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Zusammenfassung 
 

Jedes Jahr müssen sich weltweit ca. 14 Millionen Menschen einer abdominalen Operation 

unterziehen. Diese Operationen sind zwar lebensrettend für eine Vielzahl von Krankheiten, von 

Krebs bis hin zum gewichtsreduzierenden Magenbypass, bergen in sich aber auch große Risiken. 

Letztere sind mit dem Austreten von Verdauungsflüssigkeiten durch genähte oder geklammerte 

Verbindungsstellen verbunden, welche die Genesung erheblich verlängern, aber auch zum 

vorzeitigen Tod führen können. Daher gehören anastomotische Lecks zu den am meisten 

gefürchteten Komplikationen nach abdominalen Eingriffen mit einer gemeldeten Inzidenzrate von 

bis zu 21 % und einer damit verbundenen Mortalität von bis zu 27 %. 

Um mit den Risiken von Lecks umzugehen, sind Chirurgen und Mediziner gezwungen, sich auf 

eine Vielzahl von oft relativ unempfindlichen, nicht aussagekräftigen Kriterien zu verlassen, um 

die Lecks von genähten Verbindungen festzustellen. Solche Kriterien können von Tachykardie, 

Hyperthermie, Oligurie bis hin zum mentalen Status der Patienten und anderem reichen. 

Zusätzlich zu den zuletzt genannten Kriterien ist die Verwendung von semipermanenten 

Drainagen im Patienten oder die Umleitung von Darminhalt an die äußere Oberfläche des 

Abdomens üblich. 

Während in den letzten Jahrzehnten zwar große Fortschritte auf dem Gebiet der chirurgischen 

Klebstoffe erzielt wurden, lösen die derzeit vorhandenen chirurgischen Goldstandards das 

Problem nur unzureichend, zumal die häufig verwendeten Fibrinkleber aufgrund unzureichender 

Haftung und chemischer Instabilität versagen.  

Zur Lösung dieser Probleme wird in der folgenden Doktorarbeit die Entwicklung neuartiger 

Klebstoffe für die Bauchhöhle präsentiert, welche auch bei schwerwiegenden Lecks mit dem 

Zielgewebe verbunden bleiben. Darüber hinaus wurden die vorgestellten Materialien so 

entwickelt, dass sie eine schnelle und eindeutige Beurteilung der Verletzung von genähten 

Verbindungsstellen mit Hilfe der leicht verfügbaren Ultraschallsonographie ermöglichen und 

somit zum ersten Mal ein nahtunterstützendes Pflaster darstellen, das einen Chirurgen bei der 

Behandlung eines Patienten und dessen Komplikationen unterstützen kann.  

Die vorliegende Arbeit durch ein erstes Kapitel eingeleitet, in dem der Stand der Wissenschaft in 

Bezug auf chirurgische Klebstoffe dargelegt und die beiden wichtigsten Konstruktionsprinzipien 

vorgestellt werden, die in diesem Projekt verfolgt werden. Erstens, die Entwickelung von 
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Versiegelungsmaterialien, die den Verdauungsflüssigkeiten der Bauchhöhle trotzen können, und 

zweitens die Nutzung eines chirurgischen Materials als Diagnosewerkzeug durch den Chirurgen.  

In Kapitel 2 wird eine chemisch stabile, leckdichte und mukoadhäsive Hydrogelversiegelung 

vorgestellt, die ein neuartiges, sich gegenseitig durchdringendes Netzwerk nutzt, welches 

Hydrogel und Gewebe verbindet, um auf dem Gewebe verankert zu bleiben. Das hergestellte 

Material baut sich nicht ab und weist eine starke Gewebeadhäsion auf, selbst wenn es 

enzymatisch aktiver Darmflüssigkeit ausgesetzt wird. Der biokompatible Hydrogel-Patch dichtet 

anastomotische Lecks in ex-vivo Darmmodellen effektiv ab und übertrifft dabei kommerzielle 

Versiegelungen bei weitem (Zeit bis zum Versagen des Patches >24 Stunden im Vergleich zu 5 

Minuten bei dem üblicherweise verwendeten Tachosil). Somit ebnet das entwickelte Klebepflaster 

den Weg für die Anwendung von sowohl mechanisch als auch chemisch robusten 

Versiegelungen, die für die Behandlung und Prävention von Darmlecks hervorragend geeignet 

sind. 

In Kapitel 3 wird, aufbauend auf der Verankerungstechnologie des sich gegenseitig 

durchdringenden Netzwerks, das Entwickeln einer geschichteten Versiegelung demonstriert, die 

nicht nur abdichtet, sondern auch die eindeutige Erkennung von Lecks ermöglicht. Das 

entwickelte smarte Hydrogelpflaster bietet neben einer starken Gewebeadhäsion und -abdichtung 

(unter den anspruchsvollsten Bedingungen) einzigartige Leckerkennungsfähigkeiten, die auf 

nicht-invasiver, point-of-need Ultraschallbildgebung basieren. Damit ebnet diese chirurgische 

Versiegelung der zweiten Generation an Hydrogelpflaster den Weg zu nahtstützende Materialien, 

die nicht nur abdichten, sondern auch eine Erkennung von chirurgischen Leckstellen sowie eine 

unkomplizierte punktuelle Überwachung von Patienten nach gastrointestinalen Eingriffen 

ermöglichen. 

In Kapitel 4 wird mit der erfolgreichen Einarbeitung von akustischen Sensorelementen in die 

Hydrogelversiegelungen die Möglichkeit der Erweiterung der zugänglichen und medizinisch 

relevanten Anwendungen von Acytlatpolymeren zur ganzheitlichen Behandlung von 

gastrointestinalen Komplikationen präsentiert. Zu diesem Zweck wurde die 

Oberflächenfunktionalisierung von magnetischen Nano-Flower-Partikeln, die mittels 

oberflächeninitiierter ATRP von Acrylat-Polymeren hergestellt wurden, durchgeführt. Letzteres 

gibt Zugang zu Materialien mit medizinisch relevanten Multi-Toxin-Entfernungseigenschaften, 

die angesichts ihres Potenzials auf ihre Ionen-tauschenden und blutreinigenden Eigenschaften 

untersucht wurden, welche sehr relevant sind bei Sepsis und Organversagen. Letztere Materialien 

können einerseits in der Behandlung von Blutvergiftungen oder Organversagen Anwendungen als 

Blutreinigungsagenzien finden, oder aber in Zukunft in als Bindungs- oder Bildgebungsagnez den 

Hydrogelpatch inkorporiert werden. 

Zusammenfassend stellt die hier beschriebene Arbeit die Entwicklung und das Design von 

Klebstoffen dar, die trotz ihres Kontakts mit Verdauungsflüssigkeiten an verschiedenen 
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Zielgeweben der Bauchhöhle haften bleiben und diese somit effizient vor Lecks schützen können. 

Der Einbau von responsive akustischen Elementen, die in der Lage sind, Lecks verschiedener 

Verdauungsflüssigkeiten spezifisch zu detektieren, ebnet den Weg für Versiegelungen der 

nächsten Generation, die nicht nur abdichten, sondern das Auftreten von Naht-Komplikationen 

eindeutig anzeigen und so schwerwiegende Komplikationen verhindern können. 
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Summary 
 

Every year around the world approximately 14 million people undergo abdominal surgery. These 

operations while lifesaving for a multitude of diseases ranging from cancer to weight loss 

inducing gastric bypass, carry great intrinsic risks. These latter are associated with the leaking of 

digestive fluids through sutured or stapled reconnections which can vastly prolong recovery but 

also cause premature death. As such, anastomotic leakage is one of the most dreaded 

complications following abdominal surgery with reported incidence rates reaching values of up to 

21% and an associated mortality of up to 27%. 

To deal with the prospects of leaks, surgeons and medical practitioners rely on a vast array of 

oftentimes insensitive, non-conclusive criteria to determine or infer the leaking of sutured 

reconnections. Such criteria can range from tachycardia, hyperthermia, oliguria to mental status of 

patients and more. In addition to these latter, the installation of semi-permanent drains within 

patients or the diversion of tissue to the exterior surface of the abdomen are commonplace. 

Furthermore, while great advancements in the fields of surgical adhesives have been observed 

during the last decades, currently employed surgical gold standards only poorly address the issue, 

especially since most commonly used fibrin glues fail due to insufficient adhesion and chemical 

instability.  

�	owards addressing these issues the following thesis proposes and demonstrates the development 

of novel abdominal cavity adhesives, that remain attached to target tissues even in the face of 

serious leaks. In addition, the materials presented are developed to allow the rapid and 

unambiguous assessment of the breaching of sutured reconnections, using readily available 

ultrasound sonography and as such for the first time present a suture support patch that can assist 

a surgeon in the management of a patient and their complications.  

Hence, the present work is introduced by a first chapter detailing the state of the art of surgical 

adhesives in addition to introducing the two key design principles followed in this project. 

Namely the design of sealant materials that can weather the digestive fluids of the abdominal 

cavity and the post-application leverage of surgical materials as diagnostic tools by surgeons.  

In chapter 2, a chemically highly resistive, leak-tight and mucoadhesive hydrogel sealant, is 

presented, that makes use of a novel mutually interpenetrating network that traverses hydrogel 

and tissue to remain grafted on tissue. The material prepared does not degrade and exhibits strong 

tissue adhesion even when exposed to enzymatically active intestinal fluid. The biocompatible 
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hydrogel patch effectively seals anastomotic leaks in ex vivo intestinal models, greatly surpassing 

commercial sealants (time to patch-failure >24 hours compared to 5 minutes for commonly used 

Tachosil). As such, the developed adhesive patch paves the way for the application of both 

mechanically and chemically robust sealants suitable for the treatment and prevention of intestinal 

leaks. 

Stepping on the anchoring technology of the mutually interpenetrating network presented in 

chapter 2, the design of a layered sealant that not only seals but also allows for the unambiguous 

detection of leaks is demonstrated in chapter 3. The smart patch developed, in addition to strong 

tissue adhesion and sealing (under the most demanding of conditions), provides unique 

triggerable leak-detection capabilities based on non-invasive point-of-need ultrasound imaging. 

As such, this second-generation surgical sealant paves the way for suture support materials that 

not only seal but also offer disambiguation in cases of surgical leaks as well as straightforward, 

point-of-need, monitoring of patients after gastrointestinal surgery.  

In chapter 4 and with the successful incorporation of triggerably acoustic sensing elements into 

hydrogel adhesives the possibility of extending the applications of acrylic polymer systems for the 

management of gastrointestinal complications is explored. To that end the surface engineering of 

magnetic nanoflower nanoparticles prepared via surface initiated atom transfer radical 

polymerization (ATRP) of acrylate polymers is undertaken. The achievement of this latter gave 

rise to materials with unprecedented medically relevant multi-toxin removing capabilities, which 

given their potential were studied for their ion-exchanging and blood purification properties in 

anticipation for future incorporation and validation in the sealant patches either as toxin sinks 

and/or responsive imaging modalities. 

Taken together, the herein described work presents the development and design of adhesives that 

despite their contact with digestive fluids remain attached to various target tissues of the 

abdominal cavity and as a result can safeguard against leaks. The incorporation of triggerable 

echogenic elements capable of specifically detecting leaks of various digestive fluids in record 

times post suture breach paves the way for next generation sealants that not only seal but also 

unambiguously diagnose the source of complications.  

. 
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Chapter 1  
Designing materials based on surgical 

outcome and expectations1 
 

 

 

                                                 
1This chapter is part of a manuscript currently in preparation. 
Alexandre H.C. Anthis, Andrea A. Schlegel and Inge K. Herrmann, manuscript in preparation. 
A.H.C.A., A.A.S. and I.K.H. conceived the presented idea and A.H.C.A. drafted the manuscript with 
the help of I.K.H.  
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1.1 Role of materials in medicine  

The development of medicine from the dawn of time to modern day, 21st century, has been 

�L�Q�W�H�U�W�Z�L�Q�H�G���Z�L�W�K���K�X�P�D�Q�L�W�\�¶�V���H�Y�R�O�X�W�L�R�Q���D�Q�G���V�W�U�X�J�J�O�H�V���I�R�U���Y�L�F�W�R�U�\���R�Y�H�U���W�K�H���I�L�Q�L�W�X�G�H���R�I���O�L�I�H���� 

From the passing of the Hippocratic periods, all the way to the development of modern-day medicine, 

�W�K�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �F�R�O�O�H�F�W�H�G�� �D�O�O�R�Z�L�Q�J�� �W�R�� �E�H�Q�G�� �R�Q�H�¶�V�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �L�Q�W�R�� �P�D�W�H�U�L�D�O�V�� �D�Q�G�� �W�R�R�O�V���� �J�L�Y�L�Q�J��

insights and solving problems, has led to the betterment of human health and welfare. The extend of 

which has been such, that human lifespan has more than doubled, increasing by 42 years in two 

centuries[1].  

As such, materials science and engineering have played a central role in translating cutting-edge 

human knowledge into functional materials and tools. From the use of the first suture nearly 3500 

years ago[2], to the development of artificial hearts that allow a human to live without its native 

biological organ[3,4] (for prolonged periods of time), medicine has cemented itself as an evolutionary 

and cultural trait of humanity[5]. 

Despite the outstanding progress of the field, especially in recent years[6], the battle for the 

advancement of medicine has never ceased in the trenches of the operating room. With the ability to 

�V�X�U�P�R�X�Q�W���R�E�V�W�D�F�O�H�V���L�Q���W�K�L�V���O�D�W�W�H�U���F�D�O�O�L�Q�J���X�S�R�Q���P�X�O�W�L�S�O�H���I�D�F�H�W�V���R�I���H�[�S�H�U�W�L�V�H���U�D�Q�J�L�Q�J���I�U�R�P���W�K�H���V�X�U�J�H�R�Q�V�¶��

skill [7], the crafting of appropriate materials to the health and condition of patients[8,9], progress often 

stales in the midst of those parameters. To this extend, the present work is focused on the creation of 

�P�D�W�H�U�L�D�O�V���W�K�D�W���D�P�S�O�L�I�\���W�K�H�L�U���I�X�Q�F�W�L�R�Q�D�O�L�W�\���E�\���V�W�H�S�S�L�Q�J���R�Q���D���V�X�U�J�H�R�Q�¶�V���H�[�S�H�U�L�H�Q�F�H���D�Q�G���L�Q�V�L�J�K�W�V�����$�V���V�X�F�K����

the present thesis strives to deliver concrete solutions, via material science innovations, to specific 

problems encountered in the operating room. These solutions proposed, take place in the particular 

fields of surgical adhesives and interfaces especially when applied to surgeries relating to conditions 

of the abdominal cavity. 

 

1.2 Sutures and surgical adhesives 

The abdominal cavity houses many and diverse organs playing central roles in digestion and nutrient 

absorption. Such organs are among others the stomach, the liver, small intestines, the colon, each 

performing complex tasks making use of digestive fluids, enzymes and movement to succeed in the 

task of breaking down food and refuelling the body[10]. While a powerhouse of biological evolution, 

the organs housed within the abdominal cavity are at particular risk of causing difficult to manage 

complications, when operated upon or otherwise perforated, primarily due to the intrinsic presence of 

digestive fluids[11].  
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Thus, with sutures being the first to encounter digestive fluids in the case of abdominal operations, 

developments have been gradual. With regard to suturing technology, having identifiable roots as 

early as the era of the great Pyramids[12], improvements have passed from plant or animal materials 

such as cotton or feline guts[13] to sterile non-absorbable Nylon sutures and even absorbable poly-

caprolactone sutures[14], these latter ones serving the purpose of permanent support to the sutured area 

or cessation of support following healing Suturing techniques have also been adapted and developed 

to be able to apply sutures in harder-to-reach areas within the body, however many areas still remain 

restrictive[15]. Furthermore, in more recent years stapling technologies, allowing the partial 

replacement of sutures, in applications such as neck dissection[16] and gastric bypass[17], have also 

been developed promising faster and safer reconnections. 

Despite advancements in sutured reconnections, complications have persisted. With these latter being 

related to suturing errors, inadequate oxygenation of reconnected tissue, digestive fluid breaches due 

to frail tissue condition and others[18]. As such, sutured reconnection related complications appear to 

impact modern healthcare systems disproportionately when they occur[19]. Importantly, every year, 

approximately 14 million people undergo some sort of abdominal surgery[20], making the need for 

better performing surgical solutions. 

Hence, and with the advent of polymer science at the beginning of the 20th century, a revolution to the 

field of tissue reconnections came in the form the first surgical glues[21]. More precisely, over the 

years, attempts to develop materials that can adhere to all types of tissues as well as assist the healing 

process of tissues have been major advancement of the field[22�±24]. Of those, focus was firstly put on 

cyanoacrylate formulations, with these being among the first ones to be employed for sealing 

purposes. While marked progress has been noted, the gradual realization concerning the mechanical 

incompatibility with tissues, histotoxicity and observed inflammatory responses of cyanoacrylates, 

drove surgeons to abstain from their use in percutaneous operations[25�±27]. Later on, adhesives based 

on synthetic polymers, such as polyurethanes, polyethylene glycols or polyesters were developed. 

These found numerous applications ranging from the prevention of air leaks in thoracic surgeries to 

the support of sutures in reconstructive operations, owing their adoption to their resistance to fatigue 

and tailorable degradability.[28] 

 On the other hand, natural polymers such as fibrin, collagen and cross-linked albumin impacted the 

field of surgical adhesives thanks to their biocompatible and degradable properties. As a consequence, 

natural polymer-based adhesives have ever since found a broad spectrum of application including in 

various conditions[29]. While all the aforementioned adhesives have their widely accepted clinical 

benefits, their performance is highly dependent on the tissue characteristics and clinical conditions. [30] 

1.3 The importance of the material �± biology interface 

With an increasing understanding over the wide application window offered by surgical adhesives, the 

ability to control and better understand the material �± tissue interface became of great importance. 
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From the materials design perspective it meant that adhesives could employ reactive groups present 

on tissues, such as amines, carboxylic acids or thiols to anchor themselves on. While from the tissue 

perspective, it meant that materials employed had to be compatible with their activity, physiology and 

mechanics. As such, adhesives that made use of intermolecular bonding and more precisely covalent 

bonding in addition to electrostatic, hydrogen bonding, �Œ- �Œ���L�Q�W�H�U�D�F�W�L�R�Q�V���D�Q�G���P�H�W�D�O���L�R�Q���F�R�P�S�O�H�[�D�W�L�R�Q, 

have been designed for tissue attachment and benchmarked against modern surgical adhesives. These 

materials are often based on natural or synthetic polymers such as chondroitin sulphate[31] or layered 

polyacrylamide-alginate-chitosan[23,32] and attach to tissues using various approaches (see Scheme 1). 

Hence, in addition to chemical interactions adhesives can also use physical chain entanglement where 

the polymer chains comprising an adhesive material are forced to extend into the tissue and entangle 

with that latter by the use of force. Additionally liquid or more fluid adhesives can also make use of 

mechanical interlocking, which leverages tissue morphology to maximize interactions with the 

tissue[33]. As such, several studies have shown the ability of next generation adhesives to bind to 

different tissues with acceptable and higher than surgical gold standards bonding strengths[34]. Non-

negligibly, most of the aforementioned studies ensure biocompatible nature of their formulations.  

 

Scheme 1: Commonly employed tissue adhesion mechanisms. (a) Intermolecular bonding ranging 
from electrostatic, �Œ-�Œ�� �L�Q�W�H�U�D�F�W�L�R�Q�V���� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�L�Q�J�� �D�Q�G�� �P�H�W�D�O�� �L�R�Q�� �F�R�P�S�O�H�[�D�W�L�R�Q���� �)�L�J�X�U�H�� ���D����
adapted from Hofman et al.[35] (b) Chain entanglement whereas a chains located at the interface of an 
adhesive extend into the tissue entangling with it causing adhesion. (c) Mechanical interlocking, 
commonly employed by liquid glues such as cyanoacrylates, leverages fine structures of tissue as 
anchorage. (d) Novel mechanism of adhesion presented here based mutually interpenetrating 
networks.  
 

More recently, the discovery of tissue healing polymers as well as formulations that accommodate and 

promote tissue growth such as hyaluronic acid[36], chitosan and gelatin formulations[37] gave rise to the 

field of tissue engineering, which in combination with adhesives has allowed for the open-ended 
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development of materials that not only seal but also promote faster healing. Hence, the discussion for 

considerations regarding the pathophysiology of tissues or the healing impairment induced by surgical 

procedures, has sparked a push for surgical materials specifically designed for a given tissue.[28]   

1.4 Design principles bridging application and post-operative treatment 

 Despite the push for the creation of adhesives that are specifically tailored to certain tissues, and the 

increased number of insights surrounding the mechanisms governing adhesion in tissues, (post-

operative) leaks of the gastrointestinal tract remain largely unaddressed[38]. Hence, there is a need for a 

paradigm shift in the concepts governing the design of modern adhesives and suture supports for the 

abdominal area. 

While the use of sterile, compatible and generally adhesive materials is non-negotiable and well 

established, the importance of both the immediate adhesive's environment but also importantly the 

potential one, especially in the worse eventuality (leaks of intestinal or gastric fluid) has rarely been 

factored in the design of suture supports and sealants. In addition, the potential extension of the use-

case of an adhesive by a medical doctor, past its immediate application, as often encountered in 

operating rooms, such as in the routine post-operative evaluation of staples to assess leakage[39], 

allows scientists to draw inspiration and extend the factorable design principles for adhesives. This 

underlines the potential role of adhesives not only in keeping tissues together upon application, but 

also in assisting doctors and patients into the period of healing and recovery. 

 

Scheme 2: (a) Methodology commonly employed for tissue adhesive performance assessment on 
tissues, compared to (b) methodology followed in this thesis where the tissue adhesive is designed 
based on anticipated outcomes. 
 

With two additional use-case related design principles stated, namely (i) the formulation of adhesives 

that withstand contact with digestive fluids and (ii) the diagnostic use of surgical materials in the 

hands of surgeons, the following thesis proposes and demonstrates the development of novel 

abdominal cavity adhesives, that remain attached to target tissues even in the face of serious leaks. 
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Additionally the materials presented are developed to allow rapid and unambiguous assessment of 

sutured areas.  

Hence, in chapter 2, a chemically highly resistive, leak-tight and mucoadhesive hydrogel sealant is 

presented. The herein presented materials make use for the first time of a mutually interpenetrating 

network which allows the bridging of hydrogel sealants and tissues in a high performance manner via 

a commonly traversing network. In contrast to clinically used fibrin-based sealants (including 

Tachosil), the material prepared does not degrade and exhibits strong tissue adhesion even when 

exposed to enzymatically active intestinal fluid. The cytocompatible hydrogel patch effectively seals 

anastomotic leaks in ex vivo intestinal models, greatly surpassing commercial sealants (time to patch-

failure >24 hours compared to 5 minutes for commonly used Tachosil). As such, the developed 

adhesive patch paves the way for the application of both mechanically and chemically robust sealants 

suitable for the treatment and prevention of intestinal leaks 

In chapter 3, stepping on the anchoring technology of the mutually interpenetrating network, the 

design of a layered sealant that not only seals but also allows for the unambiguous detection of leaks 

is outlined. More specifically the smart patch developed, in addition to strong tissue adhesion and 

sealing (under the most demanding of conditions), provides unique triggerable leak-detection 

capabilities based on non-invasive point-of-need ultrasound imaging. The detection of the breaching 

of sutures in as little as 3 hours in intestinal leak models and 15 minutes in gastric leak conditions is 

demonstrated. As such, this second-generation surgical sealant based on the use of a mutually 

interpenetrating network technology paves the way for suture support materials that not only seal but 

also offer disambiguation in cases of surgical leaks as well as straightforward, point-of-need, 

monitoring of patients after gastrointestinal surgery.  

