-polyurethane with dopaminated hyaluronic acid; S-HPMC: silicone with hydroxypropyl 
methylcellulose; SPU-HPMC: silicone-polyurethane with hydroxypropyl methylcellulose; ns: non-significant. 
Figure created using Stata 14.2.

Figure 4.  Representative images of leakage, rupture and completely sealed membrane. (a) Fluorescent 
light: leakage is observed as fluorescent flow through the lesion. (b) Fluorescent light: rupture of membrane 
characterized by a sudden decrease of internal pressure associated or not with an important fluorescein flow 
through the lesion (long arrow).
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Figure 5.  Histological assessment of toxic effects on fetal membrane amniotic layer (hematoxylin eosin) 
after 48 h of culture. (a,b) Non-exposed (NE) membrane at × 400 and × 1000 magnification, respectively. (c,d) 
Membrane exposed to positive control at × 400 and × 1000 magnification, respectively. In this group, pyknotic 
nucleus is identified (arrow). *Eosinophilic material corresponding to positive control.

Figure 6.  Pyknotic index of amniotic cells nuclei (in percentage) according to bioadhesive groups at 48 h of 
culture. Distributional dotplots, n = 5. *p < 0.05 (comparison between positive control and the other groups). 
NE: non-exposed cultured membrane. Positive: positive control (component B of DrSails glue); S-DHA: silicone 
with dopaminated hyaluronic acid; SPU-DHA: silicone-polyurethane with dopaminated hyaluronic acid; 
S-HPMC: silicone with hydroxypropyl methylcellulose; SPU-HPMC: silicone-polyurethane with hydroxypropyl 
methylcellulose. Figure created using Stata 14.2
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had a good performance ex vivo. It is important to highlight that both S and SPU patches were produced with 
a micropatterning in order to increase the contact surface and to generate friction force. These features would 
contribute to improve attachment of the bioadhesive to a slippery surface such as the fetal membrane.

This study has clinical and research implications. Preventing iatrogenic PPROM is one of the major challenges 
in fetoscopic surgery. The system here presented has some potential advantages that would make it a suitable 
candidate for clinical testing. The use of a semi-rigid patch allows insertion through a fetoscopic trocar and 
eliminates the challenges of applying in an efficient and safe fashion a liquid glue on human  membranes17. The 
biocompatible, non-absorbable nature of the materials used allows long-term use and prevents degradation in a 
biological environment, as observed with the use of other candidate systems for membrane  sealing15,15. Research 
on the feasibility of application and efficacy of the bioadhesive patches in an experimental model of fetoscopic 
surgery is now under way.

Among the strengths of the study, we used an ex vivo model with real human membranes. The adaptation 
of a previously validated  approach1326,27 with the addition of fluorescein, allowed detection of subtle leakage 
more objectively. Contrary to previous studies in which glues were tested over chorion or  myometrium13,13,13, 
we applied the sealing system over the amnion, upside down and under a fluid environment, reproducing the 
conditions of a clinical application. Finally, we challenged substantially the system using pressures far above the 
range of 15–30 mmHg of human  pregnancy29,30. Among the limitations, these ex vivo results require further 
validation in other systems evaluating long-term adhesion and feasibility in experiments simulating real clini-
cal conditions. We used term membranes and although there are no remarkable histological differences with 
preterm  membranes31, it could be argued that adhesiveness could be lower on the latter, especially due to dif-
ferences in  stiffness32.

In conclusion, an integrated semi-rigid patch using HPMC as bioadhesive achieved levels of adhesion similar 
to a well-known adhesive as cyanoacrylate glue, but with the advantage of composing a non-toxic and ready-
to-use system. The results warrant further research to test long-term adhesiveness and feasibility as a sealing 
system for fetoscopic procedures.

Figure 7.  Concentration of lactate dehydrogenase (LDH) in U/L in supernatants according to bioadhesive 
group at 48 h of culture. Distributional dotplots, n = 5. *p < 0.01 (comparison between positive control and the 
other groups). NE: non-exposed cultured membrane. Positive: positive control (component B of DrSails glue); 
S-DHA: silicone with dopaminated hyaluronic acid; SPU-DHA: silicone-polyurethane with dopaminated 
hyaluronic acid; S-HPMC: silicone with hydroxypropyl methylcellulose; SPU-HPMC: silicone-polyurethane 
with hydroxypropyl methylcellulose; ns: non-significant. Figure created using Stata 14.2.
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Methods
Ethical aspects. All methods were carried out in accordance with relevant guidelines and regulations of 
the ethics committee. The experimental protocols were approved by the Ethical Committee of Hospital Clinic 
(HCB/2016/0236) and of Hospital Sant Joan de Déu (PIC-40-16). Informed consent was obtained from all 
patients, none of them under 18. Confidentiality and anonymity were ensured, and data was used only for sci-
entific purposes.