 To address the need of toxin neutralizing materials in the eventual case of a life-threatening 

gastrointestinal complications, including liver failure, high-capacity magnetic anion-exchangers were 

developed in chapter 4 of this thesis. To that end, the surface engineering of magnetic nano-flower 

nanoparticles via surface initiated ATRP was explored. The achievement of this latter gave rise to 

materials with unprecedented medically relevant toxin removing capabilities, which were studied for 

their ion-exchanging and blood detoxification properties.  

More precisely, we report on the synthesis and performance of polycationic polymer coated magnetic 

nanoflowers (MNF) for the highly efficacious capturing of medically relevant anions. We demonstrate 

accurate control over the polymer content and composition on the beads and show its direct influence 

on colloidal stability, capturing capacity and magnetic separability. The removal of clinically relevant 

targets is demonstrated by the capturing of bilirubin with capacities 2-fold higher than previous work 

as well as the quantitative heparin removal. Additionally, we illustrate how copolymerization of 

poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) with poly(ethylene glycol) methyl ether 

methacrylate (PEGMEMA) leads to improved cytocompatibility of the polymer-coated MNF 

capturing agents while retaining high capturing capacities. Taken together, this chapter presents a 
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nanoparticle/polymer material, which upon future in vivo validation, unifies high binding capacities 

and magnetic separability for rapid toxin capturing and hence fulfils key requirements of clinical 

utility, such as in the case of liver failure. With the successful incorporation of triggerably acoustic 

sensing elements into hydrogel adhesives shown in chapter 3, the need for complementary techniques 

for reasons of verification and additional clarity (during leaks or other complications), may extend to 

the exploration of MRI active materials as potential incorporable triggers, e.g. based on the 

polymer/MNF construct presented in chapter 4.  

Taken together, in this thesis I address important unmet needs in the surgical field related to 

gastrointestinal anastomotic leaks. The work presented in the following chapters reports on the design 

and development of adhesives that, despite their contact with digestive fluids, remain intact and 

attached to various target tissues of the abdominal cavity and as a result can safeguard against leaks. 

A new tissue anchoring technique based on mutually interpenetrating polymer networks is presented. 

Optionally, trigger-responsive leak-sensing elements can be incorporated into the smart surgical 

sealant platform technology to monitor surgical recovery offering entirely new possibilities for 

postoperative surveillance. Additionally, high-capacity anion exchangers capable of cleansing blood 

from toxic degradation products occurring during organ failure are developed to mitigate risks of 

postoperative complications. In addition, human-relevant, well-standardized ex vivo models and 

advanced analytics are presented in order to comprehensively evaluate and refine the performance of 

the developed materials solutions under most demanding conditions, offering a route to efficiently 

adjust materials designs. 
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Chapter 2  
Chemically stable, strongly adhesive 

sealant patch for intestinal anastomotic 
leakage prevention2 

 

 
 

                                                 
2This chapter has been published in parts as: 
Alexandre H.C. Anthis, Xueqian Hu, Martin T. Matter, Anna L. Neuer,Kongchang Wei,Andrea A. 
Schlegel, Fabian H.L. Starsich and Inge K. Herrmann, Advanced Functional Materials,  2007099, 
2021. A patent application has been filed (EP21152240).   
A.H.C.A., A.A.S. and I.K.H. conceived the presented idea and planned the study. A.H.C.A. 
performed experiments together with X.H., M.T.M., A.L.N. and I.K.H. A.H.C.A. drafted the 
manuscript with the help of F.H.L.S. and I.K.H. All authors contributed to discussions and edited the 
manuscript. 
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ABSTRACT 

Intestinal anastomotic leaking, which involves the discharge of chemically aggressive, non-sterile 

fluids into the abdomen, remains one of the most dreaded postoperative complications of abdominal 

surgery. Depending on the site and the patient condition, incidence ranging between 4 and 21% and 

mortality rates up to 27% are reported. Currently available surgical sealants only poorly address the 

issue, especially since most commonly used fibrin glues fail due to insufficient adhesion and chemical 

instability. 

In this chapter, I present a chemically highly resistive, leak-tight and mucoadhesive hydrogel sealant, 

which is grafted on the surface of the intestinal wall using a mutually interpenetrating network that 

traverses hydrogel and tissue. In contrast to clinically used fibrin-based sealants (including Tachosil), 

the developed adhesive poly(acrylamide-methyl acrylate-acrylic acid) (P(AAm-MA-AA)) patch does 

not degrade and exhibits strong tissue adhesion even when exposed to intestinal fluid. The 

biocompatible hydrogel patch effectively seals anastomotic leaks in ex vivo intestinal models, greatly 

surpassing commercial sealants (time to patch-failure >24 hours compared to 5 minutes for commonly 

used Tachosil). Importantly, the developed adhesive patch paves the way for the application of both 

mechanically and chemically robust sealants suitable for the treatment and prevention of intestinal 

leaks. 
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2.1 Introduction 

As the world population is aging due to increasing life expectancy, chronic diseases play an ever-

important role in the expenditures of patients and healthcare systems.[1] Of those, colorectal cancers, 

�E�R�Z�H�O���L�V�F�K�H�P�L�D���D�Q�G���L�Q�I�O�D�P�P�D�W�R�U�\���G�L�V�H�D�V�H�V���V�X�F�K���D�V���&�U�R�K�Q�¶�V���G�L�V�H�D�V�H���R�U���X�O�F�H�U�D�W�L�Y�H���F�R�O�L�W�L�V�����R�I�W�H�Q���U�H�T�X�L�U�H��

invasive surgical procedures. Typically, these interventions consist of removing or circumventing 

diseased tissue and connecting the remaining healthy tissue extremities by standard suturing or 

stapling. Such abdominal organ anastomoses are necessary and lifesaving, however, can be 

accompanied by dreaded complications, which lead to longer hospitalization and recovery times of 

patients.[2] Leaks of the intestinal tract, containing digestive and microbially rich intestinal fluid are 

especially feared, as they can lead to peritonitis, sepsis, and ultimately death.[3] Typically, leakage 

�L�Q�F�L�G�H�Q�W���U�D�W�H�V���P�D�\���Y�D�U�\���E�H�W�Z�H�H�Q�������D�Q�G�������������J�U�H�D�W�O�\���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���S�D�W�L�H�Q�W�¶�V���F�R�Q�G�L�W�L�R�Q�����V�D�U�F�R�S�H�Q�L�D��

level among others[4]) as well as the surgeons experience.[5] Patients that suffer anastomotic leaks have 

reported mortalities that can range between 13 and 27%.[6] In the highly feared scenario of septic 

peritonitis, mortality rates can reach values as high as 50%.[7] 

Material science and engineering have over the years attempted to develop materials, that can adhere 

to all types of tissues as well as assist the healing process of tissues.[8�±10] Of these, focus was firstly 

put on multipurpose surgical adhesives as well as on suture supports.[11] Cyanoacrylates were among 

the first ones to be employed for sealing purposes but surgeons gradually abstained from their use in 

percutaneous operations,[12] due to their innate toxicity and mechanical incompatibility with soft 

tissues.[13,14] Later on, adhesives based on synthetic polymers, such as polyurethanes, polyethylene 

glycols and polyesters were developed. They were proposed as surgical materials for applications 

ranging from preventing air leaks in thoracic surgeries to suture supports in reconstructive operations, 

due to their resistance to fatigue and tailorable degradability.[15] Importantly, also natural polymers 

such as fibrin, collagen and cross-linked albumin made their dent on the market of surgical adhesives 

thanks to their biocompatible and degradable properties. Such natural polymer-based adhesives have 

since found a broad application spectrum in various conditions,[16] however, their clinical benefit is 

variable and highly dependent on the tissue characteristics and clinical condition.[17] 

With an increasing understanding over the underlying pathophysiology of tissues and conditions 

requiring surgical adhesives as well as the healing impairment induced by surgical procedures, a push 

for surgical materials specifically designed for a given tissue has been sparked.[15] In the case of 

intestinal anastomotic material supports, commonly and broadly employed products are fibrin-based 

Tachosil or Tisseel. However, these materials have been predominantly used to assist the healing 

process at the anastomotic sites while attention has rarely been placed on the distinct requirements to 

seal intestinal anastomosis leaks (anastomotic leak reduction was only assumed[18]). As a result, the 

long-term sealant properties, the interaction of the surgical materials with the intestinal fluid itself as 

well as the leak prevention or absorbing properties of those materials have not been evaluated.  
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Thus, in line with the recent push for highly tailored solutions for specific organs and conditions,[15] in 

this chapter, I present a chemically stable, leak-tight, mucoadhesive hydrogel sealant, which can be 

grafted to intestinal tissue via a mutually interpenetrating network that traverses simultaneously tissue 

and hydrogel patch. Our formulated hydrogel and its mutually interpenetrating network are composed 

of copolymerized acrylamide, acrylic acid, methyl acrylate and bis-acrylamide, each of these 

components selected respectively for their network forming ability,[19],[20] mucoadhesive character,[21] 

hydrophobic nature[22] and stability towards degradation.[23] These components operating in synergy 

serve the purpose of differential swelling in different physiological fluids as well as non-digestibility 

by intestinal fluid enzymes. Taken together, these assets distinguish the developed adhesive patch 

from recently published multipurpose intraperitoneal chitosan patches,[24] alginate/polyacrylamide 

bridging polymer-based systems[9,25] and the routinely used fibrin-based sealant Tachosil. The 

hydrogel patch was developed with the goal of sealing as well as countering anastomotic leaks. To 

this end, the patch performance was investigated in two different ex-vivo scenarios designed to enable 

quantitative assessment and benchmarking against conventional fibrin-based materials. The 

assessment of its performance under chemically harsh, digestive conditions and the comparison to 

clinically used adhesives are important steps in the materials design and development process. 

 

2.2 Results and discussion 

Figure 1 depicts a schematic of the synthesis steps followed for the preparation and application of the 

proposed hydrogel patches. P(AAm-MA-AA) hydrogels were prepared by radical polymerization of 

acrylamide, methyl acrylate, acrylic acid and bis-acrylamide (molar ratio of AAm/MA/AA/mBAA: 

1/0.8/2/5×10-3) using low dose UV light (9 J/cm2). The synthesis yielded a gel content[26] coinciding 

with the expected theoretical gel and water ratio, pointing to a complete polymerization (see Table 

S1). The chemical structure was also characterized by nuclear magnetic resonance spectroscopy (see 

Figure S1). Materials were chosen in order to maximize mucoadhesion (see Figure S2) while 

maintaining mechanical integrity during prolonged exposure to biological fluids (e.g. PBS, bile and 

intestinal fluid (see Figure S3, Table S2)). Furthermore, the utilized components stand out due to 

their comparably low material costs (i.e. 75 �± 120$/ metric ton[27]) and production scalability,[28] which 

is a frequently overlooked pre-requisite for a successful clinical translation. 
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Figure 1: (a) Formulation and formation of the P(AAm-MA-AA) hydrogel patch using bis-acrylamide 
as a crosslinker. Application as (i) �³�H�[�� �V�L�W�X�´�� �K�\�G�U�R�J�H�O�� �V�\�V�W�H�P�� �D�Q�G�� �D�W�W�D�F�Kment based on 
�P�X�F�R�D�G�K�H�V�L�R�Q���� ���L�L���� �³�L�Q�� �V�L�W�X�´�� �K�\�G�U�R�J�H�O�� �Y�L�D�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �D�� �P�X�W�X�D�O�O�\�� �L�Q�W�H�U�S�H�Q�H�W�U�D�W�L�Q�J�� �Q�H�W�Z�R�U�N��
between the intestinal wall and the hydrogel. (b) As-prepared hydrogels exhibit instant and strong 
mucoadhesion to the intestinal wall. 

 

After the initial polymerization step, two distinct approaches were investigated for the tissue-

application of the proposed hydrogels: i) "ex situ": the as prepared P(AAm-MA-AA) hydrogel was 

applied directly to the serosa of fresh porcine small intestine, where the hydrogel was maintained in 

place solely by mucoadhesion (Figure 1b). ii) "in situ": the as prepared P(AAm-MA-AA) hydrogel 

was briefly incubated in an aqueous monomer mixture of identical composition to the hydrogel 

forming solution, prior to application to the intestinal tissue. Then, the soaked hydrogel was briefly 

irradiated in place by a low dose of UV, which allowed the monomers to form an interpenetrating 

network with the intestinal tissue and the hydrogel patch. The latter strategy aims to harness the 

synergistic effect between mucoadhesion and mechanical fixation to keep the gels anchored at the 

anastomotic site (vide infra).  
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Figure 2: (a) Scanning electron micrographs of the as prepared P(AAm-MA-AA) before interaction 
with SIF and after interaction with SIF. Estimated porosity of �§��59% post SIF. (b) Swelling of the 
P(AAm-MA-AA) in different biological fluids. (c) Stability of as prepared P(AAm-MA-AA) in PBS, 
bile and SIF compared to Tachosil: (I) as prepared P(AAm-MA-AA), (II) Collagen backing of 
Tachosil and (III) Fibrin adhesive layer of Tachosil. Red frame shows complete dissolution of 
Tachosil in SIF. 
 
Scanning electron microscopy (SEM) images (Figure 2a) of the as prepared hydrogels give insight 

into the physical characteristics of the gel network before (top) and after (bottom) exposure to 

intestinal fluid. These micrographs indicate an initially compact structure, which becomes highly 

porous following immersion in simulated intestinal fluid (SIF) (pore fraction of up to 59%, as 

quantified by image analysis (see Figure S4)).  

 

Figure 2b displays the swelling ratio between the mass at the swollen state and the mass of the as-

prepared hydrogel, in various biological fluids as a function of time. Hydrogels reach a swelling 

plateau after 4 h of immersion, irrespective of the biological fluid that they come in contact with. 

More specifically, swelling ratios increase from 7 in PBS to 27 in SIF (pH 6.8). This discretely 

different swelling behavior can be attributed to the slightly hydrophobic character[22] imparted to the 

hydrogel matrix by the methyl acrylate moieties. These force parts of the hydrogel network to phase 

separate in pure water[29] (see Figure S5) while in solutions with a greater capacity for solubilizing 
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hydrophobic molecules, such as SIF or bile,[30] poly(methyl-acrylate) segments favor interactions and 

thus allow for a greater swelling. This showcases the advantageous property of this material to 

quickly and preferentially absorb intestinal fluid compared to simple water solutions (PBS), which 

consequently establishes a first line of defense in the case of an anastomotic leak. The influence of the 

pH on the swelling of the adhesive was investigated by incubating the hydrogels in pH 2.0 (simulated 

gastric fluid[31]), pH 5.5 (ulcerative colitis[32]) and pH 8.0 (pancreatic effluents[33]) buffers (see Figure 

S6). It was observed that the higher the pH the greater the swelling, with minimal swelling observed 

under gastric fluid conditions and maximal swelling under pancreatic fluid conditions. These results 

are in agreement with previously reported characteristics of poly(acrylic acid) containing 

hydrogels.[34],[35] Furthermore, after contact with SIF, the hydrogel network appears to maintain its 

integrity (Figure 2c, Figure S3). Clinically used Tachosil, on the other hand, not only changes texture 

but eventually completely dissolves over a 24h period under the same conditions. This simple 

experiment directly shows the limitations of the currently clinically used fibrin-based patches for this 

scenario. 

 

To quantitatively assess mechanical adhesion properties of the as prepared hydrogel, the formulations 

were tested using two different setups (Figure 3) and benchmarked against commonly used Tachosil 

patches. The adhesion energy given by the T-peeling measurements (Figure 3a) and the adhesion 

strength by the lap shear measurements (Figure 3b) are shown for the three sample types. In both 

setups, Tachosil patches showed poor adhesion, which is in agreement with previous findings.[36] In 

the T-peel conformation, the ex-situ P(AAm-MA-AA) hydrogel exhibited adhesion energy more than 

5× higher than that of the surgical patch (50 vs 9 J/m2), while the in situ applied hydrogels more than 

doubled the performance of the latter hydrogel (124 ± 21 J/m2, 14× that of Tachosil). The contribution 

of the mutually interpenetrating network to the adhesion between the tissue and the hydrogel patch 

was investigated by varying the presence of acrylic acid moieties in both the patch and the mutually 

interpenetrating network (see Figure S7). These findings suggest a synergistic character of 

mucoadhesion and mechanical fixation, with  Ein situ > Eex situ + Ein situ*   (where Ein situ = 124 J/m2; Eex situ 

= 48 J/m2 and Ein situ*= 20 J/m2 are the adhesion energies for in situ gels,  ex situ gels and AA-free in 

situ gels, respectively), indicating that both the penetrating network within the tissue as well as the 

hydrogel network itself are stronger when hydrogen bonding is present.[37] These results are in 

agreement with findings of Peppas et al.,[38�±40] thus underlining the mechanisms of mucoadhesion of 

poly(acrylic acid) via the interdigitation of polymer chains with intestinal mucins. The work of Yang 

et al.[41] similarly showcases the improvements brought to adhesion by bond stitch topologies on 

various surfaces. It was concluded that strong hydrogen bonding originating from the presence of 

acrylic acid moieties is of paramount importance for the robust attachment, not only for the ex situ 

hydrogel patch but most importantly, also for the in situ one where attachment happens through the 

means of the mutually interpenetrating network. 
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This distinct difference between the ex situ and in situ P(AAm-MA-AA) hydrogels is further 

supported by the observation that in T-peel experiments, the serosa is stripped off the intestine in case 

of in situ, whereas it remains in place in the case of ex situ applied P(AAm-MA-AA) hydrogels (see 

Figure S8). This macroscopic observation was confirmed by histological analysis of the intestinal 

samples after T-peel experiments. This further underlines the tissue attachment improvements brought 

by the formation of a mutually interpenetrating network between the tissue and the adhesive patch.  

 

In lap shear measurements, the ex situ and in situ samples showed strengths of 7 kPa and 12 kPa, 

respectively, both distinctively higher than that of the surgical patch Tachosil (2 kPa). The above 

results illustrate once more the advantageous performance of the cooperative sealing of mucoadhesive 

and mechanically fixed P(AAm-MA-AA) hydrogels compared to that of protein-based surgical 

products (e.g. Tachosil), towards the sealing and support of the anastomotic sites. 

 

 

Figure 3: (a) Adhesion energy in the T-peel, (b) and strength in the lap joint conformation of the 
P(AAm-MA-AA) ex situ and in-situ formulations compared to Tachosil. Intestinal tissue is indicated in 
pale red, gel and backing in blue and yellow. (c), (d) Rheological properties of as the synthesized gels 
after preparation and after 24h contact with intestinal fluid.  
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The mechanical properties of the hydrogel adhesives were further investigated using rheology. These 

investigations provide insight into the structural integrity of the hydrogel network and its limits, as 

well as the changes induced by the absorption of intestinal fluid. In Figure 3c, the moduli of the in- 

and ex situ hydrogels, before and after immersion in intestinal fluid, are plotted as a function of 

frequency (oscillatory frequency-sweep measurements). While a slight increase in modulus can be 

observed for the SIF exposed hydrogels, the moduli for all types of hydrogels remained rather 

constant throughout the frequency range of 0.01 �± 10 Hz. This interval includes and exceeds the range 

of activity of the small intestine.[42] These results reveal the viscoelastic properties and long-term 

network stability of the hydrogels, which is crucial for the intended application. Expectedly, the in 

situ sample shows a storage modulus (G') double that of the ex situ hydrogel, due to its higher density 

of crosslinks and the presence of a network traversing interpenetrating network (Figure 3c). It is 

noteworthy that the exposure to SIF reduces the modulus of the hydrogels (G') from 750 to 380 Pa for 

the ex situ samples. Similarly, for the in situ hydrogels, a significant reduction of G' can be observed, 

passing from 1500 to 300 Pa. However, in spite of the modulus reduction induced by the absorption of 

the intestinal fluid, all the hydrogel networks remain intact, as revealed by the higher G' than G''.[43] 

This also indicates that the occurrence of swelling happens without compromising the network 

structures. 

 

Such structural stability, when in contact with digestive SIF, was further demonstrated in Figure 3d, 

where the moduli of the hydrogels are plotted as a function of strain (oscillatory amplitude-sweep 

measurements[43]). The data display the broad linear viscoelastic regions of the as prepared samples, 

further affirming the high stability of the hydrogel network even after exposure to SIF (or bile and 

PBS see Figure S9a,b). Moreover, while the moduli of all samples decreased after their incubation in 

SIF, their strains �D�W�� �W�K�H�� �F�U�R�V�V�R�Y�H�U�� �S�R�L�Q�W�� �R�I�� �*�¶���*�¶�¶�� �L�Q�V�W�H�D�G�� �L�Q�F�U�H�D�V�H�� �\�L�H�O�G�L�Q�J�� �Q�H�W�Z�R�U�N�� �I�U�D�F�W�X�U�H�� �V�W�U�D�L�Q�V��

exceeding 400% for in situ samples (see Figure S9c). These data, indicate that the hydrogels can 

�Z�L�W�K�V�W�D�Q�G�� �D�� �O�D�U�J�H�� �G�H�I�R�U�P�D�W�L�R�Q���V�W�U�D�L�Q���� �P�D�N�L�Q�J�� �W�K�H�P�� �³�I�U�D�F�W�X�U�H-�S�U�R�R�I�´�� �L�Q�� �W�K�H��extent of the desired 

application (during anastomosis surgeries and post operation conjunct movement inside the body[44]), 

especially after exposure to SIF. Notably, these hydrogels possess comparable moduli to the 

surrounding tissues (muscle[45] 8-17 kPa, adipose tissue[46] ~ 2 kPa).[47] This can avoid unwanted 

mechanical irritation that could be induced by mechanical mismatching between biomaterials and 

targeted tissues. 
 

In Figure 4, the biocompatibility of the as-prepared hydrogels is overviewed and assessed via 

histology of fresh intestinal tissue sealed with adhesives, as well as indirect cytotoxicity. In order to 

characterize the cytotoxicity of the as-applied formulations, the lactate dehydrogenase (LDH) release 

of fibroblast cells was measured upon exposure to hydrogel-conditioned cell culture medium (Figure 

4a). Following an evaluation method previously reported by Darnell et al.,[25] as-applied hydrogels 
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were perfused with small quantities of cell medium simulating the gradual adaption of the materials 

during application. The perfusion was iterated up to four times and the medium was thereafter added 

to the cells for LDH release assessment. The data suggests negligible cytotoxicity compared to the 

positive control already after the second iteration. This indicates a high biocompatibility of the as-

prepared materials once perfused and adjusted to bodily conditions, in good agreement with previous 

studies on alginate/polyacrylamide hydrogels.[25] Furthermore, Figure 4b shows the cell viability as a 

function of time after UV-irradiation. In order to emulate the conditions present during in-situ 

hydrogel application, fibroblasts were exposed to the same UV light dose (9 J/cm2, estimated for 

180s) that was employed during the in situ application. Such UV light doses are used for other 

clinically relevant applications.[48,49] The cells were irradiated either directly or through a shielding 

layer of the prepared hydrogels. The cytolytic effect of UV irradiation, which was monitored via LDH 

release, appears to be minimal. In detail, an LDH release of ~10% is reported, which is in the range of 

that of the control, shielded samples. The cytotoxicity levels remain unchanged after 24 h. These 

results along with the comparatively low dose of UV define the applicability window of the in situ 

applied hydrogel formulations and pave the way for robust sealants at the level of anastomosis sites. 

 

Figure 4c shows the hematoxylin and eosin (H&E) staining of fresh porcine intestine once sealed 

with the prepared hydrogels and after two hours of contact with SIF. This way, we sought to recreate 

the static and resting state of the intestinal tissue after surgery [50],[51] and treatment with our sealants 

while avoiding tissue decomposition or digestion (see Figure S10). More specifically, by comparing 

fresh-bare intestine to intestine that was sealed using an in situ hydrogel patch (Figure 4c I&II) , the 

firm interlocking of the in situ hydrogel with the tissue is made apparent and distinguishable by the 

purple coloration of the exterior lining of the intestinal serosa. Upon closer examination, both freshly 

applied in situ and ex situ samples (Figure 4c iii&iv ) are observed to firmly bond to the exterior of 

the intestinal wall, all while leaving the villous and serous structures intact and identical to the control 

(bare tissue �± no sealant). Most notably in situ samples also show no apparent indication of deep 

penetration. Furthermore, after incubation with SIF we can conclude that neither in situ nor ex situ 

hydrogel samples (Figure 4c vi&vii ) cause observable damage to the intestinal serosa (compared to 

the control for the same time point) in the immediate or relatively extended amount of time following 

application. Lastly, in the same experiment Tachosil (see Figure S10), as expected, exhibited no 

tissue alteration of any kind, leaving the structures of the intestine intact, similarly to the presented 

hydrogel adhesives, however with the distinct difference that no distinguishable feature related to its 

adhesive properties to tissue could be discerned. 
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Figure 4: (a) Lactate dehydrogenase (LDH) release cytotoxicity assay of fibroblasts treated with 
conditioned cell medium, as a function of perfusion iterations of 5 mL. (b) LDH cytotoxicity assay of 
fibroblast cells after low dose UV irradiation, control samples represent shielded from irradiation 
cells and positive control (PC) the treatment of samples with Triton-X (full lysis). (c) H&E stained 
biopsy cuts of: I) fresh bare porcine intestine, II) porcine intestine after application of an in situ 
P(AAm-MA-AA) hydrogel on the serosa. Images of the intestinal interface when in contact with the as 
prepared adhesives, upon application (top) and after 2h of simulated, post surgery, static intestinal 
conditions in contact with SIF. Unassigned scale bars correspond to 100 ��m. 
 

Hydrogel penetration into the tissue was subsequently analyzed via histological staining and label-free 

Raman spectromicroscopy. Figure 5a shows histological sections for the ex- and in situ formulations 

stained with methylene blue. Methylene blue has a high affinity for poly(acrylamide-co-acrylic acid) 

adsorbents[52] (see Figure S11). It can be observed that the ex situ hydrogel is localized at the 

intestinal serosa interface. The in situ samples, on the other hand, exhibit a blue coloration of 

extended parts of the serosa, indicating the dimensions of the interpenetrating network into the tissue. 

Figures 5b and c show label-free Raman microscopy data processed by k-means cluster analysis.[53] 

Cluster maps (see Figure 5b) are in good agreement with the methylene blue-stained histological 

sections. The relative signal intensities of the methylene blue coloration and the polymer-rich cluster 

obtained from spectral analysis are shown as function of penetration depth in Figure 5c. These results 
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indicate that the penetration of the in situ samples inside the tissue can be estimated at 26 �± 30 µm. Ex 

situ samples are more localized and show a tissue overlap of 6 �± 11 µm. 

Figure 5: (a) Histological tissue sections of porcine intestine with ex situ P(AAm-MA-AA) or in situ 
P(AAm-MA-AA) stained with methylene blue. (b) Raman spectromicroscopy and corresponding k-
means clustering maps and spectra of histological sections of ex situ and in situ sealed intestine 
(cluster 1 (P(AAm-MA-MA) polymer-rich), cluster 2 (biological tissue) and cluster 3 (substrate). (c) 
Relative intensity of methylene blue staining and Raman spectromicroscopy as a function of 
penetration depth. 
 

To evaluate the actual applicability of the hydrogel formulations as well as to assess the performance 

of these materials at sealing and controlling anastomotic leaks, a flow model (Figure 5a&b) and a 

stationary model (Figure 5c) were employed. In the flow model a piece of tubular porcine intestine 

was punctured using a circular 4 mm diameter biopsy punch and subsequently sealed with the 

prepared hydrogels or a size-equivalent Tachosil patch. The porcine intestine was then perfused with 

SIF at a flow rate of 1 mL/min and kept at 37 °C and 100% humidity. 

 

The time before the first leakage incident is shown in Figure 5a. Most importantly, while the Tachosil 

patches leaked within the first 5 minutes, the ex situ hydrogel patch and the in situ patch remained 

attached and sealed for distinctively longer periods. In detail, the ex situ hydrogel patch exhibited 

partial detachment after 3 h and leakage after 5 h, while the in situ hydrogel remained attached and no 

leakage could be observed for the full duration of the experiment (24 h, after which even fully intact 

(control) porcine intestine started to leak). 
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Figure 6: (a) Ex-vivo flow model simulating the flow of intestinal fluid at 1 mL/min, indicating 
leakage at discrete time points for the Tachosil patch, ex situ and in situ hydrogels and (b) burst 
pressure measurements for Tachosil patch, ex situ and in situ hydrogels. (c) Illustration of stationary 
ex-vivo model. (d) Ex-vivo stationary model simulating the pooling of intestinal fluid, indicating 
leaked mass of intestinal fluid over time.  
 

 

Under the same conditions, bursting measurements indicating the maximum pressure the sealants 

could withstand are shown in Figure 5b. The burst pressures recorded are in line with the leakage 

sequence observed during the flow model, namely Tachosil bursts first followed by the ex situ 

samples and lastly by the in situ ones. The results further demonstrate the limitations of Tachosil as a 

support material for sutures in case of leaks of the anastomosis site. This is emphasized by the fact 

that, Tachosil not only dissolves in intestinal fluid within hours (Figure 2c) but also exhibits bursting 

pressures (~20 mm Hg) that barely coincide with the maximum pressure of a healthy intestinal 

tract.[54] 

 

In order to simulate the pooling of intestinal fluid and to quantitatively assess the fluid leaking, a 

stationary model was developed. Figures 5c and 5d depict the schematic representation and the 

results of the stationary model. Hydrogel samples were attached to a square piece of intestine, 

equipped with a 4 mm diameter hole. The intestine pieces were mounted on a cup, which was then 

filled with 10 g of SIF and gently agitated at 37 °C and 100% humidity to simulate natural intestinal 
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movement and conditions. During this experiment, the mass of the leaked SIF was measured as a 

function of time and sample type. More specifically, in this configuration, which simulates harsh 

conditions of fluid pooling in the intestine, approximately 9 g of the SIF in the Tachosil treated 

samples leaked after 0.5 h. Ex situ samples showed a deceleration of the leakage, with only 2 g of SIF 

leaking after 8 h. All ex situ patches, however, eventually detached, leading to a complete failure after 

24 h. On the other hand, the in situ patches showed almost complete sealing up to 8 h. This amount is 

comparable to the control cups (no hole on the tissue). Even after 24 h, the in situ treated samples, 

exhibited an accumulation of only 2 g, which is in the same range of the control experiment. The 

influence of the pH was also investigated with in situ samples (see Figure S12). Fluids with pH 2 and 

5.5 showed comparable performance to SIF (pH = 6.8), while a higher pH resulted in an early 

detachment. These results highlight the potential applicability of the prepared patches to scenarios 

with exposure to low to neutral pH fluids. 

 

Taken together, the anastomosis sealant presented in this chapter exhibited long-lasting and robust 

performance at countering and sealing anastomotic leaks in both static and dynamic testing 

conditions. Its tissue compatible mechanical anchoring and non-degradable mucoadhesive 

composition constitutes desirable and tailorable properties that not only guarantee performance but 

also set it apart from readily degradable[55] chitosan-based materials or purely mucoadhesive materials 

for the support of intestinal anastomosis sites. 
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2.3 Conclusions 

In this chapter, we prepared and evaluated the performance and behaviour of novel mucoadhesive 

hydrogels, equipped with an interpenetrating network, mutually traversing tissue and patch, at the task 

of sealing anastomotic leaks. In contrast to the clinically used "gold standard", Tachosil patches, the 

prepared hydrogels maintained their mechanical integrity and were effective in preventing 

anastomotic leaking. In digestibility tests, the hydrogels maintained mechanical integrity while 

Tachosil completely dissolved. In stark contrast, the hydrogels prepared and evaluated during this 

study not only did not dissolve but also absorbed SIF leaks thanks to their chemical stability and 

swellable properties. Furthermore, both in situ and ex situ hydrogels exhibited mechanical properties 

compatible with the surrounding tissues as well as durability that could withstand anticipated stresses 

of the intraperitoneal cavity, even after exposure to simulated intestinal fluid. The incorporation of an 

interpenetrating hydrogel network which traverses the tissue and bridges hydrogel patch and intestinal 

wall together yielded an enhanced adhesion as well as a drastically decreased incidence of leakage in 

the flow and stationary setting, indicating an important desired characteristic of anastomotic sealants. 

The contributions to the synergistic performance enhancement were studied by varying the patch 

composition as well as the composition of its mutually interpenetrating network. The data acquired 

indicated that not only the desired properties of sealing but also remaining in place for prolonged 

periods under the harsh intestinal conditions was attributable to the synergistic effect of mucoadhesion 

and mechanical fixation on the tissue. While the long term impact of the as prepared hydrogels needs 

to be further assessed, the use of acrylates as the main components of anastomosis sealants is proven 

advantageous, as their biocompatible and at the same time non-degradable properties can assure 

support to the sutured area, especially in cases of leakage of digestive fluids. Long-term toxicity and 

performance should be investigated in vivo, however, currently available rodent models of intestinal 

anastomotic leakage are poorly established and suffer from high variability.[56] Overall, this study 

underlined the importance of choosing sealants and suture supports based on their target tissue, as 

well as their desired and anticipated action. Furthermore, it provides evidence towards a non-

negligible role of a robust mechanical support as a first-line treatment, in addition to the reported 

importance of healing when it comes to countering anastomotic leaks. Taken together, this provides a 

blueprint for the development and application of high performance sealants designed and tailored for 

the treatment and prevention of anastomotic leaks.  
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2.5 Materi als & Methods 

 
All materials were purchased from Sigma-Aldrich (Merck). Acrylic acid (AA) and methyl acrylate 

(MA) monomers were purified by passing them through a plug of basic alumina (Brockmann Grade 

I). Acry�O�D�P�L�G�H�����1���1�•-Methylenebisacrylamide (mBAA) were used without further purification. Teflon 

molds for shaping hydrogels were prepared in-house with depths of 0.9 mm. Fresh small porcine 

intestine was obtained from Schlachtbetrieb St Gallen. The intestine was cleaned of its contents 

manually, divided into pieces and then stored at -20 °C. Intestine was preferably used fresh or thawed 

once and subsequently used for experiments. 

 

Simulated intestinal fluid preparation 

Simulated intestinal fluid was prepared using lyophilized pancreatin powder (> 8 USP) and a protocol 

from the united states pharmacopoeia (Test Solutions, United States Pharmacopeia 30, NF 25, 2007) 

as previously used in other studies.[57] In brief, (6.8 g, 50 mmol) monobasic potassium phosphate was 

dissolved in 250 mL milliQ water. To this solution, (77 mL 0.2 mol/L) sodium hydroxide solution and 

500 mL milliQ water were added and mixed along with (10 g) pancreatin (from porcine pancreas, 8 

USP units activity/g). The SIF/P suspension was adjusted to pH 6.8 with either 0.2 mol/L sodium 

hydroxide or 0.2 mol/L hydrochloric acid and diluted with water to 1000 mL. 

 

Simulated biological fluids used for pH impact studies 

All simulated biological fluids described were used for the study of the influence of pH on the 

hydrogel network or sealing performance and as such were used without the inclusion of active 

enzymes. Simulated gastric fluid was made using the guidelines from the United States 

pharmacopoeia. More specifically, a 35 mM NaCl solution was prepared from distilled water. The 

solution was then adjusted to pH = 2.0 using 0.1 M HCl and used straight away. Simulated pancreatic 

fluid was prepared using simulated gastric fluid as a basis as reported by Paramera et al.[33] More 

specifically, 50 mL of the simulated fluid was prepared using a 35 mM NaCl solution as a background 

for dissolving 0.42 g of NaHCO3,  which was then adjusted to pH = 8.0. Ulcerative colitis simulated 

intestinal fluid, was prepared by using simulated intestinal fluid as previously described, but with the 

adjustment of the pH at 5.5 instead of 6.8 and the exclusion of pancreatin enzymes. 

 

Hydrogel preparation 

In order to prepare the adhesive hydrogel patches, stock solutions of monomer mixes were prepared 

which were then assembled into master mixes.  

Firstly, a stock solution of acrylamide (AAm) monomer was made by dissolving the powder in milliQ 

�Z�D�W�H�U�� �D�W�� ������ �Z�W������ �$�� ���� �Z�W���� �F�U�R�V�V�O�L�Q�N�H�U�� �Z�D�V�� �P�D�G�H�� �E�\�� �G�L�V�V�R�O�X�W�L�R�Q�� �R�I�� ���������� �J���� �������� �P�P�R�O���� �1���1�•-
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Methylenebisacrylamide (mBAA) dissolved in 9.8 g Milli -Q water. Both stock solutions were kept for 

a maximum 30 days stored at 0 - 4 °C. Photoinitiator stock solutions were made fresh before each 

experiment and kept in the dark. More precisely, (9.5 mg, 42 µmol) 2-Hydroxy-���•-(2-hydroxyethoxy)-

2-methylpropiophenone (Irgacure 2959) were dissolved in 2 mL Milli-Q water, by 20 min sonication. 

Previously cleaned monomers were then used to assemble the final hydrogel master mix. Typically, 6 

mL of AAm monomer stock solution was mixed with 2.28 mL of AA, 1.25 mL of MA, 0.6 mL of 

photoinitiator Irgacure D-2959 solution and 61.7 ��L of mBAA crosslinker stock solution. All 

constituents were vortexed in a 15 mL falcon tube. From the resulting mix 300 ��L were spread to a 

Teflon round mold (diameter: 20 mm, depth: 1 mm). The mold was then put under a UVASPOT 

400/T mercury lamp at a distance of 30 cm from the source. The light source was also equipped with 

a filter (H2) allowing the spectrum interval from 300 nm till the visible to reach the hydrogel mix. The 

P(AAm-MA-AA) hydrogel were obtained after 180 s irradiation. Hydrogel formulations excluding 

the presence of methyl acrylate were prepared by following the above-mentioned protocols of 

irradiation and molding. More specifically, for a 3 mL stock solution, 0.76 mL of AA, 2 mL of 20% 

AAm, 7.2 ��L of mBAA 2% and 200 ��L of 4.75 mg/mL Irgacure 2959 were mixed together. From the 

resulting solution 300 ��L were placed in a Teflon mold and irradiated yielding a P(AAm-AA) gel. 

 

Gel and water content determination 

Ex situ hydrogel samples were prepared as previously described. In situ simulated hydrogel samples 

were prepared by following the above described protocol for in situ hydrogel application but by 

irradiating the soaked samples on a Teflon surface instead of intestinal tissue. The resulting hydrogels 

were then immediately weighed and placed in a 1 L beaker filled with Milli-Q water and stirred at 400 

rpm. The gels were then dialyzed against Milli-Q water over 24 h with the water background being 

exchanged four times over this period. Once dialyzed samples were flash frozen by incubation in 

liquid nitrogen for 20 min and then lyophilized using a CHRIST Alpha 3-4 LSCbasic (Adolph Kuhner 

AG, Switzerland) for 24h. The samples masses were then once again recorded using a Mettler-Toledo 

analytic balance, AT201 (Mettler-Toledo (Schweiz) GmbH). Theoretical gel and water content was 

calculated by converting the volumes of pure monomer or monomer stock solutions to their 

equivalent mass using density or mass concentration respectively. The resulting monomer masses 

were summed yielding the theoretical gel content (assuming complete conversion). The corresponding 

water portions originating from the addition of monomer stock solutions were also summed to yield 

the theoretical water content. The theoretical ratio was calculated by dividing the theoretical water or 

gel mass with the total theoretical mass of the hydrogel (i.e Mth.gel + Mth.water = Mth.tot).  
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Where MaD corresponds to the mass of the hydrogel after dialysis and lyophilization and MaP to the 

mass of the hydrogel immediately after synthesis. 

 

Scanning Electron Microscopy  

Hydrogel samples that were either freshly prepared or swollen for 24 h in biological fluids were 

lyophilized for 24 h. Resulting pieces of these latter were mounted onto an SEM holder and coated 

with a (2.5 nm) layer of carbon via a Polaron Equipment (SEM coating Unit E5100, Kontron AG, 

Switzerland).  Scanning electron microscope (SEM) imaging was performed on a Hitachi S-4800 

(Hitachi High-Technologies, Canada) at an accelerating voltage of (2kV) and current flow of (10 µA). 

Images resulting from the above experiment were analyzed using ImageJ, by adjusting the contrast 

and setting a threshold in order to create a binary image. Once the binary image obtained the pore 

sizes were analyzed using particle analysis. 

 

FTIR  

Infrared absorption spectra were measured using a Varian 640-IR spectrometer equipped with 

diamond attenuated total reflectance (ATR) optics from previously vacuum dried hydrogels. 

 

Nuclear Magnetic Resonance Spectroscopy 

For NMR measurements, gels were freeze-dried, ball-milled into powder and dissolved in DMSO-d6 

for solution-based NMR measurements. 

 

Digestibility of hydrogel formulation  

Hydrogel and Tachosil samples were respectively obtained from P(AAm-MA-AA)  hydrogels and 

TACHOSIL Fibrin Sealant Patch using an (8 mm) biopsy punch. Each Tachosil sample was carefully 

separated into its two main components, fibrin and collagen sponge sides, which represent the active 

side (hemostatic) and non-active side of the Tachosil patch, respectively[58]. Samples, containing the 

as prepared P(AAm-MA-AA) hydrogel and Tachosil fibrin and collagen sponge sides were put into (4 

mL) vials which were loaded with (3 mL) of PBS, bile or SIF were added respectively. Subsequently, 

all the vials were incubated on a platform shaker (Titramax 101, Heidolph, 200 rpm) at 37 °C. After 1 

h and 24 h, the liquid in each vial was removed using a syringe and injected back after observation.  

Pictures of all the vials were taken at the beginning, after 1h and after 24h. 

 

Swelling experiments 

The relative swelling ratio Rrel is defined as,  
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where MS is the mass of the hydrogel sample after swelling for a given time point, M i is the initial 

mass of the hydrogel sample. Initially, the as prepared hydrogels were transferred into vials. Then (3 

mL) of PBS, bile or SIF (N = 3 for each fluid) were added respectively to investigate the dynamic 

hydrogel swelling in different physiological fluids. Finally, the vials were transferred onto a shaker 

(Titramax 101, Heidolph, 200 rpm) and incubated at 37 °C. The hydrogels were taken out and 

weighed after 1 h, 2 h, 4 h, 8 h, 16 h and 24h swelling. The average relative swelling ratios in 

different simulated body fluids were obtained at different time points. 

 

Ex-situ & In -situ Hydrogel application 

All hydrogel samples as well as Tachosil were applied on porcine small intestine serosa. For the ex 

situ samples, fresh hydrogels, prepared as previously described, were lifted from their molds using 

Teflon tweezers and parafilm. The hydrogel was then placed directly on the serosa of the intestine 

sample with attention to not include air bubbles at the interface with the tissue as well as to not lift the 

adhesive once in place. The hydrogel-intestine system was applied a weight of (1 kg) for 10 min on 

top of the parafilm backing. After that the weight and parafilm were removed and the sample system 

was used for subsequent experiments.  

In the case of in situ samples, hydrogels prepared as previously described were immersed for 10 min 

in the monomer master mix described previously, in a flat, closed petri dish. Hydrogels were flipped 

at intervals of 2 min in order to avoid curling of the gel and obtain a homogenous impregnation. At 

the same time, the intestine serosa was brought in contact with (150 µL) of monomer mix, at the area 

of application of the hydrogel (excluding the area of the (4 mm) hole). The swollen hydrogels are 

applied to the intestine making sure that no bubbles are trapped at the interface. The samples were 

then subjected to 180 sec of low dose UV irradiation while placed on an aluminium foil containing a 

crushed ice bed, to mitigate tissue heating and drying. In the case of Tachosil, pieces of the surgical 

adhesive were cut in squares of (1.7 cm) side lengths, equaling the area of the developed hydrogels. 

The Tachosil patches were placed on the intestine serosa and a weight of 1 kg was applied to them for 

10 min before using them for further experiments.   

 

Adhesion measurements 

The adhesion strengths of the hydrogels on porcine small intestine were investigated following the 

procedures described in ASTM standard F 2256-05[59] (for the T peel test) and ASTM standard F 

2255-05[60] (for the lap-shear test). Porcine small intestine was cut into pieces of 7 cm x 1.5 cm using 

a scalpel after being thawed at room temperature. In order to limit the deformation of the gel and 

tissue,[9] rigid transparent films (CG3720 color laser transparency film, 3M) used as backing layers, 

were cut to the size of P(AAm-MA-AA) hydrogels (5 cm x 1.8 cm x 0.1 cm) or intestine pieces and 

were attached to these latter with the use of a liquid superglue (Pattex Super Glue). The hydrogels 

were then applied to the intestine pieces as described earlier and the free ends of the hydrogel and the 
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�L�Q�W�H�V�W�L�Q�H�� �S�L�H�F�H�� �Z�H�U�H�� �O�R�D�G�H�G�� �W�R�� �W�K�H�� �L�Q�V�W�U�X�P�H�Q�W�¶�V�� �F�O�D�P�S�V���� �7�K�H�� �O�R�D�G�L�Q�J�� �U�D�W�H�� �Z�D�V�� �N�H�S�W�� �F�R�Q�V�W�D�Q�W�� �D�W�� ��������

mm/min and the standard force-strain curves were recorded. The T peel strength was calculated as the 

maximum plateau value of the ratio between the standard force and width of the sample. 