Fetal membrane collection. Fetal membranes were collected after written consent from elective cesarean 
sections of singletons at term (gestational age from 37 to 41 weeks). Exclusion criteria were: clinical chorioam-
nionitis, infections (HIV, hepatitis, syphilis), disturbances of amniotic fluid (oligo or polyhydramnios at the last 
scan), maternal conditions such as hypertension, diabetes, anemia, connective tissue disorders, under nutrition, 
use of tobacco, fetal growth anomalies, major fetal malformations or chromosomal abnormalities. Patients with 
history of contractions, preterm cervical dilatation or premature rupture of membranes were also excluded.

Production of the patches and bioadhesive systems. The semi-rigid patches were produced using 
either medical silicone (S—NuSil, NuSil Technology LLC, United States) or medical silicone combined with 
electrospun polyurethane (SPU—NuSil and Bionate Thermoplastic Polycarbonate-Urethane, DSM Biomedi-
cal Headquarters, United States). Both patches were produced in a 17-mm diameter disc shape, from 450 to 
480 µm-thick. The surface was prepared for receiving the bioadhesive component by producing a 150 µm deep 
micropatterning on it, to enhance contact surface and adhesion. All sealing systems were used up to 35 days after 
their production.

Both silicone (S) and silicone-polyurethane (SPU) disc patches were coated with bioadhesive components 
composed either by dopaminated hyaluronic acid (DHA) or hydroxypropyl methylcellulose (HPMC). DHA was 
used at 10 mg/mL and oxidized with ferric chloride, with 70–80% dopamination. HPMC was used at 10 mg/mL 
after plasma activation of S or SPU.

Membrane processing. After collection, fetal membranes were separated from the placenta. Areas with 
visible clots or decidual contamination were removed. Specimens were transported to the laboratory for further 
handling in saline solution at room temperature within 30 min. Explants were cut at 2 cm from placental edge 
to avoid heterogeneity of the  tissue33 and used within 6 h. In case the membranes were not used immediately, 
samples were kept at 4 °C until use.

A total of 27 fetal membranes were needed. For mechanical experiments, each sealing system and control 
was tested 8 times with membranes from different donors, to reduce the possible effects of membrane variability 
between donors. Each fetal membrane was used, in average, for 2–5 tests, depending on the conditions of the 
membrane. For toxicity, each experiment with sealing system and control was done 5 times with membranes 
from different donors, to reduce the possible effects of membrane variability between donors.

For mechanical properties, fetal membranes were prepared as follows. Explants were cut in 7 cm diameter 
circles with scalpel. Sand papers rings (waterproof paper, no 180, ADSEng, Germany) with 50 mm inner and 
70 mm outer diameter were glued on both sides of the membrane with superglue (Super Glue-3 Original, Loc-
tite, Barcelona, Spain). Samples were kept moist with phosphate buffered saline (PBS) during the whole process. 
Before mounting the fetal membranes over the inflation device, explants were perforated with a 10Fr-metalic 
punch (3.33 mm—Karl Storz SE and Co, Germany), from chorion to amnion (simulating clinical condition) in 
the center of the circumferential membranous explant. Perforated membranes were then sealed with the dif-
ferent sealing systems or a positive control (Cyanoacrylate). Sealing systems or positive controls were placed 
with tweezers over the amnion to cover the defect and adjusted with gentle pressure for 60 s. After 2.5 min, fetal 
membranes where then mounted over the cylinder with the amnion facing a fluorescein saline solution, as fol-
lowed explained.

For toxicity experiments, samples were handled in sterile fashion and used immediately after collection. 
Membranes were cut in 6 fragments of 2 × 2 cm and applied in contact with the different experimental groups.

Mechanical properties. A multiaxial inflation device was used to evaluate the mechanical properties of 
the sealed membranes. It consists of a custom-built device that was previously characterized by Haller et al.13,13,13 
and provided to us by the Department of Mechanical Engineering of Swiss Federal Institute of Technology 
(Zurich, Switzerland). Briefly, the device consists of an aluminum cylinder with a 50 mm-inner diameter that 
was mounted by clamping membrane samples between the cylinder and a cover ring. The cylinder was con-
nected to inlet and outlet tubes. A peristaltic pump (Reglo Digital ISM834C, four channels, max 35 ml/min per 
channel, Ismatec Laboratory Pumps, Wertheim, Germany) connected to the inlet tube was used to gradually fill 
the cylinder with fluorescein 0.1% prepared in PBS (Fluorescein oculos 10%, SERB Specialty Pharmaceuticals, 
Belgium). Fluorescein was used for detection of leakage out of the iatrogenic defect.