 

Hydrogel patch and mutually interpenetrating network formulation studies on adhesion 

The inclusion or exclusion of acrylic acid moieties inside the patch or the mutually interpenetrating 

network was studied for its impact on adhesion. Hydrogels and mutually interpenetrating networks 

including acrylic acid moieties were prepared as earlier described. Hydrogels without acrylic acid 

moieties were prepared by excluding acrylic acid from the above described formulation. Methyl 

acrylate was also consequently removed from the formulations due to immiscibility with the 

remaining acrylamide solutions. More specifically, a 5 mL stock solution of 20 wt% acrylamide in 

Milli -Q water was prepared. To that was added 108 µL of mBAA crosslinker solution (2 wt%) and 

500 µL of Irgacure 2959 solution (4.8 mg/mL). The solution was either loaded on a Teflon mold and 

irradiated for 3 min, yielding hydrogel patches without acrylic acid moieties or used to swell a 

previously made hydrogel patch in exactly the same manner as described previously for the in situ 

process. Adhesion energy was measured in the T-peel conformation as previously described.  

 

Rheological measurements 

Dynamic shear oscillation measurements were used to characterize the viscoelastic properties of the 

hydrogel before and after swelling at 37 °C with SIF or other simulated bodily fluids such as PBS and 

bile. All the samples were fit to the rheometer (MCR 301, Anton Paar) receptacle size using a 25 mm 

Turnus Wad punch. Slippery samples due to swelling with biological fluids such as SIF were 

immobilized using sandpaper at the level of the Peltier and rotating plate. All measurements were 

carried out at 37 �•  with the oscillatory strain sweep measurements being performed at constant 

frequency of 1 Hz while the oscillatory frequency sweep measurements were performed at a fixed 

constant strain of 1% over a frequency range of 0.01 �± 10 Hz. 

 

Adhesive �± Intestinal tissue interaction biopsies 

After obtaining freshly collected porcine intestine from Schlachtbetrieb St Gallen in situ, ex situ and 

Tachosil adhesives were applied on the exterior surface of the fresh porcine intestine (not perforated). 

After application the treated intestine was sampled using an (8 mm) biopsy punch. The collected 

biopsies were immediately placed in a 4% formalin solution. After 24 h in formalin, the samples were 

separated from the bulk of the swollen hydrogel adhesive, leaving the interface intact, using surgical 

scissors. The same procedure was followed in the context of a stationary, post-surgery simulating 

experiment, where the as prepared samples were brought in contact with SIF at 37 °C, 100% humidity 

and light agitation. Intestinal tissue was subjected to both pancreatin rich and depleted SIF as a 

control. The collected biopsies were then sent to Sophistolab AG, Basel where they were block 
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paraffinized, cut and stained using H&E. The samples were incubated for 5 min in Hematoxylin and 

30 s in Eosin solutions. For preservation, the samples were dehydrated in steps (successively 70%, 

80%, 90%, 96%, 100% EtOH, 2% isopropanol, 2 × xylene, 2 min each) and mounted for subsequent 

storage. A ZEISS Primovert Microscope with an Axiocam 105 (Zeiss, Feldbach, Switzerland) color 

camera was used for image acquisition. 

 

Methylene blue hydrogel staining on intestinal tissue biopsies 

Histological sections were deparaffinized and rehydrated using an inverse xylene and decreasing 

EtOH concentration gradient steps. Following rehydration, samples were left in distilled water for 1h 

for equilibration. The samples were then transferred to a 46 µM methylene blue solution for 15 min. 

The slides were then rinsed with distilled water and imaged directly after immobilized between a 

second microscope slide, keeping the samples in distilled water. The images were acquired using a A 

ZEISS Primovert Microscope with an Axiocam 105 (Zeiss, Feldbach, Switzerland) color camera was 

used for image acquisition. Image analysis using ImageJ was performed and by measuring the depth 

of the blue coloration at the interface of the tissue in at least 10 randomly selected locations on at least 

3 independently acquired images. 

 

Raman microscopy on sealed intestinal tissue 

Raman measurements were performed as previously described.[53,61] More specifically, measurements 

were performed on deparaffinized histological sections. The measurements, were performed on a 

WITec alpha 300R confocal Raman microscope, equipped with a UHTS 300 Vis spectrometer and an 

Andor Newton EMCCD. A linearly polarized 532 nm laser was used for excitation. A 50× long 

distance objective was used (Zeiss, 50×/0.55 NA) and spectra were acquired with an integration time 

of 2 s with a step size of 2 µm and in maps of size (200 × 200 µm2) starting at the outer surface of the 

intestinal sample. A laser intensity of 8 mW was used. The preprocessed (background-substracted and 

normalized) spectra were compressed using a three component PCA and fed to a k-means clustering 

analysis (Control Four Software, WITec). Image analysis was performed on cluster maps using 

ImageJ by measuring the depth of the polymer-rich cluster intensity at the interface of the tissue in at 

least 10 different locations. 

 

Serosa investigation after sealant removal 

Intestine samples were sealed with ex situ and in situ hydrogels, prepared as earlier described. The 

resulting samples were pulled off from the surface of the intestine (T-peel configuration) and samples 

of the tissue were collected after sealant pull off. The tissue samples were then fixed by immersion in 

a 4% formalin solution for 24 h (2h at room temperature followed by 22 h at 0 - 4 °C). The resulting 

samples were dehydrated and embedded in paraffin using a Myr Spin Tissue Processor STP120 

(Tarragona, Spain) for a total duration of 12 h for the dehydration and paraffin embedding. The 
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paraffin embedded samples were then cut and put on microscope slides as described previously. H&E 

staining was performed on the acquired samples by first deparaffinizing and rehydrating the slides in 

inverse xylene and decreasing EtOH concentration gradients.  

 

Perfused medium cytotoxicity experiments 

Perfused cell medium experiments were performed using a modified procedure inspired from Darnell 

et al.[25]. More precisely, Normal Human Dermal Fibroblasts (NHDFs) (Sigma-Alrdrich, Buchs, 

Switzerland), a non-cancerous human skin fibroblast cell line, was cultured under standard culture 

conditions at 37 �•�� �Z�L�W�K�� ���������� �&�22. Dulbecco's Modified Eagle's Medium �± high glucose (DMEM) 

(#RNBG3787, Sigma, Buchs, Switzerland) supplemented with (10%) Fetal calf serum (FCS, Sigma-

Aldrich, Buchs, Switzerland), (1%) L-Glutamine (Sigma-Aldrich, Buchs, Switzerland) and (1%) 

Penicillin-Streptomycin-Neomycin Solution (Sigma-Aldrich, Buchs, Switzerland) was used as full 

growth medium. 

As applied hydrogel samples were placed inside (15 mL) falcon tubes and brought to swelling 

equilibrium by being incubated with (5 mL) of DMEM �± high glucose supplemented with (10%) FCS 

for 4 h. The perfused hydrogel medium was then removed and collected marking the first perfusion 

iteration. The process was repeated four times. Per 96-�S�O�D�W�H���Z�H�O�O�������¶���������1�+�'�)�����F�H�O�O�V���Z�H�U�H���V�H�H�G�H�G���L�Q��

(100 �PL) full growth medium and allowed to attach for at least 24 h. At time point 0 h, (100 �PL) of 

perfused hydrogel supernatant or full growth medium as control was added respectively (total volume 

200 �PL). The plate was then incubated under standard culture conditions for 24 h. The cell viability 

was investigated through an LDH cytotoxicity assay using CytoTox 96 Non-radioactive Cytotoxicity 

assay (#G1780, Promega, Dübendorf, Switzerland.) and an ATP cell viability assay. 

 

Irradiation tolerance experiments 

In order to quantify the effects of UV irradiation on cells within the context of the application of the 

�S�U�H�S�D�U�H�G���K�\�G�U�R�J�H�O�V�����������¶�����������F�H�O�O�V���S�H�U���������Z�H�O�O���S�O�D�W�H���Z�H�U�H���V�H�H�G�H�G���D�Q�G���D�O�O�R�Z�H�G���W�R���D�W�W�D�F�K���I�R�U���������K�����7�K�H��

culture medium was replaced by (180 ��L) of fresh full growth NHDF medium. For irradiation on top 

of the cell containing plate another UV transparent 96 well plate of the same dimensions and loaded 

with the ex situ or monomer impregnated P(AAm-MA-AA) hydrogels was placed. No irradiation 

control samples were covered using a black tape. After a 180 s irradiation the cell containing plates 

were incubated at 37°C and (5%) CO2 for 0.5 h, 3 h and 24 h. The cell viability and cytotoxicity were 

studied on an LDH assay and an ATP cell viability assay. 

 

Stationary Model 

In order to evaluate the sealant properties of the hydrogels on tissue under the static conditions of the 

intestine, a cup-based setup was put in place (see Figure 4d). Briefly, a piece of intestine (7 cm) was 
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cut along its length and spread on a piece of flat teflon. The intestine was punctured with a hole 

simulating an opening at the level of the sutured anastomotic area, using a (4 mm) biopsy punch. 

Control samples were not equipped with a hole while hydrogels and surgical patches sealed the hole 

bearing intestine piece, using the previously described procedure. The sealed intestine was then 

mounted on a bottomless single-use polystyrene cup which and was kept in place by stapling its edges 

�W�R���W�K�H���F�X�S�¶�V���Z�D�O�O�����7�K�H���L�Q�W�H�V�W�L�Q�H���D�W�W�D�F�K�H�G���F�X�S���Z�D�V���V�X�E�V�H�T�X�H�Q�Wly placed on a second polypropylene cup 

of known mass. The system was then loaded with (10 mL) of freshly prepared simulated intestinal 

fluid or with the same quantity of simulated gastric, pancreatic and ulcerative colitis fluid for pH 

variation experiments. All the samples were placed inside a styrofoam box equipped with water-

soaked sponges to simulate the humidity of the intraperitoneal area and also loaded on a platform 

shaker operating at 40 rpm at 37 �•�����7�K�H���P�D�V�V���R�I���W�K�H���O�H�D�N�H�G���6�,�)���Z�D�V���W�K�H�Q���P�H�D�V�X�U�H�G���D�W discrete time 

intervals. 

 

Flow Model 

Roughly, (10 cm) long porcine small intestine pieces were equipped with a (4 mm) hole using a 

biopsy punch. The intestine pieces were then sealed by the as prepared hydrogels or the surgical patch 

Tachosil, as described previously. The sealed intestine was then hooked on a peristaltic pump setup 

allowing to perfuse the system with fresh 37°C SIF at 1 mL/min from a (200 mL) reservoir (see 

Figure 5a). The samples were kept in a Styrofoam box equipped with symmetric holes, equally 

spaced for accommodating the tubular pieces of intestine. Funnels were placed under each sample, 

through the use of an appropriate exit hole for the collection of the leaked SIF. As in the static model, 

water-soaked sponges were added to the box in order to maintain 100% humidity. The time at which 

constant and repetitive leaking was observed was monitored and noted using a GoPro HERO4 for a 

period of 24h.  

 

Bursting pressure  

Bursting pressure was measured based on the previously described dynamic flow-model custom setup 

as shown in Figure 5b, with the only difference that flow was obstructed at the latter extremity of the 

intestine. The system was connected to a custom-built pressure sensor (30021430, Honeywell, 

Distrelec) and a syringe pump (NEMESYS, Cetoni GmbH, Germany). SIF was pumped through the 

system at a constant pumping speed of 10 mL/min. The maximum pressure reading was recorded as 

the burst pressure for each sample. 
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Chapter 3  
Triggerably acoustic hydrogel sealants for 
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leaks3 
 

 
 
 

 

 

3This chapter is part of a manuscript currently in preparation. 
Alexandre H.C. Anthis, Thomas Rduch, Paulene Abundo, Anna L. Neuer, Kongchang Wei, Fabian 
H.L. Starsich, Andrea A. Schlegel, Mikhail G. Shapiro, and Inge K. Herrmann, manuscript in 
preparation. 
A.H.C.A., A.A.S. and I.K.H. conceived the presented idea and planned the study with contributions of 
F.H.L.S. A.H.C.A. developed the formulations and performed experiments, T.R. helped with 
ultrasound measurments, P.A. and M.G.S. provided gas vesicles and contributed with their expertise 
on gas vesicle imaging, A.L.N. performed cytocompatibility studies, A.H.C.A. drafted the manuscript 
with the help of I.K.H.  



Chapter 3
 

 

38 

ABSTRACT 

Millions of patients every year undergo gastrointestinal surgery. While often lifesaving, sutured and 

stapled reconnections at the level of the abdominal cavity tend to leak up to 21% of the time. The 

penetration of digestive fluid into the peritoneal cavity leads to dreadful complications, including 

sepsis and premature death. Modern suture supports and tissue adhesives used to counteract 

anastomotic leaking either only poorly adhere to the tissue or readily dissolve when in contact with 

digestive biological fluids such as gastric or intestinal fluid. Due to the lack of alternatives, surgeons 

rely on available tissue adhesives and monitoring based on surrogate markers with oftentimes poor 

sensitivity, such as tachycardia and mental evaluation of patients to assess the occurrence of 

postoperative leaks and by extension the impending danger of complications. Additionally, the 

employment of semi-permanent drains and tissue diversions to limit the chance of complications is 

commonplace, thus underlining the inexistence of technologies that both treat and prevent the 

occurrence of digestive leaks. 

In this chapter, a first-of-its-kind, modular, intelligent suture support patch capable of sealing leaks 

under harsh digestive conditions present in areas of the abdomen is demonstrated. The smart adhesive 

patch provides, in addition to strong tissue adhesion and sealing under most demanding conditions, 

unique triggerable leak-detection capabilities based on non-invasive point-of-need ultrasound 

imaging. The detection of the breaching of sutures in as little as 3 hours in intestinal leak models and 

15 minutes in gastric leak conditions is demonstrated. As such, this surgical sealant technology paves 

the way for a next generation suture support material that offers disambiguation in cases of surgical 

leaks as well as straightforward, point-of-need monitoring of patients after gastrointestinal surgery. 



Chapter 3
 

 

39 

3.1 Introduction  

 

Every year around the world approximately 14 million people undergo abdominal surgery. These 

operations while lifesaving for a multitude of diseases ranging from cancer to weight loss inducing 

gastric bypass, carry great intrinsic risks. These latter being associated with the leaking of digestive or 

microbially active fluids though sutured or stapled reconnections can vastly prolong recovery but also 

cause premature death. As such, anastomotic leakage is one of the most dreaded complication 

following abdominal surgery with reported incidence rates ranging from 4 to 21%[1], depending on the 

patient's condition and the surgeon's experience[2]. Reported mortality rates for patients suffering from 

anastomotic leaks range from 6 to 27%[3]. In the much-feared progression to septic peritonitis caused 

by the leaking of the bacteria-containing intestinal fluid, mortality rates as high as 50% have been 

reported[4]. Complications such as these make the treatment of gastrointestinal anastomotic leaks 

especially costly (+30k USD), lengthy (+10 days in hospital) and complex[5].  

To deal with the prospects of leaks, surgeons and medical practitioners rely on a vast array of criteria 

with relatively poor sensitivity to determine or infer leaking of sutured reconnections. Such criteria 

can range from tachycardia, hyperthermia, oliguria to mental status of patients and more[6] and render 

the early (before severe clinical symptoms arise) and unambiguous identification of an anastomotic 

leak challenging. While in addition to these latter, the installation of semi-permanent drains within 

patients' body[7] for the duration of their recovery or the diversion of tissue to the exterior surface of 

the abdomen (temporary stomas)[8], are also commonplace lines of defence and used as ways to 

monitor the integrity of the reconnections.  

From the surgical material side, innovations at the level of staplers and suture supports aim at 

assisting the healing of the sutured tissue as well as prevent the site from leaking in the first place. 

However, despite several surgical adhesives and sealants on the market, clinical success of these 

products is limited[9]. Materials applied on top of sutures such as Tachosil[10], while widely used in 

reconnections within the abdominal area, present little benefits in the case of abdominal anastomotic 

leaks as these latter can be readily digested[11]. On the other hand, numerous novel adhesive 

technologies and patches were recently developed with the prospect of sealing tissues in various 

places of the body. Such technologies have been designed leveraging N-hydroxy succinimide 

interface activation[12], dopamine coordination[13], layerability and folding[14] and more[15,16]. And 

while key metrics of tissue sealant performance such as tissue adhesion and biocompatibility are 

central focal points for researchers[17], performance of the materials prepared is only rarely assed 

while in contact with active and digestive effluents (including intestinal content containing bacteria, 

intestinal fluid and bile). Additionally, contemporary tissue adhesives only have limited ability to 

support the healing[18] and lack monitoring capabilities.  
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As such, the present work reports on the design and application of novel modular hydrogel adhesives, 

capable of incorporating both therapeutic and monitoring elements in their structure. The layered 

sealants graft on tissue, in a tissue-compatible way using a mutually interpenetrating network. The 

high performance network not only keeps the sealant in place under most demanding conditions but 

also enables the monitoring of sutured reconnections for leaks on various tissues of the 

gastrointestinal tract. This is made possible using two distinct types of sensing, namely turn-on and 

turn-off echogenic sensing. The deployment of sensing elements activating or de-activating in an 

enzymatic or pH triggered manner, respectively, showcases the potential for disambiguation in the 

detection of anastomotic leaks. Taken together, we demonstrate that the smart surgical sealants remain 

firmly attached to the tissue even under harsh digestive conditions and the integrated leak-sensing 

technology enables inexpensive, point-of-need monitoring using a tablet-operated ultrasound probe. 
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3.2 Results and discussion 

Figure 1 illustrates the composition, geometry and application of the presented hydrogel patches. 

These latter ones are made using free radical polymerization, layer upon layer and are highly modular 

in character. The patch is composed of an outermost non-adhesive backing made of 50 wt% poly(N-

hydroxylethyl acrylamide) (PNHEA) for the avoidance of post-surgical adhesions[19]. An adhesive 

layer, consisting of superabsorbent polyanionic polymer poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) sodium salt (PAMPS)[20] at 50wt%forms the tissue interfacing layer. Within the 

adhesive layer, optional sensing elements that scatter ultrasound either by default or upon contact with 

gastric fluid are contained. These elements include prokaryotic gas-filled proteinaceous structures 

(gas vesicles)[21] or dissolvable sodium bicarbonate, and are embedded either in a soft acrylamide 

matrix (AAm/mBAA: 2000/1; AAm/initiator 990/1) or in a 2 wt% agar matrix, respectively. 

Additionally, the versatility of the layered synthesis allows for the optional incorporation of 

antibacterial elements (Figure 1b) embedded in 20 wt% acrylamide in the form of ZnO [22]. The 

sealant hydrogel patches are then attached to target tissues using recently reported[11] and further 

developed mutually interpenetrating network technology. This latter one consists of a solution of 33 

wt% N-acryloyl glycinamide (NAGA) and a visible light initiator Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), in which the pre-made layered hydrogel are soaked in prior to 

application to tissue. Upon application to the tissue followed by light irradiation, the constituents in 

the activating monomer solution form a mutually interpenetrating traversing both the hydrogel patch 

and the tissue. In contrast to earlier work, the combination of both allow the anchoring to occur in 

absence of crosslinkers[23] and potentially harmful UV light[24,25]. As such, the attachment of the 

prepared hydrogel patches via a mIPN assures the long-term high-performance grafting of the sealant 

to tissues (> 24h contact with simulated intestinal fluid (SIF) or simulated gastric (SGF), see Figure 

S1). These properties are achieved by harnessing the synergistic effect between chemical interactions 

(electrostatic, hydrophobic etc) and mechanical fixation allowing in this way for the versatile 

application of the patch to various tissues of the abdominal cavity such as the stomach, small intestine 

and colon (Figure 1c).  
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Figure 1: (a) Composition of the layered-leak detecting sealant hydrogel patch, composed of a non-
adhesive backing (PNHEA), adhesive suture support layer (PAMPS), sensing elements ("Turn-off 
comprising gas vesicles or "turn-on" comprising dissolved sodium bicarbonate) attached to tissue via 
the formation of a mutually interpenetrating network (mIPN).(a-I) Application of the as-prepared 
hydrogel patch, which is incubated in a 33 wt% NAGA monomer water solution containing LAP 
initiator (a-II) and finally is attached to tissue using visible light to form an mIPN. (b) As-prepared 
hydrogels, manufactured in various shapes, exhibit discrete layers and compartments, namely 
adhesive support (orange arrow), non-adhesive backing (yellow arrow), 5µL 20vol% turn-off sensing 
elements (blue arrow) using Halo gas vesicles and 2.5mg/mL ZnO in PAAm antibacterial elements 
(green arrow). (c) Illustration showcasing gastrointestinal organs and the application of the hydrogel 
patches containing sensing elements (blue arrow) on porcine stomach, small intestine exterior and 
colon surface and the sealing a 4 mm leak source (black arrow).  
 

More specifically, when adhesion energies of the applied patches are measured using a T-peel setup 

(Figure 2), energies of comparable range to first generation mIPN adhesives presented in chapter 2 

are observed (124 ± 21 vs 91 ± 24 J/m2), indicating this way a formulation of similar performance for 

the same tissue and after application. Interestingly, the improved layered system not only yields even 

higher adhesion energies at the level of the colon and stomach tissues (134 J/m2, 229 J/m2 

respectively), but also exhibits minimal adhesive properties from the as intended non-adhesive side. 

This illustrates the applicability of the sealant technology to multiple tissues and showcases the 

combination of mutli-tissue applicability and minimal adjacent tissue interactions of the backing. 
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Figure 2: (a) Adhesion energy in the T-peel setup of layered patches after application on tissues of 
porcine small intestine, stomach and colon and corresponding PNHEA backing adhesion energies. 

 

Scanning electron micrographs of a perpendicularly cut sealant patch shine light on the fusion of the 

various layers and different compartments into a single material (Figure 3a). More specifically, in 

backscattering mode one can distinguish the different contrasts between the backing and the adhesive 

support imparted by the presence of the sodium salt in the adhesion layer. Moreover, the location of 

the ZnO embedded layer is easily identifiable thanks to its hemispherical shape and high z-contrast 

and its composition has been confirmed by energy-dispersive x-ray spectroscopy (EDXS) (see Figure 

S2). Importantly, all interfaces indicate a smooth interlocking resulting from the layered synthesis and 

as such presents no visible voids, cracks or otherwise weak points at the level of interpenetration 

between the backing and adhesion layer or between the adhesion layer and the ZnO compartment. 
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Figure 3: (a) Scanning electron micrograph (SEM) of the profile cut of the as prepared hydrogel 
patch generated in backscattering mode, showcasing the layered structure of the sealant composed of 
a backing, adhesion layer and ZnO (2.5 mg/mL) in PAAm antibacterial element. (b) SEM images of 
(I) porous character of the adhesion layer after contact with simulated intestinal fluid (SIF) during a 
24h sealing experiment, (II) porous character of the backing layer of the same sealant after 24h. (c) 
Swelling of individual layers as well as fully assembled hydrogel patch in simulated intestinal fluid at 
37 °C (connecting lines for eye guidance). (d) Functioning principle of the turn-off sensing element. 
Photographs and ultrasound images of 100 µL, 20 vol% Halo gas vesicle embedded in PAAm sensing 
element inside gel phantom; as prepared and after deactivation following incubation in SIF. (e) 
Functioning principle of the turn-on sensing element. Photographs and ultrasound images of sodium 
bicarbonate embedded 100 µL agar gels embedded in a gel phantom as prepared and after contact 
with simulated gastric fluid (SGF). 
 

Further investigation into the synergistic behavior of those layers is performed by employing a 1 g-

patch to protect a 4 mm hole from the leakage of 10 g of enzyme rich simulated intestinal fluid (vide 

infra). This setup, consisting of a patch attached to a model tissue allows the observation of the 

�P�D�W�H�U�L�D�O�¶�V�� �E�H�K�D�Y�L�R�U�� �Z�K�H�Q�� �H�[�S�R�V�H�G�� �W�R�� �U�H�O�H�Y�D�Q�W�� �E�L�R�O�R�J�L�F�D�O�� �I�O�X�L�G�V���� �$�V�� �V�X�F�K���� �L�W�� �V�K�R�Z�F�D�V�H�V�� �W�K�H�� �G�\�Q�D�P�L�F��

behavior of the PAMPS layer (Figure 3b). This latter absorbs intestinal fluid that makes its way to the 

patch and gives rise to a highly porous suture support contact layer, while the backing retains a 

smooth and non-altered structure and acts as a non-adhesive sealant. The swelling properties of the 

PAMPS support layer, PNHEA backing, PNAGA mIPN as well as the whole patch as applied, were 

further studied in the presence of simulated intestinal fluid (Figure 3c) as well as that of simulated 
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gastric fluid, bile and PBS (see Figure S3) as a function of time. From those it can be observed that 

PAMPS as expected acts as a superabsorbent network[26], when alone. When traversed by a minimally 

swellable (in all biological fluids) PNAGA network, swelling overall is drastically reduced and thus 

brought to lower non-unitary levels. This exhibited property underlines firstly the stability imparted to 

the overall network by the presence of PNAGA as well as the maintained ability of the suture support 

layer to absorb biological fluids. Hence, making use of properties such as those allows for the 

introduction of therapeutics (such as antimicrobial ZnO nanoparticles), and importantly, trigger-

responsive ultrasound sensing elements that activate or de-activate based on the biological fluid in 

contact. With regard to therapeutics, the introduction of ZnO in an acrylamide matrix within the 

suture support layer allows for the stimuli responsive release of Zn2+, a known antibacterial ion[27], 

depending on the biological fluid in contact with the patch (see Figure S4). With regard to sensing, 

the insertion of trigger-responsive ultrasound probes allows leveraging of digestion by enzymes (e.g. 

pancreatin), which results in a loss of signal in the case of gas vesicles. Alternatively, or 

physicochemical properties of biological fluids such as pH can be harnessed in order to dissolve 

carbonates, leading to the formation of echogenic CO2 bubbles entrapped in the gel. Both approaches 

result in a detectable change in ultrasound scattering properties. These latter elements are termed 

"turn-off" or "turn-on", depending on whether the exposure to the respective body fluid leads to a 

decrease or an increase in ultrasound contrast. Figure 3d demonstrates the working principle of an 

enzyme-responsive turn-off element, where as-prepared prokaryotic gas vesicles (derived from 

Halobacterium salinarum and termed Halo) embedded in acrylamide hydrogels are incubated in either 

PBS or SIF for 24 hours. The as-prepared gas vesicle-containing hydrogels, while when incubated in 

phosphate buffer saline, appear to remain opaque white, their introduction in enzymatically active SIF 

makes the hydrogel matrix transparent, indicating enzymatic degradation. Importantly the acoustic 

signal, generated by the introduction of these elements in an ultrasound phantom shows the 

transformation from bright and easily distinguishable (in presence of PBS), to dark and weakly 

scattering materials following exposure to simulated intestinal fluid. Moreover, further investigation 

into the enzymatic degradation of gas vesicles by pancreatin indicated the degradation of these latter 

in the span of 1.5 hours, thus further confirming the enzymatic digestion as the main route of de-

activation of the turning-off ultrasound monitoring elements (see Figure S5). 

Turn-on sensing elements responsive to pH were also developed as alternatives to turn-off signals. 

These latter make use of a technology based on the combination of agar and dissolved sodium 

bicarbonate. Sodium bicarbonate thus readily converts itself to CO2 as soon as the liquid surroundings 

of the hydrogel experience a significant change in pH. The embedding of this latter in agar[28] ensures 

the entrapment of generated CO2. As seen in Figure 3e the as prepared elements scatter ultrasound 

only minimally in their native state, while upon incubation in gastric fluid gives rise to the quasi-

immediate appearance of macroscopic bubbles within their structure. As such the ultrasound 

scattering intensity is greatly amplified, turning this way the sensing element on. 



Chapter 3
 

 

46 

 

Figure 4: (a) Lactate dehydrogenase (LDH) release cytotoxicity assay of fibroblasts treated with 
conditioned cell medium as a function of perfusion iterations of the sealant patches with 5 mL of 
medium. Positive control (PC, 100% lysis) shown in grey. (b) Corresponding cell viability of 
fibroblasts measured based on metabolic activity using a Cell Titer Glo assay. Positive control 
(corresponding to 100% lysed cells) shown in grey. (c) Attachment and interfacing of hydrogel 
sealant on tissue as showcased by H&E stained biopsy sections of porcine stomach, small intestine 
and colon at two different magnifications. 
 

�:�L�W�K���W�K�H���V�H�Q�V�L�Q�J���H�O�H�P�H�Q�W�V�¶���Z�R�U�N�L�Q�J���S�U�L�Q�F�L�S�O�H���H�V�W�D�E�O�L�V�K�H�G�����W�K�H���Q�R�Y�H�O���O�D�\�H�U�H�G���I�R�U�P�X�O�D�W�L�R�Q���L�Q�F�O�X�G�L�Q�J���L�W�V��

sensing elements and mIPN mediated attachment method was studied as per its interaction with 

different tissues and cells.  

In Figure 4 the cytocompatibility and tissue interfacing characteristics of the applied patch are 

assessed using toxicity and viability assays in addition to histology of stomach, small intestine and 

colon porcine tissues. In order to characterize the cytotoxicity of the as-applied formulations, the 

lactate dehydrogenase (LDH) release of fibroblast cells as well as their viability was measured upon 

exposure to hydrogel-conditioned cell culture medium (Figure 4a,b). Following a previously 

employed evaluation method[29], as prepared and as-applied hydrogels were incubated with small 

quantities of cell medium simulating the gradual incorporation of the materials to the application area. 

The perfusion was iterated four times, and the cell culture medium collected was then added to the 
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cells for LDH release and viability assessment. The data indicates negligible cytotoxicity from the 

first iteration onwards with as little as <6 % toxicity and >75% viability compared to the positive 

control (100% cell lysis). These results provide a first indication of biocompatibility of the as-

prepared materials from synthesis to application. 

Furthermore, Figure 4c shows the hematoxylin and eosin (H&E) staining of porcine stomach, small 

intestine and colon once sealed with sensing element equipped hydrogels. The firm interlocking of the 

hydrogel sealant with each of the tissues is made apparent by the firm dressing of the exterior lining 

�R�I�� �H�D�F�K�� �W�L�V�V�X�H�¶�V�� �V�H�U�R�V�D�� �Z�L�W�K�� �W�K�H hydrogel. Upon closer examination, both freshly applied and 2h 

incubated samples in contact with native simulated digestive fluids showcase stable and firm bonding 

to the exterior of the tissue wall, while leaving the inner structures intact and identical to the control 

(bare tissue �± no sealant, see Figure S6). Thus, these results provide a first indication for high tissue 

adhesion in three different tissue types using a mIPN mediated grafting. 

 

 

Figure 5: (a) Raman spectromicroscopy and corresponding k-means clustering maps and spectra of 
histological sections of patch sealed small porcine intestine. Peak maps of the phenylalanine peak 
(1003 cm-1) and a PNAGA peak (860 cm-1) are displayed along with cluster 1 (biological tissue, in 
blue), cluster 2 PNAGA mIPN (polymer-rich, in red), and the overlay. (b)Map of native intestine 
(tissue cluster in blue, substrate cluster in green, and overlay). (c) Raman spectra of the different 
clusters and pure materials (PNAGA, PAMPS and PHEA) for reference. 
 

In order to assess the material tissue interface as well as highlight the bridging function of the mIPN, 

Raman spectromicroscopy measurements were performed. These indicate the penetration of a 

PNAGA-containing mIPN into porcine intestinal serosa at approximately 30 µm. Expectedly, PAMPS 

and PNHEA were not found within the tissue despite making up the adhesive and backing layer of the 
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sealant patch, this way confirming the nature of the anchoring network. The traversing nature of the 

mIPN through the pre-made hydrogel patch was also confirmed using FTIR (see Figure S7). A 

relative increase in the amide peaks and a pronounced decrease in intensity, but non-disappearance of 

the 1039 cm-1 and 1183 cm-1 (corresponding respectively to the sulfonic groups and characteristic 

peak[30] of the PAMPS suture support layer) due to the PNAGA interpenetration can be observed. As 

such, these two observations (based on Raman and FTIR) provide evidence in support of the 

interlocking and bridging character of the mIPNs both from the patch side and the tissue side.  

 

  

Figure 6: (a) Ex-vivo stationary model simulating the pooling of intestinal fluid and the sealing of a 
4mm open hole in the tissue, covered by the sealant patch. Values for Tachosil included for reference. 
Leaked fluid mass of PBS, SIF and SGF, respectively, are monitored over time. Controls indicate 
tissue without hole. 
 

Figure 6 puts to the test the sealing capabilities of the novel multifunctional patches. This is done by 

setting up a well-standardized tissue model experiment, which brings in contact the patch with the 

tissue and its digestive fluid contents. More specifically, fresh porcine small intestine is equipped with 

a 4 mm hole (mimicking a major anastomotic leak) and grafted on a polypropylene tube, covering one 

opening. The hole in the tissue is then sealed with a 2 cm wide circular layered patch grafted via 

mIPN. The top compartment is then loaded with 7 g of biological fluids of interest, namely SIF, SGF 

and PBS. The system is incubated at 37 °C and orbitally shaken to simulate bowel movement. The 

leakage of these fluids is then monitored and compared to controls where tissues have no hole and no 

attached sealant. From Figure 6a one can discern the sealant performance of the layered patches 

compared to controls. This latter shows that the sealant patches equipped with turn-off sensing 

elements (and ZnO compartments) or turn-on sensing elements perform equally or better than controls 

(tissue without holes) at mitigating leakage for up to 24 h of both simulated intestinal and gastric 

fluid. More specifically, up to 8 h under the described conditions, no sample exhibits leakage in either 
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of the categories defined by the incubating biological fluid. At the 24 h level, while some leakage can 

be observed (< 0.6 g in both SIF and SGF samples) compared to the corresponding controls, 

indicating increased permeability of the tissues over time. Despite the expected tissue disintegration, it 

is notable that all samples remained attached to the tissue even after 24 h, underlining the high-

performance adhesion and sealant capabilities of the developed patches. These results are in stark 

contrast to Tachosil sealed holes, which leak within minutes in the same setting[11]. 

 

Figure 7: Ultrasound images obtained using an Ipad controlled Clarius L7 HD probe of (a) a turn-off 
patterned hydrogel patch attached to intestinal tissue, filled with SIF, equipped with a 4 mm hole 
simulating the perforation. The suture sites are monitored over six hours, showcasing pattern 
disappearance. (b) Turn-on sensing element equipped hydrogel patch attached to an intestinal tissue 
model, filled with SGF indicating suture perforation by increased ultrasound scattering after fifteen 
minutes of contact with SGF. (c) Identification of gas vesicle loaded sensing element patch in an 
abdomen simulating model. 
 

With high sealant performance evaluated, the patch technology as a way to unambiguously identify a 

leak of digestive fluids was assessed. In Figure 7 each layered patch variation equipped respectively 

with turn-off or turn-on sensing elements was used to seal a tubular segment of small intestinal tissue. 

The tissue was either left intact (control) or perforated with a 4 mm biopsy punch, this way aiming to 

simulate a breach of sutures. Digestive fluid was loaded in the lumen of each replicate. Enzyme-

responsive turn-off sensing element loaded patches were tested with SIF while pH-responsive turn-on 

sensing element loaded systems were tested using SGF. The monitoring of the signal produced by the 

elements was done using a Clarius 7 HD probe controlled by an Ipad. At discrete time intervals, the 

�W�L�V�V�X�H�V�� �Z�H�U�H�� �L�P�D�J�H�G�� �E�\�� �X�O�W�U�D�V�R�X�Q�G�� �L�P�D�J�L�Q�J���� �7�K�H�� �V�\�V�W�H�P�¶�V�� �H�Y�R�O�X�W�L�R�Q�� �Z�D�V�� �W�K�H�Q�� �I�R�O�O�R�Z�H�G�� �L�Q�� �R�U�G�H�U�� �W�R��

define both the functioning and the earliest moment a leak could be detected. From Figure 7a, it can 

be observed that the samples bearing no hole retain their characteristic sensing element patterns over 

the entire timeline of the experiment. In contrast, the samples that experience a suture breach (and 
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contain a 4 mm hole exposing the sealant to SIF) gradually lose their characteristic pattern and 

sensing elements gradually disappear. This change in sensing elements pattern becomes already 

visible at the 3 h mark while it is even more evident at the 6 h time point, indicating that breaches of 

tissue by intestinal fluid could be detected in as little 3 h post breach. Importantly, the sealant patch 

remained firmly attached and effectively prevented leakage of digestive fluid.  

Furthermore, in the case of pH-responsive turn-on sensing elements monitoring SGF filled tissue for 

suture breaches (Figure 7b), the activation of the sensing element appears even faster, with 15 

minutes being enough to give a clear distinguishable signal in the case of patch-digestive fluid 

contact. Lastly the distinguishable character of the acoustic signal of turn-off sensing elements, 

compared to intestinal tissue, is highlighted by the attachment of a gas vesicle loaded patch on 1 m 

segment of porcine intestine. The intestine segment sealed by the patch is then placed into a box, 

simulating the abdominal cavity with multiple layers of intestine on top of each other. Upon 

ultrasound examination, the patch is immediately identifiable and discerned from intestine alone, even 

by untrained eyes. Overall, these experiments showcase the effective protection of the sutured area, 

prompt sensing response of the layered adhesives upon gastrointestinal fluid contact and the 

straightforward distinguishability of the created signal compared to native abdominal tissue 
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3.3 Conclusions 

In conclusion, this chapter presents novel layered suture support hydrogel patches for the sealing and 

monitoring of sutured reconnections within the abdominal cavity. The prepared adhesives comprised 

of a non-adhesive backing and an adhesive suture support layer contain triggerable sensing elements 

that turn-off or turn-on, depending on the fluid breaching the sutures. The presented hydrogels are 

attachable in a tissue-agnostic high-performance manner to various tissues, ranging from the stomach 

to the colon thanks to the grafting via a mutually interpenetrating network that bridges patch and 

tissue. The combination of a polyanionic PAMPS contact layer and a PNHEA backing allows the 

former to develop a porous structure when in contact with biological fluids and thus make use of 

biologically active fluids, all while leaving the backing intact. Thus, the digestive fluids in synergy 

with the swellable adhesive layer were used to turn-off ultrasound sensing elements composed of 

Halo gas vesicles via enzymatic digestion mediated by pancreatin. Alternatively, pH-responsive turn-

on sensing elements made of an agar-bicarbonate formulation indicated contact with simulated gastric 

fluid. The sensing elements being triggered via digestion or transformation in a matter of 3 hours and 

15 minutes for the turn-off and turn-on variations, respectively, pave the road to ultrasound 

monitoring of suture sites and leak sealing through firm tissue anchoring. This latter was evaluated 

using biopsy cuts of fresh abdominal tissues and indicated firm tissue compatible attachment even in 

the presence of digestive fluids all while proving highly cytocompatible (6 % toxicity and 75% 

viability) already from the first perfusion cycle on fibroblast cells. The designed patches were thus 

evaluated as per their sealing capabilities and indicated a high-performance adhesion sustaining 

contact with SIF, SGF and PBS for up to 24 hours with minimal leaking comparable or better than 

intact native tissue. Lastly, the novel patches were attached to tubular piece of intestinal tissue which 

was equipped with incisions simulating the breaching of sutures. Ultrasound monitoring of these latter 

using a handheld probe and a tablet allowed for the identification of digestive intestinal fluid breaches 

as early as 3 hours. While in the case in the case of gastric fluid and pH-responsive turn-on sensing 

elements signals of breach were clearly observable as early as 15 minutes post contact. Importantly 

the signals produced by the patches were also easily discernible compared to native tissues. 

As such, the herein presented technology paves the way for the modernization of suture supports, 

presenting materials that adhere in a high-performance manner, all while being capable of weathering 

contact with digestive fluids. Additionally, these sealants offer new capabilities by informing on the 

state of the sutures and the necessity to intervene. The development of intelligent materials such as the 

above presented can lead to the much-needed danger alleviation of sepsis and peritonitis, commonly 

caused by leaks of digestive fluid in the peritoneal cavity at the level of sutures. Additionally, with the 

signals of the developed patch being detectable with an inexpensive ultrasound probe and a tablet, the 

developed patch technology paves the way for a radiation-free routine monitoring at home and 

unambiguous detection of leaks while on the move (ambulance) or at the hospital. All in all, the above 
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layered suture support presents a versatile solution to suture leak monitoring applicable for multiple 

tissues within the abdominal cavity. 
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3.5 Materi als & Methods 

All materials were purchased from Sigma-Aldrich (Merck) with the exception of N-acryloyl 

glycinamide which was purchased from Abmole (Belgium). N-hydroxyl ethyl acrylate (NHEA) and 

2-acrylamido-2-methyl-1-propanesulfonic acid) sodium salt (PAMPS) monomers were purified by 

passing them through a plug of basic a�O�X�P�L�Q�D�� ���%�U�R�F�N�P�D�Q�Q�� �*�U�D�G�H�� �,������ �$�F�U�\�O�D�P�L�G�H���� �1���1�•-

Methylenebisacrylamide (mBAA) were used without further purification. Teflon molds for shaping 

hydrogels were prepared in-house with depths of 0.9 mm. Fresh porcine tissues were obtained from 

Schlachtbetrieb St Gallen. The intestine was cleaned of its contents manually, divided into pieces and 

then stored at -20 °C. Tissues were preferably used fresh or thawed once and subsequently used for 

experiments. Lyophilized Ox-bile was equally bought from Sigma-Aldrich and was reconstituted 

using milliQ water. 

 

Simulated intestinal fluid (SIF) preparation 

Simulated intestinal fluid was prepared using lyophilized pancreatin powder (> 8 USP) and a protocol 

from the united states pharmacopoeia (Test Solutions, United States Pharmacopeia 30, NF 25, 2007) 

as previously used in other studies.[32] In brief, (6.8 g, 50 mmol) monobasic potassium phosphate was 

dissolved in 250 mL milliQ water. To this solution, (77 mL 0.2 mol/L) sodium hydroxide solution and 

500 mL milliQ water were added and mixed along with (10 g) pancreatin (from porcine pancreas, 8 

USP units activity/g). The SIF/P suspension was adjusted to pH 6.8 with either 0.2 mol/L sodium 

hydroxide or 0.2 mol/L hydrochloric acid and diluted with water to 1000 mL. 

 

Simulated gastric fluid  (SGF) preparation 

Simulated gastric fluid was made using the guidelines from the United States pharmacopoeia. More 

specifically, a 35 mM NaCl solution was prepared from distilled water. The solution was then 

adjusted to pH = 2.0 using 0.1 M HCl and used straight away. 

 

Hydrogel preparation 

In order to prepare the suture support hydrogel patches, stock solutions of each of the layerable 

components were prepared and were sequentially added to Teflon molds. Prior to that a stock solution 

of acrylamide monomer (AAm) was made by dissolving the powder in milliQ water at 20 wt%. 

Additionally a 2 wt% crosslinker was made by dissolu�W�L�R�Q�� �R�I�� ���������� �J���� �������� �P�P�R�O���� �1���1�•-methylene 

bisacrylamide (mBAA) dissolved in 9.8 g Milli-Q water. Both stock solutions were kept for a 

maximum 30 days stored at 0 - 4 °C. Photoinitiator stock solutions (4.825 mg, 21 µmol) 2-Hydroxy-

���•-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) were dissolved in 1 mL Milli-Q water, 

by 20 min sonication and were kept in the dark. Additionally visible light initiator LAP was prepared 

by making a 6.33 mg/mL of the as received powder. With these stocks solutions prepared, the 
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polymerizable basis for the sensing elements was prepared by mixing 5 mL of 20 wt% AAm, 108 µL 

of mBAA crosslinker stock solution and 500 µL of Irgacure 2959. From this solution were prepared 

20% vol gas vesicle (Ana or Halo) dispersions which served as turn-off sensing elements. 

Additionally, from the same AAm monomer stock basis were prepared solutions of 2.5 mg/mL ZnO 

dispersions which served as antibacterial elements. These solutions were then placed in the form of 5 

µL drops in a periodic arrangement on Teflon molds, in the case of gas vesicles and 12.5 µL drops of 

ZnO dispersion spaced away from the gas vesicles drops. The whole was polymerized for 5 min using 

a UVASPOT 400/T mercury lamp at a distance of 30 cm from the source. The light source was also 

equipped with a filter (H2) allowing the spectrum interval from 300 nm till the visible to reach the 

polymerizable mix. 

 With the first layer prepared, an AMPS monomer mix consisting of 4 mL of 50 wt% of AMPS of the 

as received stock, 20 µL of mBAA stock and 30.6 µL of Irgacure stock solution, was added used to 

add 300 uL of this latter on the polymerized sensing and antibacterial elements. After allowing the 

solution to settle for 1 min, the novel layer was polymerized as previously described for 5 min.  

With the suture support layer in place, the same procedure was followed for the formation of the 

backing. Thus, using a 300 µL backing mix coming from a stock solution composed of 2 µL of pure, 

inhibitor removed NHEA was mixed with 2 mL of milliQ water, 53.32 µL of mBAA and 302 µL of 

Irgacure solution, the monomer was spread on the underlying support layer and left to diffuse in the 

support layers for 1 min before a 5 min polymerization.  

In a similar fashion but with a difference at the level of the incorporation of the turn on sensing 

element ultrasound activable layered hydrogels were assembled. More specifically sensing elements 

were prepared by making a 2 wt% agar in water solution. This latter one was heated to 100 °C and 

when the temperature was reached 2 wt% of NaHCO3 was added to the stirring mix. After 

homogenization the solution was allowed to cool and once gelled was cut in cylindrical of 8 mm in 

diameter using an 8 mm sterile biopsy punch. 

With the bulk of the sensing element prepared the cylindrical gels were cut into disks of 0.2 cm 

thickness using sterile scalpels. The prepared disks were mounted in an 8 mm hole prepared created at 

the level of the PAMPS hydrogel layer to accommodate the sensing disk. The construct was fused 

together using 300 µL of the NHEA backing as earlier described. 

All prepared layered gels were kitchen foiled and stored in at 0 - 4 °C after preparation and before use 

or used directly. 

 

Scanning Electron Microscopy  

Hydrogel samples that were either freshly prepared or swollen in the cup model setting for 24 h in 

biological fluids were lyophilized for 24 h. Resulting pieces of these latter were mounted onto an 

SEM holder and coated with a (2.5 nm) layer of carbon via a Polaron Equipment (SEM coating Unit 

E5100, Kontron AG, Switzerland) and silver paste.  Scanning electron microscope (SEM) imaging 
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was performed on a Hitachi S-4800 (Hitachi High-Technologies, Canada) at an accelerating voltage 

of (2kV) and current flow of (10 µA).  