The cylinder was inflated by increasing the solution volume with a constant pumped rate flow of 2 ml/min. 
The difference of pressure generated was measured throughout the experiment with a hydrostatic pressure sen-
sor (digital manometer, LEX 1, − 1 to 2 bar, accuracy within 0.05%, Keller, Switzerland) positioned at the outlet 
tube and connected to a computer with a converter (K-114 A USB to RS485 Converter, Keller, Switzerland). An 
UV flashlight (UV light 400 nm 51-LED flashlight) was used to improve detection of fluorescein leakage. The 
deformation of the membrane was monitored with a video camera (CMOS Camera 1280 × 1024, Color, USB2.0, 
18-108 mm EFL Zoom Lens w/Focus Control 2/3″ format, Thorlabs, Munich, Germany) mounted on the top 
of the cylinder.
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Intact membranes (without perforation) and membranes sealed with an industrial cyanoacrylate glue (2-ethyl 
cyanoacrylate 75%, 1,4-dihydroxybenzene, hydroquinone, quinol—Superceys Unick, Ceys S.A., Barcelona, Spain) 
were used as controls. Cyanoacrylate glue was added manually to 17-mm diameter disc-shaped silicone patches 
a few moments before the test and therefore did not compose an integrated system.

Mounted membranes were inflated by continuously increasing the pressure in the cylinder until rupture of 
the membrane. Rupture was characterized by a sudden decrease of internal pressure being associated or not with 
an important fluorescein flow through the lesion. Bursting pressure was registered. The occurrence of leakage 
before bursting pressure was defined as detection of fluorescein flow through lesion while the pressure was still 
increasing and the membrane still inflating. Maximum pressure free of leakage was also registered.

Toxicity. The toxicity test was performed as previously  reported8. Under a laminar airflow hood, the mem-
brane explants were washed in sterile PBS (PBS pH7.4-1x—Gibco by Life Technologies, USA) at 37 °C. Areas 
with visible blood clots or decidual contaminations were removed. The explants were mounted over an acellular 
collagen support (Lyostyp—B. Braun, Germany) in 12-well plates, with the chorion facing the collagen support.

Different sealing systems and controls were placed on the amnion surface of fetal membrane fragments and 
incubated with a complete culture medium for amniocytes (Amniomax—Complete Medium—Gibco by Life 
Technologies, USA) at 37 °C and 5%  CO2 air up to 48 h. Initial experiments with cyanoacrylate showed remark-
able tissue destruction. To achieve tissue integrity allowing histological evaluation it was decided to replace 
cyanoacrylate by another commercial adhesive that also works in underwater conditions (DrSails—Sailing Tech-
nologies, S.L., Spain—component B, composed of modified polyamine). Tissue and supernatants of each group 
were harvested at 48 h. The groups studied for toxicity were: non-exposed membranes (cultured membranes 
without treatment), positive control (cultured membranes with 1 ml of component B of DrSails glue—Sailing 
Technologies, S.L., Spain) and sealing systems S-DHA, SPU-DHA, S-HPMC and SPU-HPMC (cultured mem-
branes with sealing systems).

Tissue samples were fixed in 4% formalin for 24 h and embedded in paraffin. Transversal sections were 
obtained (4 µm) and stained with hematoxylin–eosin (HE). Overall morphological condition of the mem-
branes was examined and pyknotic index, which is a characteristic feature of  apoptosis35,35, was determined in 
the amnion layer to evaluate toxicity. Pyknotic and non-pyknotic nuclei were counted under light microscopy 
at 40-power magnification level (total magnification × 400) in 5 non-overlapping fields. Pyknotic nuclei were 
identified as small-sized nuclei and with highly condensed  chromatin37. The pyknotic index was calculated by 
determining the percentage of pyknotic nuclei over the total number of amniotic nuclei.

Supernatants were stored at − 20° and used for quantitative determination of cytotoxicity based on quantifica-
tion of lactate dehydrogenase (LDH) enzyme released into culture medium (ADVIA Chemistry Systems Lactate 
Dehydrogenase L-P (LDLP) assay, Siemens Healthcare S.L.U, Spain). Absorbance was read at 340/410 nm.

Statistical analysis. Categorical variables were expressed as number of cases out of total and proportion 
(%). Normal distribution was verified using standardized normal probability plots, box plot graphs and Shapiro–
Wilk normality test. Parametric data was expressed as mean ± standard deviation and non-parametric data was 
expressed as median (interquartile range). Homogeneity of variances was verified with Levene’s test. Inferential 
analysis for numeric non-parametric variables was performed using Kruskal–Wallis test with Bonferroni error 
correction or Wilcoxon rank test (Mann–Whitney). Statistical significance was defined as p value < 0.05 for all 
analysis. Data was processed using Stata 14.2 (StataCorp. 2015. Stata Statistical Software: Release 14. College 
Station, TX: StataCorp LP).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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