 

FTIR  

Infrared absorption spectra were measured using a Varian 640-IR spectrometer equipped with 

diamond attenuated total reflectance (ATR) optics from as prepared hydrogel samples. The hydrogels 

were flipped on the crystal to record the spectrum of each layer in the case of layered hydrogels. 

 

Swelling experiments 

The relative swelling ratio Rrel is defined as,  

 

where MS is the mass of the hydrogel sample after swelling for a given time point, Mi is the initial 

mass of the hydrogel sample. Initially 50 µL hydrogels were transferred into vials. Then (5 mL) of 

biological fluid (N = 3 for each fluid) were added respectively to investigate the dynamic hydrogel 

swelling in different physiological fluids. Finally, the falcon tubes were transferred onto a shaker 

(Titramax 101, Heidolph, 200 rpm) and incubated at 37 °C with shaking. The mass of the hydrogels 

was deduced by measuring the residual mass of the falcon after residual fluid removal. This was done 

at time points 1 h, 2 h, 4 h, 16 h and 24h swelling. The average relative swelling ratios in different 

simulated body fluids were obtained at different time points. 

Zn2+ release in biological fluids 

ZnO containing hydrogels were placed inside 15 mL polypropylene falcon tubes. These were loaded 

with 7 mL of digestive or biological fluid of interest. After a given amount of time 0.5 mL of the 

incubating fluid was removed and replaced with fresh one. The extracted aliquots were further 

digested using a 2 mL 67% high purity HNO3 and 1 mL of 30% high purity peroxide H2O2 in a 

microwave reactor. The resulting digest was diluted with milliQ water to 10 mL and was used to 

measure ICP-OES and determine the concentration of zinc for each time point. 

 

mIPN formation - Hydrogel application 

All hydrogel samples were applied on porcine tissue serosa. Hydrogels that were prepared as 

previously described were immersed for 10 min in 1.5 mL of water solution of 33 wt% NAGA 

monomer mix with 6.33 mg/mL LAP initiator. The incubation was performed, in a 10 mL, plastic cup 

topped by a second plastic cup of the same size, to avoid drying and hydrogel curling. After the 

incubation time of the gel was completed the tissue serosa was brought in contact with (150 µL) of 

polymerizable fluid mix, at the area of application of the hydrogel (excluding the area of the (4 mm) 

hole). The swollen hydrogels were then applied to the intestine making sure that no bubbles are 

trapped at the interface. Once in place a transparent glass plate was used to assure firm contact of the 
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gel with the tissue surface and the samples were then subjected to 5 min of visible light irradiation 

using a 2x6W �± 365 nm VL-206.BL lamp. 

 

Ultrasound phantom making for sensing element benchmarking 

Phantoms were created using 20 wt% acrylamide polymerizable stocks. These comprised ammonium 

persulfate as the initiator, TEMED as the accelerant and were polymerized at 60 °C in an oven. A 

typical stock consisted of 500 mL 20 wt% AAm, 5.4 mL of mBAA 2%, 800 µL pure TEMED. The 

usual phantom making process consisted in the use of a plastic rectangular mold 12cm x 6 cm x 6 cm 

to which an initial base layer of 60 mL of the above described mix was added. To that was added 

2.240 mL of ammonium persulfate 60 mg/mL and the reacting system was then left to react for 5 min 

at 60 °C inside an oven. The base layer prepared, echogenic elements were placed in the order wanted 

on the surface of the first layer. To that was then added 210 mL of the phantom mix premixed with 

7.84 mL of the ammonium persulfate initiator. After 5 min at 60 °C the phantom gel was removed 

from the mold and placed in a fridge at 2-4 °C. This allowed to remove air bubbles that appeared 

during mixing or degassing due to oven incubation. Measurements were performed the following day. 

 

Adhesive �± Abdominal cavity tissue interaction biopsies 

After obtaining freshly collected porcine intestine from Schlachtbetrieb St Gallen in situ, ex situ and 

Tachosil adhesives were applied on the exterior surface of the fresh porcine intestine (not perforated). 

After application the treated intestine was sampled using an (8 mm) biopsy punch. The collected 

biopsies were immediately placed in a 4% formalin solution. After 24 h in formalin, the samples were 

separated from the bulk of the swollen hydrogel adhesive, leaving the interface intact, using surgical 

scissors. The same procedure was followed in the context of a stationary, post-surgery simulating 

experiment, where the as prepared samples were brought in contact with SIF at 37 °C, 100% humidity 

and light agitation. Intestinal tissue was subjected to both pancreatin rich and depleted SIF as a 

control. The collected biopsies were then sent to Sophistolab AG, Basel where they were block 

paraffinized, cut and stained using H&E. The samples were incubated for 5 min in Hematoxylin and 

30 s in Eosin solutions. For preservation, the samples were dehydrated in steps (successively 70%, 

80%, 90%, 96%, 100% EtOH, 2% isopropanol, 2 × xylene, 2 min each) and mounted for subsequent 

storage. A ZEISS Primovert Microscope with an Axiocam 105 (Zeiss, Feldbach, Switzerland) color 

camera was used for image acquisition. 

 

Raman microscopy on sealed intestinal tissue 

Raman measurements were performed as previously described.[33,34] More specifically, measurements 

were performed on deparaffinized histological sections. The measurements, were performed on a 

WITec alpha 300R confocal Raman microscope, equipped with a UHTS 300 Vis spectrometer and an 

Andor Newton EMCCD. A linearly polarized 532 nm laser and a laser power of 5 mW were used for 
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excitation. A Zeiss EC Epiplan Neofluar Dic 50x objective (NA 0.8) was used. Spectra were acquired 

with an integration time of 2 s with a step size of 2 µm and in maps of size (50 × 150 µm2), starting at 

the outer surface of the intestinal sample. Three maps from different regions were recorded per 

sample. The preprocessed (cosmic ray removed and background-substracted) spectra were 

compressed using a three component PCA and fed to a k-means clustering analysis (Control Four 

Software, WITec).  

 

Perfused medium cytotoxicity experiments 

Perfused cell medium experiments were performed using a modified procedure inspired from Darnell 

et al.[29]. More precisely, Normal Human Dermal Fibroblasts (NHDFs) (Sigma-Alrdrich, Buchs, 

Switzerland), a non-cancerous human skin fibroblast cell line, was cultured under standard culture 

�F�R�Q�G�L�W�L�R�Q�V�� �D�W�� ������ �•�� �Z�L�W�K�� ���������� �&�22. Dulbecco's Modified Eagle's Medium �± high glucose (DMEM) 

(#RNBG3787, Sigma, Buchs, Switzerland) supplemented with (10%) Fetal calf serum (FCS, Sigma-

Aldrich, Buchs, Switzerland), (1%) L-Glutamine (Sigma-Aldrich, Buchs, Switzerland) and (1%) 

Penicillin-Streptomycin-Neomycin Solution (Sigma-Aldrich, Buchs, Switzerland) was used as full 

growth medium. 

As applied hydrogel samples were placed inside (15 mL) falcon tubes and brought to swelling 

equilibrium by being incubated with (5 mL) of DMEM �± high glucose supplemented with (10%) FCS 

for 2 h. The perfused hydrogel medium was then removed and collected marking the first perfusion 

iteration. The process was repeated four times. Per 96-�S�O�D�W�H���Z�H�O�O�������¶���������1�+�'�)�����F�H�O�O�V���Z�H�U�H���V�H�H�G�H�G���L�Q��

(100 �PL) full growth medium and allowed to attach for at least 24 h. At time point 0 h, (100 �PL) of 

perfused hydrogel supernatant or full growth medium as control was added respectively (total volume 

200 �PL). The plate was then incubated under standard culture conditions for 24 h. The cell viability 

was investigated through an LDH cytotoxicity assay using CytoTox 96 Non-radioactive Cytotoxicity 

assay (#G1780, Promega, Dübendorf, Switzerland.) and an ATP cell viability assay. 

 

Stationary Model 

In order to evaluate the sealant properties of the hydrogels on tissue under the static conditions of the 

intestine, a cup-based setup was put in place (see Figure 4d). Briefly, a piece of intestine (7 cm) was 

cut along its length and spread on a piece of flat teflon. The intestine was punctured with a hole 

simulating an opening at the level of the sutured anastomotic area, using a (4 mm) biopsy punch. 

Control samples were not equipped with a hole while hydrogels and surgical patches sealed the hole 

bearing intestine piece, using the previously described procedure. The sealed intestine was then 

mounted on a bottomless single-use polystyrene cup which and was kept in place by stapling its edges 

�W�R���W�K�H���F�X�S�¶�V���Z�D�O�O�����7�K�H���L�Q�W�H�V�W�L�Q�H���D�W�W�D�F�K�H�G���F�X�S���Z�D�V���V�X�E�V�H�T�X�H�Q�W�O�\���S�O�D�F�H�G���R�Q���D���V�H�F�R�Q�G���S�R�O�\�S�U�R�S�\�O�H�Q�H���F�X�S��

of known mass. The system was then loaded with (7 g) of freshly prepared simulated intestinal fluid 
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or with the same quantity of simulated gastric fluid or phosphate buffer saline. All the samples were 

placed inside a styrofoam box equipped with water-soaked sponges to simulate the humidity of the 

intraperitoneal area and loaded on a platform �V�K�D�N�H�U���R�S�H�U�D�W�L�Q�J�� �D�W�������� �U�S�P�� �D�W�� ������ �•���� �7�K�H�� �P�D�V�V�� �R�I�� �W�K�H��

leaked SIF was then measured at discrete time intervals. 

 

Ultrasound suture breach evaluation model 

Tubular pieces of freshly thawed small porcine intestine were cut into 7 cm long pieces. With the help 

of the rear end of a plastic scalpel and a 4 mm biopsy punch the tissues were perforated at the middle 

point of the tissue, simulated this way a breach at the level of sutures. The samples were then sealed 

with a layered hydrogel of choice (as earlier described) and one of their extremities was closed to aid 

with fluid loading using a plastic zip tie. The tissue-patch system was then lifted and secured on 

tweezers using a holder. At this stage it was made possible to load the tissue with at least 15 mL of 

digestive fluid (SGF or SIF) and subsequently seal the tissue with a second zip tie. The system was 

then placed in transparent kitchen foil and incubated for discrete time intervals at 37 °C on an orbital 

shaker of 20 rpm. At the desired time point samples were removed and placed in a plastic box of 6 cm 

depth which was filled with ultrasound gel after positioning sealant down of the sample. The gel filled 

recipient was then controlled for large air bubbles, which were removed by the addition of water or 

the use of a 200 ��L pipette. Subsequently the system was sealed using transparent kitchen foil and a 

Clarius 7 HD (purchased from Meditron SA. Morges Switzerland) in combination with an Ipad 

(Apple California 2019) probe was used for ultrasound monitoring.  
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Chapter 4   
Tailoring the Colloidal Stability, Magnetic  

Separability and Cytocompatibility of  
High-Capacity Magnetic Anion Exchangers4 
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Alexandre H.C. Anthis, Martin T. Matter, Kerda Keevend, Lukas R.H. Gerken, Subas Scheibler, 
Alexander Gogos and Inge K. Herrmann, ACS Applied Materials and Interfaces, 2019. 
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particle functionalizations and performed experiments with the help of M.T.M, K.K., L.R.H.G., S.S. 
and A.G. A.H.C.A. drafted the manuscript with the help of I.K.H.  
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ABSTRACT 
Extracorporeal blood purification has been applied to artificially support kidney or liver function. 

However, convection and diffusion based blood purification systems have limited removal rates for 

high molecular weight and hydrophobic molecules. This limitation is due to the finite volume 

of infusion and limited membrane permeability, respectively. Adsorption provides an attractive 

alternative for the removal of higher molecular weight compounds. The use of adsorption resins 

containing ion exchanging groups to capture specific molecules has become well-established. Instead 

of stationary adsorption resins, however, ion exchanging polymers may be immobilized on magnetic 

particles and serve as freely diffusing, mobile, high capacity solid phase of ion exchange 

chromatography. While small beads with high surface area are highly attractive in terms of mass 

transfer and specific binding capacity, unifying high capturing capacity with rapid and quantitative 

bead recovery remains an issue. Therefore, most of the current magnetic ion exchangers are based on 

micron-sized beads, or require long times to separate. In addition to unfavourable magnetic recovery 

rates, the usually poor cytocompatibility limits the applicability of ion exchange systems in 

biomedicine. 

 

In this chapter, we report on the synthesis and performance of polycationic polymer coated magnetic 

nanoflowers (MNF) for highly efficacious anion capturing. We demonstrate accurate control over the 

polymer content and composition on the beads, and show its direct influence on colloidal stability, 

capturing capacity and magnetic separability. We illustrate magnetic removal of clinically relevant 

targets by bilirubin capturing with capacities two-fold higher than previous work as well as 

quantitative heparin removal from physiological fluids. Additionally, we illustrate how co-

polymerization of poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) with poly(ethylene glycol) 

methyl ether methacrylate (PEGMEMA) leads to improved cytocompatibility of the polymer-coated 

MNF capturing agents while retaining high target capturing capacities. Taken together, we present a 

nanoparticle/polymer-based toxin-capturing agent, which unifies high binding capacities and 

magnetic separability enabling rapid toxin capturing hence fulfilling key requirements of clinical 

utility.  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/infusion
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4.1 Introduction  

Despite advances in intensive care, mortality rates in patients suffering from liver failure remain 

disturbingly high.1,2 The clinical presentation of liver failure typically includes accumulation of toxic 

metabolites that are no longer adequately cleared. Liver failure often involves the rapid deterioration 

of the mental status and progression to fatal multi-organ failure in up to half of the cases.1,3 In order to 

stabilize the patients while they await transplantation, or to facilitate native liver regeneration, 

artificial liver support (ALS) technologies have been developed to remove accumulating endogenous 

toxins (e.g. bilirubin) as well as unwanted drugs (e.g. heparin).4 

 

Since filter and stationary adsorbent based extracorporeal detoxification systems are oftentimes mass-

transfer limited,5 magnetic nanoparticle-based blood purification offers an attractive alternative for the 

efficient cleansing of body fluids.6�±8 Freely accessible nanoparticles uniformly dispersed in the fluid 

offer an increased surface area for binding and smaller diffusion distances.5,9 In extracorporeal blood 

purification, the residence time of blood in the extracorporeal circuit is typically limited to a few 

minutes in order to ensure sufficient throughput. Consequently, sorbent/body-fluid contact times are 

short, and rapid binding as well as fast magnetic recovery are essential. While nanoparticulate beads 

are highly beneficial in terms of diffusion lengths as well as binding capacity (per sorbent mass), 

small particles are challenging to remove because of weak net magnetic forces due to the low particle 

mass.9 In intoxications, the removal of specific targets with specific capturing agents is desirable and 

has been demonstrated for a diversity of substances.10,11 However, in conditions such as systemic 

inflammation or liver failure, where there are multiple (unidentified) disease causing factors 

circulating in the blood, broadband capturing agents are more appealing.12 Both charcoal as well as 

resin-based cartridges, including anion exchange resins,13,14 have been successfully used in preclinical 

and clinical settings for the treatment of liver failure.15 Recently, the successful removal of bilirubin, a 

toxic degradation product of haemoglobin, has been achieved by magnetic particle sorbent systems 

based on poly(2-hydroxyethyl methacrylate) immobilised albumin,16 nitrogen-doped porous carbon,17 

or magnetic multi-walled carbon nanotubes.18 These magnetically separable sorbents showed maximal 

bilirubin binding capacities of ~ 260 mg per g.  However, the existing magnetic sorbents oftentimes 

suffer from weak saturation magnetizations (typically < 10 emu/g) and slow binding kinetics (hours). 

These drawbacks decisively limit their applicability in continuous extracorporeal body fluid 

purification, where residence times are constrained to minutes. Alternatively, the use of polymer-

brush functionalized magnetic nanoparticles is especially promising due to high binding capacities of 

cationic polymer brushes.19 For the immobilization of polymer brushes on surfaces, various strategies 

have been rep�R�U�W�H�G���� �L�Q�F�O�X�G�L�Q�J�� �W�K�H�� �³�J�U�D�I�W�L�Q�J-�R�Q�W�R�´�� �D�Q�G�� �³�J�U�D�I�W�L�Q�J-�I�U�R�P�´�� �P�H�W�K�R�G�V��20 �:�K�L�O�H�� �³�J�U�D�I�W�L�Q�J-

�I�U�R�P�´�� �P�H�W�K�R�G�V�� �J�H�Q�H�U�D�O�O�\�� �D�O�O�R�Z�� �K�L�J�K�� �G�H�Q�V�L�W�\�� �S�R�O�\�P�H�U�� �E�U�X�V�K�� �D�U�F�K�L�W�H�F�W�X�U�H�V�� the functionalization of 

magnetic nanoparticles with densely packed polymer has been shown to greatly compromise their 
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separability due to steric and electrostatic stabilization. Even ferromagnetic nanoparticles with 

saturation magnetizations as high as 150 emu/g have been stabilized by cationic polymer brush 

grafting to the extent that they were no longer magnetically separable.21,22 Thus, excellent control over 

the amount of polymer added to the particle surface is needed in order to achieve toxin binding 

capacity while still allowing complete bead recovery. 

 

 
Scheme 1: Reaction scheme. Magnetic nanoflowers (MNF) were functionalized with a polydopamine (PDA)-
based atom transfer radical polymerization (ATRP) initiator. Then, MNF were functionalized with poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA)-based polymer brushes. Amines were quaternized. In addition 
to qPDMAEMA homo-polymers, co-polymers with poly(ethylene glycol) methyl ether methacrylate 
(PEGMEMA) or poly(methyl methacrylate) (PMMA) were synthesized analogously. 
 

In this chapter, we report the synthesis and functionalization of magnetic iron oxide nanoflowers 

(MNF) with polycationic polymer brushes (Scheme 1) for highly efficacious anion capturing from 

body fluids. We demonstrate rapid (< 3 minutes) and efficient capturing of two clinically relevant 

substances, bilirubin and heparin. Additionally, we show that the cyto- and hemolytic properties of the 

polycationic polymer brushes can be attenuated by employing co-polymers that retain high anion 

capturing capacities. 
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4.2 Results and discussion 

 
Figure 1: (a) Bright field transmission electron micrograph of as-prepared MNF (bare) with (b) corresponding 
dTEM. (c) X-ray diffraction pattern, corresponding dXRD and comparison to magnetite reference (red). (d) 
Vibrating sample magnetometry (VSM) hysteresis curves and corresponding saturation magnetization values 
(Ms) for bare and functionalized MNF. (e) Fourier transform infrared spectra for MNF (bare), MNF-PDA, 
MNF-PDA-Br, MNF-PDMAEMA and MNF-qPDMAEMA. (f) PDA loading on the MNF as a function of 
reaction time, red circle: sample used for further functionalization with PDMAEMA. (g) PDMAEMA loading as 
a function of reaction time (including a linear fit). Circles indicate particles with different PDMAEMA content 
used in further experiments. 
 

Magnetic iron oxide nanoflowers (MNF) were prepared via a surfactant free solvothermal method.23 

The particle size distribution (dTEM) measurements based on the transmission electron micrographs 

(TEM) (Figure 1a) indicate a uniform size with a mean diameter of 210 ± 70 nm (Figure 1b). X-Ray 

diffraction (XRD) patterns show sharp diffraction peaks indicating high crystallinity (Figure 1c). 

Peak intensities and positions accurately correspond to that of magnetite. The crystalline structure of 

the particles was also confirmed using high resolution transmission electron micrographs (HR-TEM) 

and selected area electron diffraction (SAED) (see ESI Figure S1). The MNF are composed of small 

primary crystallites with average diameters (dXRD) of 25 ± 2 nm as estimated by the Scherrer equation. 

The saturation magnetization determined by vibrating sample magnetometry (VSM, Figure 1d) is 62 

emu/g (equivalent to ~ 160 emu/g Fe), which is in line with previous reports.23 Following 

physicochemical characterization, the MNF were functionalized with a thin layer (10 wt%) of 

polydopamine (PDA)-based polymerization initiator (PDA-Br, Figure 1e) before being subjected to a 

surface initiated atom transfer radical polymerization (SI-ATRP). The amount of PDA deposited on 

the MNF surface can be well controlled as it is directly proportional to the reaction time (Figure 1f). 

Polycationic polymer brushes based on dimethylaminoethyl acrylate (DMAEMA) were then grown 
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from the surface of MNF-PDA-Br (with 10 wt% loading) by SI-ATRP24 and subsequently quaternized 

in order to improve colloidal stability and introduce functional units for toxin capturing. The different 

surface functionalization steps were characterized by a combination of Fourier transform infrared 

spectroscopy (FTIR) and thermogravimetric analysis (TGA). Following the first reaction, FTIR 

spectra show bands at 1484 cm-1, and 1253 cm-1 characteristic for polydopamine (PDA)25 (Figure 1e). 

The amount of initiator was then quantified by elemental analysis, after thoroughly washing the 

nanoparticles in a series of different solvents, as 156 µmol/g. The subsequent SI-ATRP 

polymerization of DMAEMA was confirmed by FTIR with indicative bands of PDMAEMA at 1716 

cm�í�� (C O), 2763 cm�í��, 2939 cm�í�� (C-H) and 1142 cm�í�� (C-N).24,26 The disappearance of peaks at 2763 

and 2816 cm-1 (C-H bonds of the �±N(CH3)2) from the MNF-PDMAEMA particles and the appearance 

of new peaks at 1618 and 945 cm-1 are associated with the charged quaternized amine on the spectrum 

of the quaternized PDMAEMA indicating successful quaternization of the amines16,17 (Figure 1e). 

Following the "grafting-from" polymerization on the nanoparticle surface, the polymer loading was 

determined as a function of reaction time by thermogravimetric analysis (TGA) and elemental 

analysis (CHN). The relationship between the polymerization time and the polymer mass grafted from 

the particle surface was linear for the first 18 hours reaching a plateau value afterwards (Figure 1g). 

Based on the concentration of initiator sites, the added mass, and the assumption of 100% initiation 

efficiency, molecular weights of the polymers were estimated as 400 g/mol (MNF-PDMAEMA(S)), 

700 g/mol (MNF-PDMAEMA(M)), and 2300 g/mol (MNF-PDMAEMA(L)) for reaction times of 1.5, 

4 and 24 hours, respectively. Based on TGA (see ESI, Figure S2), the extent of quaternization was 

estimated as ~ 30% for the full length MNF-qPDMAEMA(L). Steric hindrance has previously been 

identified to have a key impact on quaternization efficiency.27 Quaternization yields for MNF-

qPDMAEMA(S) and MNF-qPDMAEMA(M) were 100% and 60%, respectively, and in the range of 

previously reported quaternization yields for nanoparticulate systems.28 In addition to MNF 

functionalized with quaternized PDMAEMA (MNF-qPDMAEMA), DMAEMA was co-polymerized 

with either poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) or poly(methyl 

methacrylate) (PMMA), in order to obtain the copolymer-functionalized beads MNF-qPDMAEMA-

co-PEGMEMA and MNF-qPDMAEMA-co-PMMA, respectively. The polymer loadings for the three 

polymer-MNF systems were comparable (see ESI, Figure S3). The monomer number ratio 

DMAEMA/PEGMEMA was found to be ~ 2.95 based on the elemental analysis, which is in good 

agreement with the theoretical ratio of 3, calculated from the as added molar amounts of the two 

monomers, assuming perfect mixing. The saturation magnetization of the functionalized MNF 

remained ~ 160 emu/g Fe indicating no further oxidation of the core by surface functionalization.  

The hydrodynamic size (dH) of the functionalized MNF determined by dynamic light scattering (DLS) 

shows a significant increase in hydrodynamic size, which linearly correlates (R2 = 0.99) with the 

polymer loading (Figure 2a). Zeta potential measurements confirm successful functionalization and 

quaternization of the pDMAEMA giving average values of -34 mV for bare MNF, +25 mV for MNF-
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PDMAEMA and +39 mV for MNF-qPDMAEMA. MNF-qPDMAEMA-co-PEGMEMA show a 

slightly lower positive charge of +38mV (Figure 2b).  

 
Figure 2: (a) Hydrodynamic diameter as a function of polymerization time for MNF-qPDMAEMA. (b) Zeta 
potential for bare MNF, MNF-PDMAEMA, MNF-qPDMAEMA and MNF-qPDMAEMA-co-PEGMEMA. (c) 
Sedimentation of the differently functionalized nanoparticles monitored by UV/Vis spectroscopy for 2 hours. 
Incompletely sedimented samples were analysed for up to 24 hours. (d) Corresponding photographs of 
nanoparticle dispersions (initial MNF concentration: 0.25 mg/mL, in PBS) over a period of 48 hours. (i) MNF 
(bare), (ii) MNF-qPDMAEMA(S), (iii) MNF-qPDMAEMA(M), (iv) MNF-qPDMAEMA, (v) MNF-qPDMAEMA-
co-PEGMEMA. (e) Transmission electron micrograph of MNF-qPDMAEMA isolated from suspension. (f) 
Magnetic separability in milliQ water and PBS as a function of magnetic separation time. Residual MNF 
concentrations determined by ICP-OES. Error bars show standard deviations (N=3, three independent 
experiments). 
 

To characterize the colloidal stability of the functionalized MNF, sedimentation over time was 

investigated by UV/Vis spectroscopy in phosphate buffered saline (PBS) with an ionic strength of 150 

mM (Figure 2c, d). Colloidal stability is highly dependent on the polymer loading and the ionic 

strength, and is significantly reduced in PBS as compared to water (see also ESI, Figure S4). Colloidal 

stability increases as a function of the qPDMAEMA polymer loading and is slightly reduced by the 

introduction of PEGMEMA units. Colloidal stability of the MNF was significantly improved from 

minutes (for the bare MNF) to 2 hours by the full-length qPDMAEMA coating, without detectable 

sedimentation. The improved colloidal stability was also confirmed by recording transmission 

electron micrographs of particles recovered from suspensions, which show no indication of particle 

coagulation (Figure 2e). Derjaguin�±Landau�±Verwey�±Overbeek (DLVO) calculations show that the 

MNF were stabilized mostly by steric repulsion, which exceeded the electrostatic contribution (see 
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ESI, Figure S5), in agreement with previous work on polymer-functionalized carbon-coated cobalt 

nanoparticles.16 �:�K�L�O�H�� �D�� �I�U�D�F�W�L�R�Q�� �R�I�� �W�K�H�� �S�D�U�W�L�F�O�H�V�� ���a�� ���������� �U�H�P�D�L�Q�H�G�� �L�Q�� �V�X�V�S�H�Q�V�L�R�Q�� �I�R�U�� �•�� ������ �K�R�X�U�V����

subsequent magnetic separation allowed instant quantitative bead recovery (see ESI, Figure S4).  

 

Colloidal stability is of high importance for efficient interaction and binding, however, it also 

counteracts efficient magnetic separation. Therefore, magnetic separation efficiency was assessed as a 

function of dispersant composition and separation time by UV absorbance (see ESI, Figure S4) and 

inductively coupled plasma spectroscopy (ICP-OES) (Figure 2f). In agreement with the above 

described higher stability of particles in milliQ water compared to PBS, particles are more easily 

separable from PBS than water. While in water < 50% of the MNF-qPDMAEMA and MNF-

qPDMAEMA-co-PEGMEMA beads are recovered after 3 minutes of magnetic separation, the 

recovery rate for the MNF-qPDMAEMA-co-PEGMEMA beads increases to >> 90% in PBS within 

the same time. The MNF-qPDMAEMA remain poorly separable even from high ionic strength 

physiological buffers. Following 10 minutes separation, all MNF particles are recovered from PBS at 

an efficiency of > 98%. Bare MNF can be completely separated from both milliQ water and PBS 

within < 3 minutes using a small neodymium permanent magnet. 

 

In addition to batch magnetic separation experiments, bead capturing was also investigated in a 

miniaturized flow setting (see ESI, Figure S6). An extracorporeal blood purification device was 

assembled analogously to a previously constructed magnetic blood purification device5 and at a scale 

of 1:15 to the device described previously.29 The total extracorporeal circuit volume was adjusted to 1 

mL and the flow rate was set to 1 mL min-1. A pearl chain mixer was used to mix the physiological 

fluid with the MNF suspension. In agreement with the batch extraction experiments, the MNF-

qPDMAEMA showed higher colloidal stability compared to the MNF-qPDMAEMA-co-PEGMEMA 

hampering magnetic recovery under flow conditions. In order to achieve quantitative separation of the 

MNF-qPDMAEMA, flow rates had to be reduced by a factor of 10, in order to reach residence times 

of > 3 minutes in the magnetic separation unit. Such low flow rates are highly unfavourable in view of 

clinical translation because of the greatly limited throughput.30 The trade-off between high colloidal 

stability (which is favourable for binding) and efficient magnetic separability is better met by the 

MNF-qPDMAEMA-co-PEGMEMA, thus making them a potentially better candidate for continuous 

magnetic blood purification applications provided that the capturing efficiency requirements are met. 

 

After characterising colloidal stability as well as separability of the polycationic polymer-

functionalized MNF, toxin capturing capacities were investigated as a function of bead concentration 

and within clinically relevant contact times (< 3 minutes). In a first experiment, bilirubin capturing 

was assessed by using an initial bilirubin concentration of 400 µM, which is equivalent to a plasma 

concentration of a patient suffering from severe hyperbilirubinemia (Figure 3a). Maximal binding 
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capacities for the respective polymers are displayed in Figure 3b. In physiological buffers, bilirubin 

capturing efficiencies reached values of 550 mg/g for MNF-qPDMAEMA and 325 mg/g for MNF-

qPDMAEMA for contact times of 2 minutes. The capturing capacities translate to 35% and 30% of 

the theoretical value for MNF-qPDMAEMA and MNF-qPDMAEMA-co-PEGMEMA, respectively 

(assuming 1:1 coordination of bilirubin with the functional groups of the polymer, and no capturing 

contribution from the PEGMEMA moiety). Binding capacities of the PDMAEMA functionalized 

magnetic beads are double those of mesoporous carbon particles presented in previous work.31 

Binding capacities reported for polysulfone ester anion exchanging nanoparticles were ~ 5-10 times 

lower in comparable conditions, despite requiring binding times well above 60 minutes.32 

 
Figure 3: (a) Bilirubin capturing from physiological buffers using a clinically relevant initial concentration of 
400 µM. Effects of bead functionalization (including polymer composition and loading) and bead concentration 
using contact times of 2 minutes. Circles indicating the difference of residual bilirubin at 1 mg/mL between bare 
and functionalized MNF. (b) Bilirubin capturing efficiencies as a function of particle concentration. 
Comparison to efficiencies published in the literature (dotted lines) using alternative sorbents and identical 
experimental conditions. (c) UV/Vis spectra of free methylene blue (MB), heparin bound MB (MB-heparin) and 
MNF-qPDMAEMA treated MB-heparin. (d) Peak ratios used to monitor change between MB-heparin and free 
heparin, indicating the capturing of the heparin by MNF-qPDMAEMA-co-PEGMEMA. Circles indicate the 
difference of colour due to heparin removal between bare and functionalized MNF (1 mg/mL). Error bars show 
standard deviations (N=3, three independent experiments). 
 

As a second clinically relevant case, we investigated the removal of heparin. The need to 

anticoagulate the blood (or plasma) bears a high risk for haemorrhagic complications.33 However, the 

rapid, quantitative removal of unwanted heparin from blood or plasma is not straightforward. The 

currently available methods of heparin removal, e.g. the administration of protamine, produces 

potentially lethal side effects.34 Therefore, we assessed heparin capturing capacities of the MNF-
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qPDMAEMA and MNF-qPDMAEMA-co-PEGMEMA. Experiments in Tris-HCl buffer as well as 

human serum showed rapid binding kinetics at physiological pH and high binding capacities for both 

MNF-qPDMAEMA (~ 107 mg/g) and MNF-qPDMAEMA-co-PEGMEMA (~ 63 mg/g). The fact that 

the beads can be quantitatively recovered from the body fluids enables complete heparin depletion 

from physiological fluids within minutes as indicated by spectroscopic measurements (Figure 3c,d). 

Clinically relevant concentrations of heparin can also be efficiently removed from human serum (see 

ESI, Figure S7). In contrast to previous work, where ~ 50% of the heparin could be neutralized in 

protein rich fluids (human plasma) containing 0.75 IU/mL of heparin using free polymer chains,35 

treatment with MNF-qPDMAEMA and MNF-qPDMAEMA-co-PEGMEMA decreased the heparin 

concentration to baseline levels using MNF concentrations of 100 µg/mL or higher (see ESI, Figure 

S7). 

In addition to efficient toxin capturing, high hemo- and cytocompatibility are essential for future 

clinical application. Given the documented ability of cationic polymers to agglutinate and/or lyse red 

blood cells,36,37 �Z�H���P�H�D�V�X�U�H�G���D�J�J�O�X�W�L�Q�D�W�L�R�Q���D�Q�G���K�H�P�R�O�\�V�L�V���D�W���F�O�L�Q�L�F�D�O�O�\���U�H�O�H�Y�D�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����”����������

µg per mL). While the qPDMAEMA-coated MNF led to severe agglutination of the red blood cells 

even at concentrations as low as 100 µg per mL, no agglutination was observed for MNF-

qPDMAEMA-co-PEGMEMA at concentrations of 250 µg per mL and lower (Figure 4a). Hemolysis 

was below 15% for all particles investigated (see ESI, Figure S8). However, the severe agglutination 

observed for MNF-qPDMAEMA could also be a confounding factor leading to a lower apparent 

hemolytic activity for the qPDMAEMA-coated nanoflowers. In addition to hemolysis, the 

cytocompatibility of the polycationic polymer-functionalized MNF was investigated in human 

monocytes (THP-1 cell line) following exposure for 24 hours (Figure 4b). While cytolytic activity 

was generally high, co-polymerization of DMAEMA with PEGMEMA also reduced cytolytic activity 

significantly. The addition of PEGMEMA as a co-monomer to DMAEMA yields particles that exhibit 

significantly lower toxicity towards monocytes, with a lethal concentration (LC50, 24 hrs exposure) 

that increases from 57 µg/mL (MNF-qPDMAEMA) to 121 µg/mL for the MNF-qPDMAEMA-co-

PEGMEMA. On the other hand, the introduction of hydrophobic MMA results in toxicity comparable 

to the homopolymer functionalized MNF (LC50: 62 µg/mL) (Figure 4b). In good agreement with 

previous observations, low polycationic polymer loading not only simplifies the separation process,21 

but also minimizes cytotoxicity38,39 (see ESI, Figure S9), however, critically diminishes capturing 

efficiencies (see Figure 3a). The much lower cell lysis observed in red blood cells compared to 

monocytes can be attributed to decreased contact times (3 vs. 24 hours) and the inability of red blood 

cell to endocytose particles.40 However, despite the fact that cytolysis could be reduced by introducing 

PEGMEMA units, the high cytolytic activity suggests extracorporeal application of these 

nanoparticles in dialysis-type devices, preferably in blood cell depleted plasma, or in the albumin 

circuit of Molecular Adsorbents Recirculating Systems (MARS)41,42 and Fractionated Plasma 

Separation, Adsorption and Dialysis systems (FPSA).43,44  
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Figure 4: (a) Optical micrographs illustrating red blood cell agglutination for MNF-qPDMAEMA (left). Scale 
bar: 100 µm. The agglutination effect is less pronounced for MNF-qPDMAEMA-co-PEGMEMA (right) with no 
�R�E�V�H�U�Y�H�G�� �D�J�J�O�X�W�L�Q�D�W�L�R�Q�� �I�R�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �”�� �������� �—�J���P�/�� (b) Lactate dehydrogenase release from human 
monocytes (THP-1) exposed to MNF-qPDMAEMA and its co-polymers with PEGMEMA and PMMA for 24 
hours. Values are expressed relative to the positive control (PC, Triton X-100, full cell lysis). (c) MNF 
degradability measured in acidic citrate buffer (pH 3), artificial lysosomal buffer (pH 4.5) and PBS over time. 
PC indicates fully chemical digestion of the MNF samples. Error bars indicate standard deviations (N=3, three 
independent experiments). 
 

In addition to the high binding capacity and the complete removal of the MNF prior to recirculation of 

the purified fluid, degradation of potentially incompletely separated MNF is of high interest in order 

to assess the risks of accidental exposure. Therefore, the differently functionalized nanoparticles were 

immersed in PBS, acidic citrate buffer (pH 3.0) or lysosomal buffer (pH ~ 4.5) and degradation was 

measured as a function of time. While in PBS no significant MNF degradation was observed during 

14 days (< 5 wt%), MNF in lysosomal buffer gradually degraded (Figure 4c). The polymer brush 

coatings slightly delayed degradation. Whereas almost 30 wt% of bare MNF were degraded after one 

day in lysosomal buffer, only 10 wt% of the MNF-qPDMAEMA and MNF-qPDMAEMA-co-

PEGMEMA were dissolved. As expected, degradation in more acidic buffer (pH 3.0) led to even 

faster degradation. The degradation experiments showed that MNF particles are highly stable in PBS 

for extended periods of time, however, gradually degrade in acidic conditions typically encountered in 

the lysosomal compartment of phagocytic cells. Thus, in the unlikely case of polymer brush 
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functionalized MNF entering the intracorporeal blood circuit, the nanoparticles would be degraded by 

the body. 

4.3 Conclusions 

Taken together, we demonstrate fast and efficacious toxin removal by qPDMAEMA-based polymers 

grown from the surface of magnetic nanoflowers exemplified by bilirubin and heparin capturing. 

Inclusion of PEGMEMA units into the qPDMAEMA polymer brush functionalized MNFs unifies 

colloidal stability, favourable separability, improved hemocompatibility as well as high binding 

capacity. While broadband resin-based adsorber cartridges have been successfully applied in 

preclinical and clinical settings, the unwanted removal of hormones from blood or blood plasma 

remains a potential shortcoming and requires further investigations focusing on the risk/benefit ratio 

also for the current magnetic nanoparticle-based system.15 Nonetheless, this study presents a highly 

efficient detoxification system, which may be used for direct body fluid purification or in combination 

with existing MARS or FPSA systems with the prospect of boosting their capacities.  
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4.4  Materials & Methods 
Materials. Unfractionated heparin sodium salt �•180 IU/mg (2×104 g/mol) was purchased from 

ROTH, all other materials were purchased from Sigma-Aldrich and used without further purification, 

where not stated otherwise. The monomers 2-(Dimethylamino)ethyl methacrylate (DMAEMA), 

methyl methacrylate (MMA), Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) Mn 300, 

were passed through a plug of basic alumina (Brockmann Grade I).  

 

Synthesis of Magnetic Nanoflowers. Magnetic nanoflowers (MNF) were synthesized following a 

surfactant free solvothermal process.23 In brief, a 90 mL teflon lined autoclave was loaded with 60 mL 

of ethylene glycol, to which 2.4 g of FeCl3·6H2O and 2.0 g of NaHCO3 were added. The contents 

were stirred for 30 min during which bubbling occurred. Then, the autoclave was sealed and heated to 

200 °C for 12 h. The resulting black slurry was magnetically recovered and washed three times with 

milliQ water (18.2 �0�
���F�P-1) followed by three times washing with pure acetone. The clean powder 

was then vacuum dried at 40°C overnight and kept in a sealed flask in the fridge. (Saturation 

magnetization (MS) 62 emu/g, mass obtained 0.6 g). 

 

Functionalization of MNF with polydopamine (PDA). To 110 mL of a 10 mM Tris-HCl buffer of 

pH 8.45, 0.2 g of dry MNF were added. The resulting mixture was sonicated until the MNF were 

homogenously dispersed. Then, 5 mL of a freshly prepared solution of 40 mg/mL of dopamine-HCl in 

Tris-HCl buffer were added to the particle dispersion under sonication. The resulting mixture was 

sonicated for 5 min and then transferred to an orbital shaker, where it was left to react for exactly 1 

hour since addition of dopamine. The products of the reaction were magnetically separated and the 

supernatant decanted. The particles were washed three times with milliQ water and three times with 

pure methanol, followed by vacuum drying at 40°C overnight. (FTIR 1486 cm-1, 1266 cm-1). 

 

Functionalization of PDA modified MNF with 2-Bromoisobutyryl Bromide. A round bottom flask 

was loaded with 120 mL of dry toluene. To that, 0.2 g of polydopamine modified MNF were added 

and the resulting mixture was sonicated until particles were well dispersed. The mixture was then 

cooled to 0°C while still sonicating using an ice bath. Then, 475 µL of triethylamine followed by 390 

µL of 2-bromoisobutyryl bromide were added. The reaction mixture was then sealed and left to react 

overnight at room temperature on an orbital shaker. The modified particles were then magnetically 

recuperated and washed three times with toluene, three times with dichloromethane and finally twice 

in acetone. The resulting slurry was vacuum dried at 40°C overnight. (TGA: 5.9% mass increase, 

Elemental analysis: C 5.15% H 0.68% N 0.57% Br 1.25%).  

SI-ATRP of DMAEMA from MNF -PDA-Br. The protocol for the SI-ATRP was adjusted from 

Dong et al.24 In brief, 50 mg of MNF-PDA-Br particles were loaded into a glass vial, followed by the 

addition of 2 mL of pure acetone, 27 µL of HMTETA ligand and 5.6 mL of DMAEMA purified 
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monomer. The contents of the vial were sonicated until particles were fully dispersed. The vial was 

then transferred to a Schlenk tube which was immediately sealed and submitted to three freeze pump 

thaw cycles. To a second Schlenk tube 2.2 mg of CuCl2 and 8.8 mg of CuCl were added, the resulting 

system was sealed and then evacuated and back-filled with nitrogen four times. The reaction was 

started by cannulating the contents of the first Schlenk tube to the second, the contents were briefly 

sonicated to dissolve the copper salts and the system was then left to react at 40°C under vigorous 

shaking.  The reaction was stopped by transferring the contents of the vessel to pure acetone. The 

resulting particles were magnetically separated and the supernatant discarded. The particle slurry was 

then washed six times with acetone and dried in vacuo overnight. For the copolymerization of 

DMAEMA with PEGMEMA or MMA the volume of DMAEMA was decreased by a third and 

replaced with the corresponding monomer. (FTIR: 1716 cm�í�� (C O), 2763 cm�í�� and 2939 cm�í�� (C-H), 

1142 cm�í�� (C-N)).  

 

Quaternization of DMAEMA brushes. The quaternization of the PDMAEMA polymer brush 

functionalized MNF was done using methyl iodide (MeI) by adjusting a protocol described 

previously.24 More specifically, a glass vial was loaded with 20 mg of MNF-PDMAEMA particles. 

Then, 2.25 mL of pure 2-propanol and 2.25 mL of acetone were added and the contents were 

sonicated. Using a syringe, 500 µL of MeI were then added and the reaction mixture was kept under 

sonication for 15 minutes before it was sealed and moved to an orbital shaker for 24 hours. The 

particles were then magnetically recuperated and washed three times with pure acetone and three 

times with pure isopropanol, before dried in-vacuo overnight. Prior to every use particles were also 

washed three times with PBS to remove any copper residues coming from the SI-ATRP (see ESI 

Figure S10). 

 

Transmission electron microscopy (TEM). The MNF particles were investigated using a JEOL 

2200FS TEM operated at 200 kV for imaging, high resolution imaging (HR-TEM) and selected area 

electron diffraction (SAED). milliQ water dispersions containing 1 mg/mL MNF particles were drop-

casted onto a carbon coated copper grid (200 mesh) and left to evaporate. Particle diameters (dTEM) 

were determined manually based on TEM image analysis in ImageJ (Version ImageJ 1.52a, National 

Institutes of Health, USA). 

 

X-Ray powder diffraction (XRD). The analysis of the crystal structure was performed in the Debye 

Scherrer configuration using a Panalytical X'Pert3 Powder diffractometer equipped with a sealed Cu-

Tube (wavelengths K�.1, ��=1.54056 Å and K�.2, ��=1.54439 Å) and a Ni filter removing the 

contribution of the characteristic K�� (�� = 1.3922 Å) rays. To converge the beam onto the rotating 

quartz capillary containing the sample at the goniometer centre a 1° divergence slit, a focusing X-ray 

mirror, a 20 mm mask and a 1/2° anti-scattering slit were used. A PIXcel1D detector collected the 
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diffraction patterns from 20° to 100° 2���� For crystallite size determination, Diffrac.Eva software 

(DIFFRAC.EVA, Version 4.2.1.10) was used to apply the Scherrer equation to the 5 most intense 

peaks (angles 2�� (hkl): 30.049° (220); 35.379° (311); 42.971° (400); 56.959° (333/511); 

62.497°(440)) �D�Q�G���W�D�N�L�Q�J���W�K�H���D�Y�H�U�D�J�H�����D�I�W�H�U���D�X�W�R�P�D�W�L�F���E�D�F�N�J�U�R�X�Q�G���V�X�E�W�U�D�F�W�L�R�Q���D�Q�G���N�.�����V�W�U�L�S�S�L�Q�J�� 

 

Vibrating Sample Magnetometry. Vacuum-dried MNF (20 mg) were put into polymer-sample 

holders and analyzed by vibrating sample magnetometry (VSM) using  the physical properties 

measurement system PPMS (PPMS, Version P525, Quantum Design GmbH, Germany ) of Quantum 

Design with a maximum magnetic field of 5T.  

 

CHN elemental analysis. Samples dried in vacuum for 48 hours were ground and carbon, hydrogen, 

nitrogen and bromide were analyzed using a LECO Truspec Micro instrument (Leco Corporation, 

Michigan, USA). The micro analyzer was calibrated using sulfanilamide. All samples were measured 

in duplicates using a standard program of 2 mg of powder that is subsequently oxidized/pyrolized 

over 70 seconds. 

 

FTIR.  Infrared absorption spectra were measured using Varian 640-IR spectrometer equipped with 

diamond attenuated total reflectance (ATR) optics from previously dried powders. 

 

Thermogravimetric analysis (TGA). All samples were dried in vacuum prior to measurement and 

loaded into ceramic crucibles with masses ranging from 2-5 mg. Using using a NETZSCH TG 209 F1 

instrument (NETZSCH-Gerätebau GmbH, Selb, Germany) ramping was set at 10°C per minute and 

all analysis met the final temperature of 900 °C under nitrogen. 

 

DLS and Zeta potential. Hydrodynamic size measurements as well as zeta potential measurements 

were performed using a dynamic light scattering (DLS) ZetaSizer90 instrument from Malvern at 0.1 

mg/mL particle concentrations, using the refractive  index of iron oxide (n = 2.918). Particle 

suspensions were prepared by dilution from a 1 mg/mL stock and were briefly sonicated for 30 

seconds before measurement. Stabilization time was set to 30 seconds. Zeta potential measurements 

were performed using a background of 1% PBS and stabilization time was equally set at 30 seconds.  

 

 

Particle sedimentation. Sedimentation experiments of the as prepared MNF were performed using a 

Jenway 6705 UV/Vis spectrometer, in analogy to experiments performed by Keevend et al.45 More 

specifically, sedimentation kinetics were measured using 1.5 mL PMMA cuvettes and by monitoring 

the top 3 mm of the particle suspension. Prior to measurements the linear concentration range was 

determined at 405 nm (concentrations: 0, 31.3, 62.5, 125, ���J���P�/������ �7�K�H�� �W�R�W�D�O�� �Y�R�O�X�P�H�� �X�V�H�G�� �L�Q�� �W�K�H��



Chapter 4
 

 

75 

measurements was 610 ��L. The kinetic absorbance measurements were performed for 2 hours 

�F�R�Q�W�L�Q�X�R�X�V�O�\�� �X�V�L�Q�J�� �D�Q�� �L�Q�L�W�L�D�O�� �0�1�)�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� ���J���P�/���� �$�I�W�H�U�Z�D�U�G�V���� �D�E�V�R�U�E�D�Q�F�H�� �D�W�� �������� �Q�P��

was measured at time points 4, 18, and 24 hours for dispersions that had not completely sedimented. 

DLVO calculations were performed based on methods described previously.16 

 

Magnetic Separability. In order to define the timescales of separation of bare as well as surface 

functionalized MNF particles, suspensions of  particles previously washed three times in milliQ water 

and three times in PBS were prepared at a concentration of 0.25 mg/mL, in 1.5 mL Eppendorf tubes. 

The tubes were then placed tip down and for a defined amount of time on a 4.5×3×1 cm3 neodymium 

magnet, using a Styrofoam holder to keep them in contact with the magnet. An aliquot of 120 µL was 

collected from the supernatant and measured using a plate reader (Mithras2 LB 943, Berthold 

Technologies, Bad Wildbad, Germany) at 405 nm as well as analyzed by ICP-OES (Agilent 5110, 

Santa Clara, CA, USA). For continuous magnetic particle separation experiments, a microfluidic pearl 

chain mixer was used (microfluidic chipshop, Jena, Germany).5 MNF suspensions of 1 mg/mL were 

fed into one inlet and the physiological fluid was fed into the second inlet at equal flow rates (1 

mL/min). The total fluid volume between injection point and magnetic separation unit (two permanent 

magnets) was adjusted to 1 mL. Particle separation was monitored optically by UV/Vis. 

 

Bilirubin removal.  For bilirubin capturing experiments, 50 mg of bilirubin were dissolved in 0.1 M 

NaOH solution to yield a dark orange solution (17.1 mM). Then, 470 ��L of this solution were added 

to 9.0 mL of PBS and the pH was adjusted with a 1M NaOH solution to pH 7.8 and a final volume of 

10 mL. The solution was then diluted to yield an 800 ��M stable bilirubin solution. Particles 

previously washed three times in PBS were dispersed in PBS. The suspensions were then mixed in 

equal parts with the bilirubin solution to yield a final bilirubin concentration of 400 ��M. After 

vortexing the particle solutions for 10 sec, tubes were kept for 2 min before particles were separated 

using a small permanent magnet. 120 ��L of the supernatant were transferred to a 96-well plate and the 

absorbance was measured at 405 nm using a plate reader (Mithras2 LB 943, Berthold Technologies, 

Bad Wildbad, Germany). 

 

Heparin removal. The heparin removal experiment was adapted from Välimäki et al.35 More 

specifically, a freshly prepared 50 mM Tris-HCl buffer solution at pH 7.3 was used to prepare a stock 

solution of 0.5 mg/mL of heparin and a methylene blue (MB) stock solution of 0.064 mg/mL. These 

solutions were then mixed in a 1:4 volume ratio respectively and then further diluted to yield a stock 

solution of 0.086 mg/mL of MB and 0.16 mg/mL of heparin.  MNF suspensions were prepared by 

suspending previously washed MNF in Tris-HCl buffer at a concentration of 2 mg/mL. Subsequently, 

200 ��L of the Heparin-MB solution was added to a 1.5 mL Eppendorf tube. An appropriate amount of 

particles and Tris-HCl buffer were added in order to reach the final volume of 400 ��L, and a final 
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concentration of 0.08 mg/mL of heparin and 0.043 mg/mL of MB. Particle concentrations were 

chosen as 1, 0.5, 0.25, 0.1, 0.05, and 0.025 mg/mL and particle-heparin/MB solutions were briefly 

vortexed and left to stand for 2 min, before MNF were magnetically separated. The residual 

supernatant was sampled in triplicates (120 ��L) and distributed on a 96-well plate. Absorbance was 

measured at 664 nm and 568 nm using a plate reader (Mithras2 LB 943, Berthold Technologies, Bad 

Wildbad, Germany).  

 

Agglutination and Hemolysis. For agglutination and hemolysis experiments, whole blood from 

healthy volunteers was collected in tubes containing 0.109 M sodium citrate after obtaining written 

informed consent (ethical approval, EKSG 12/111). Tubes were centrifuged at 1000×g. The plasma 

was discarded and red blood cells were washed in PBS three times. The hemoglobin concentration 

was adjusted to ~ 30 mg/mL. Blood cell suspensions were then incubated with the differently 

functionalized nanoparticles. Triton X (1%) served as positive and PBS as negative control. After 15 

minutes of incubation, 10 µL of each sample were transferred to a glass slide and agglutination was 

imaged using an optical microscope. After incubation for 3 h at 37°C, the samples were centrifuged at 

6000×g for 10 min. Supernatants were transferred to a 96-well plate and absorption at 570 nm 

(hemoglobin) was measured using a plate reader (Mithras2 LB 943, Berthold Technologies, Bad 

Wildbad, Germany). Interference due to interactions of free haemoglobin and the nanoparticles has 

been excluded by measuring haemoglobin sorption on the particles. 

 

LDH Assay. In order to investigate the cytotoxicity of the produced nanoparticles, human monocytes 

(THP-1), derived from an acute monocytic leukemia patient, were cultured in RPMI-1640 medium at 

37 °C with 10% FBS and under a 5% CO2 humidified atmosphere. Using a 48-well plate 100 000 

cells were seeded in 225 ��L of 10% FBS containing medium. In order to bring particles in contact 

with cells, previously three times washed in PBS particle suspensions were prepared in PBS and 25 

��L aliquots were added to cells to give concentrations ranging from 0 to 1000 µg/mL. Total volume in 

each well was 250 ��L, PBS was used as the negative control and Triton-X100 (1%) as the positive 

one. The nanoparticles were left to incubate on the cells for 24 hours at 37 °C with 10% FBS and 

under a 5% CO2 humidified atmosphere. After incubation the particles and cells were removed from 

the supernatant by centrifugation at 2250×g for 15 min at ambient temperature. 50 ��L per well of 

every well were transferred to a flat bottom 96 well plate, while keeping a magnet under the plate of 

origin to avoid resuspension. To each well were then added 50 ��L of substrate mix from Promega 

CytoTox 96 Non-Radioactive cytotoxicity assay kit. Plates were then incubated in the dark at room 

temperature for 15 min and the absorbance was measured at 490 nm using a plate reader (Mithras2 

LB 943, Bad Wildbad, Germany). The data were analyzed by subtracting the negative control average 

values (medium, PBS and LDH reagent) from all absorbance values. Values are expressed relative to 
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the positive control. LC50 values were calculated using Origin Pro (Version 2018 SR1, OriginLab 

Corporation, Northhampton, MA, USA) and a dose response sigmoidal curve fit. 

 

Degradability. The degradation of the nanoparticles was adapted from previously published 

literature5. More precisely the dissolved iron content was measured at both pH 4.5 (mimicking 

lysosomal conditions) and at pH 3 in 10 mM citrate buffer solution, as well as at pH 7.3 (phosphate 

buffered saline). Suspensions of 50 µg/mL were loaded into 2 mL Eppendorf tubes (0.5 mL final 

volume) and incubated horizontally on an orbital shaker for a predetermined amount of time (days: 1, 

2, 3, 7, 10, 14). Following particle separation by high speed centrifugation (20'000×g for 20 mins) and 

magnetic separation 250 ��L were aliquoted and further acidified with 250 ��L of ultrapure 37% HCl 

and then diluted to a final volume of 5 mL, degradation of the MNF particles was determined by 

measuring the iron content in the supernatant using ICP-OES (Agilent 5110, Santa Clara, CA, USA). 

 

Copper Content. The content of copper in the polymer brush was evaluated using ICP-MS (Agilent 

7900, Santa Clara, CA, USA). More precisely suspensions of 1 mg/mL of MNF-qPDMAEMA 

particles were made using the dried product powder after quaternization. The particles were dispersed 

in milliQ water or PBS and aliquoted (25 ��L) after 0, 1, 3, 5 washes with milliQ water or PBS. The 

particle dispersions were then added 225 ��L of ultrapure 37% HCl and then diluted to a final volume 

of 5 mL. Particle suspensions at the level of the 0 wash were also washed with a 1:1:1 mixture of 

milliQ:acetone:acetylacetone (see ESI, Figure S10) adjusted from a previous study.46 
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Chapter 5 Concluding remarks and 
research recommendations 
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5.1 Achieved results 

This thesis reports on the design and development of novel adhesives specifically developed to 

address unmet surgical needs, relating to diseases of the abdominal cavity and in particular to 

gastrointestinal anastomotic leaks. As such, a new tissue anchoring technique based on mutually 

interpenetrating polymer networks, that traverse both patch and tissue is presented. The resulting 

high-performance adhesion, imparted by the mutually interpenetrating network, yields sealants that 

remain attached to target tissues even when in direct contact with native to tissues digestive fluids. 

The further development of the adhesive platform allowed the incorporation of responsive acoustic 

elements for the detection of suture-breaching events, as soon as they occur. Overall the contributions 

of the herein work to the field of surgical materials as well as their potential impact can be 

summarized as follows: 

 

a) The extension of tissue relevant adhesion methodologies for hydrogels via the formation of a 

mutually interpenetrating network. This latter method allowed the development of sealants 

that remain attached even when in contact with digestive fluids. As such, the materials 

prepared, in contrast to clinically used fibrin-based sealants (including Tachosil), do not 

degrade, and exhibit strong tissue adhesion even when exposed to enzymatically active 

intestinal fluid or gastric fluid pH 2.0 among others. (Chapter 2) 

 

b) The development of human relevant ex-vivo, static and dynamic anastomotic leak models was 

presented. These models allow the simulation of conditions present at the level of abdominal 

cavity tissues and to comprehensively evaluate and refine the performance of developed 

sealant materials under conditions of digestive fluid leaks. Using these setups, the difference 

between normal patch application and mutual interpenetrating network application was 

elucidated all while greatly surpassing commercial sealants in benchmarking experiments 

(time to patch-failure >24 hours compared to 5 minutes for commonly used Tachosil). As 

such, the developed adhesives pave the way for the application of both mechanically and 

chemically robust sealants suitable for the treatment and prevention of intestinal leaks 

(Chapter 2)  

 

c) The incorporation and proof of concept use of trigger-responsive echogenic elements that 

either turn-off or turn-on depending on the nature of the digestive fluids making its way to the 

developed patches, was described. As such, the on tissue detection of suture-breaching in as 

little as 3 hours in the case of intestinal leaks and 15 minutes in gastric leak conditions was 

demonstrated. Thus this second-generation surgical sealants based on the use of a mutually 

interpenetrating network technology paves the way for suture support materials that offer 
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disambiguation in cases of surgical leaks as well as straightforward, radiation-free, point-of-

need monitoring of patients after gastrointestinal surgery. This offers entirely new 

possibilities to clinicians and has the prospect to prevent severe complication through earlier 

detection of leaks. (Chapter 3) 

 

d)  The development of highly efficient acrylate-polymer decorate magnetic adsorbents based on 

precisely architected magnetic nanoflower (MNF) coatings was employed for the capturing of 

medically relevant anions, which accumulate in the blood during sepsis or organ failure. As 

such, the removal of clinically relevant targets is demonstrated by the capturing of bilirubin 

with capacities 2-fold higher than previous work as well as quantitative heparin removal. The 

incorporation of poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) to the MNF 

coatings leads to improved cytocompatibility of the nanoparticle capturing agents all while 

retaining high capturing capacities. All in all, the presented material unifies high binding 

capacities and magnetic separability for rapid toxin capturing and hence fulfils key 

requirements of clinical utility, such as in the case of liver failure. (Chapter 4) 

 

5.2 Future development 

 

With an elucidated roadmap for the robust attachment of hydrogels on tissue, the further development 

and subsequent clinical translation of the technology presented herein depends on two major 

categories of research and development. First, the methods and functional sealants presented have to 

be examined in the in-vivo setting where safety and efficacy are to be assessed. Hence, a large animal 

trial in pigs would be most suited for the examination of performance of the sealants and their 

functional elements. These trials can as such give relevant feedback on the post application tissue 

healing, integrity, and functioning as well as short and long term behaviour of the implanted 

materials. Additionally they can indicate clinically relevant ways of leak monitoring distinct from the 

ultrasound setting, such as CT imaging, MRI and others.  

Secondly, the material properties and application engineering of the developed patches need to be 

adapted to direct and aseptic applications on living tissues and inner body cavities. As such, the 

handling and firm contact (until fixation) on the target tissues, of monomer infused hydrogels has to 

be designed in ways that both make the technology incorporable to modern microsurgery devices as 

well as open abdomen surgical settings. While the ease of manufacturing of the presented materials by 

radical polymerization efficiency can give the illusion of an easy to implement approach to tissue 

adhesion; it is important to note that further research into interface chemistry is needed. Materials that 

allow long term adhesion without mechanical property losses, induced by swelling or other exogenous 

parameters, all while remaining friendly to local tissue environment and non-compromising to sensing 
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functions of the patch constitute an important challenge for the road ahead. Tissue healing and active 

promotion of it is an integral part of the success of this technology and requires in-depth (in vivo) 

investigations. 

Overall one could define the "holy grail" for a smart sealant that attaches to tissues via a mutually 

interpenetrating network as follows: 

�x mIPN formulation made of a fluid that contains both polymerizable and healing moieties 

(salts, co-factors etc), capable of stimulating angiogenesis upon application as well as host 

adequate amounts of monomeric units and initiator while providing adequate tissue 

penetration. 

�x Patch: thin and elastic both in the short term and long term (after application), hosts sensing 

elements, whose signals can be verified in different manners and that degrade in non-toxic by-

products. Maintains performance of suture protection and tracking for 14 days minimum. 

(Most leaks occur after the 5th day) Additionally should also be able to avoid adjacent tissue 

adhesions as well as have a fully established biodegradable profile if esteemed important. 

�x  Application is straight forward and takes not more than 10 minutes from start to finish with 

20 sec from patch prep to tissue in the open abdomen setting. 

�x Patch 'end of life' plan - Long-term inertness or gradual degradation of the patch. 

With the above accomplished, one could expect that a technology as the one presented in this thesis 

not only paves the way for drastic digestive leak reduction as well as their associated complications 

but also home monitoring of the healing process and immediate and confident interventions.  
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Chapter 6  

    APPENDIX 
6.1 Appendix Chapter 2 

 
Table S1: Gel and water content of ex situ and in situ hydrogel patches with feed molar ratio of 
AAm/MA/AA/mBAA: 1/0.8/2/5x10-3 

 

Theoretical gel 

content (%) 
Gel content (%) Theoretical water content (%) Water content (%) 

Ex situ 
49.6 

51.3 ± 3.5 
50.4 

48.7 ± 3.5 

In situ 49.8 ± 1.4 50.2 ± 1.4 

 

 

Table S2: Stability and swelling ratio of hydrogel formulation with and without methyl acrylate (MA) moieties 
in simulated biological fluids after 24 h exposure. 

 Swelling Ratio 

Hydrogel composition Bile SIF 

P(AAm-AA) disintegrated disintegrated 

P(AAm-MA-AA) intact (20.5 ± 2.1) Intact (27.8 ± 1.4) 

 

 

 
Figure S1: 1H-NMR spectrum of P(AAm-MA-AA) hydrogel with structure of major constituents shown. 
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Figure S2: Adhesion force improvement as a function of acrylic acid content relative to pure polyacrylamide 
gels measured in the lap-shear configuration. Higher acrylic acid contents lead to unfavourable mechanical 
properties. 
 

 

 

 
 Figure S3: (a) Swelling ration of in situ samples as a function of physiological fluids PBS, bile and SIF. (b) 
Shape retention of in situ hydrogels after incubation for 24 h in respective body fluids. 
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Figure S4: (a) Fourier transform infra-red spectra of PAAm, P(AAm-MA) and P(AAm-MA-AA) hydrogels 3487 
cm-1, represent the vibration of the NH2 acrylamide moieties. Bands at 2954 cm-1 are assigned to the vibrations 
of the CH2 moieties from the polymer backbone. The vibration of the carbonyl C=O bonds confirmed at 1730 
cm-1 and bands 1452 cm-1 are assigned to the stretching of the -OH of the carboxylic acid. (b) Pore size 
distribution and pore fraction after incubation in SIF.  
 

 
Figure S5: P(AAm-MA-AA) hydrogel phase separation.(i) As prepared, (ii) after 24h incubation in MilliQ 
water. 
 

 

 
Figure S6: Swelling of P(AAm-MA-AA) hydrogel at different pH in simulated bodily fluids. Simulated gastric 
fluid pH = 2.0, ulcerative colitis simulated intestinal fluid pH = 5.5, pancreatic effluents pH = 8.0. 
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Figure S7: Adhesion energy of hydrogel patches on intestinal serosa as a function of AA content in the hydrogel 
patch and the mutually interpenetrating network (IPN). Samples (I-III) representing in situ samples with 
varying presence of AA. 
 

 

 

 

 

 

Figure S8: (a) Pull-off of ex situ & in situ samples from a piece of intestine in a T-peel experiment. Ex situ 
samples peel without damaging the tissue, in situ samples due to deeper penetration strip off the serosa along 
with the gel. (b) Corresponding histological sections stained with H&E after T-peel (arrows indicate the intact 
serosa in the ex situ samples and the ripped off serosa for the in situ sample). 
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Figure S9: Rheological properties of as the synthesized gels after incubation in PBS (a) and Bile (b). Modulus 
crossover point for hydrogel network after exposure to intestinal fluid (c) evolution of crossover point as a 
function of hydrogel and SIF. 
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Figure S10: (a) H&E stained biopsy samples of porcine intestine indicating the structural characteristics of the 
tissue: i) Freshly collected, ii) After sealing with Tachosil and iii) after 2 h in contact with SIF in the stationary 
ex vivo model. All scale bars represent 200 µm. (b) Structural characteristics of porcine intestinal tissue after 2 
h in the ex vivo stationary model. i),ii) Show the villous and serosa areas respectively after incubation with SIF 
containing pancreatin. Red arrows indicate early degradation signs originating from the presence of the active 
enzymes in the SIF. iii), iv) Show the villous and serosa areas respectively after incubation with SIF not 
containing pancreatin. Degradation signs not discernible.  
 

 

 
Figure S11: Affinity of methylene blue to P(AAm-MA-AA) illustrated by the color change of a 46 µM aqueous 
methylene blue solution before and after exposure to a P(AAm-MA-AA) hydrogel. 
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Figure S12: Ex-vivo stationary model, mass leaked with different relevant simulated bodily fluids, indicating 
leaked mass of fluid over time. Simulated gastric fluid pH = 2.0, ulcerative colitis simulated intestinal fluid pH 
= 5.5, pancreatic effluents pH = 8.0. 
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6.3 Appendix �± Chapter 3  

 
Figure S1: (a) Attachment of layered patches on target intestinal tissue after 3 days in contact with 
SGF and 37 °C. (a-i) Turn-off equipped patch �± SGF, (a-ii) Turn-off equipped patch �± PBS, (a-iii) 
Turn-on equipped patch �±SGF. (b) Turn-off equipped patch attachment after 24 h in SIF, (c) Turn-on 
equipped patch capable of lifting SGF filled structure after 3 days of contact. (d) Squeezing of tissue 
sealed Turn-off equipped patch without effect on attachment after 3 days incubation with SGF.  
 
 
 
 

 
Figure S2: (a) SEM images of adhesive layer and backing layer following on sided contact with SIF, 
simulating a one sided contact with digestive fluid. (b) EDX elemental analysis of side-cut comprising 
ZnO therapeutic element, PAMPS support layer and Halo gas vesicle turn-off element. Red lines 
denote the ZnLa and ZnKa bands of zinc. 
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Figure S3: Swelling of individual layers as well as fully assembled hydrogel patch after 24 h 
incubation in various simulated biological fluids at 37 °C. 
 
 
 

 
Figure S4: (a) Stimuli responsive percentage release of Zn2+following therapeutic element incubation 
in SIF, PBS and bacterial growth medium (Broth). (b) Percentage release of Zn2+from therapeutic 
elements with different doses of ZnO after 24 h, indicating tailorable long term antibacterial release.  
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Figure S5: (a) Digestion kinetics of gas vesicles following incubation with pocrine pancreatin 
enzyme. OD 0.4 corresponding to 20% vol solution in SIF salt background. (b) OD 0.8 in absence 
and presence of digestive enzyme. 
 
 
 

 
Figure S6: Attachment and interfacing of hydrogel sealant on various porcine tissues as showcased 
by H&E stained biopsy sections. (a �±c) Bare tissue control samples showcasing native tissue serosa, 
(d-e) Representative images of tissue serosa with applied patch after 2h incubation with SGF. 
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Figure S7: FTIR measurements indicating PNAGA traversing in the PAMPS layer by comparison of 
PAMPS support as prepared and PAMPS support side after mIPN attachment. Dotted lined indicate 
1039 cm-1 (S-O), 1183 cm-1(PAMPS characteristic peak), 1557 cm-1, 1633 cm-1 characteristic amide 
peaks of PNAGA[31] 
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6.4 Appendix �± Chapter 4 

 

  

Figure S1: High-resolution TEM image of MNF bare particles with indicated crystal orientation and 
selected area electron diffraction (SAED) pattern (inset) showing diffraction spots corresponding to 
magnetite crystal structure. 

 
 

 
Figure S2: PDMAEMA polymer mass increase as a function of polymerization time for MNF-
PDMAEMA and MNF-qPDMAEMA. 
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Figure S3: (a) Thermogravimetric analysis (TGA) of the differently functionalized MNF samples and 
(b) corresponding polymer loadings. 
 

  
Figure S4: (a) MNF-qPDMAEMA and MNF-qPDMAEMA-co-PEGMEMA left in the PBS 
supernatant after a 24 hours sedimentation experiment (compare to Figure 2c) and quantitatively 
removed by magnetic separation within 3 minutes. (b) 0.25 mg/mL MNF dispersions stability in 
milliQ water. (i) MNF (bare), (ii)  MNF-qPDMAEMA(S), (iii) MNF-qPDMAEMA(M),(iv) MNF-
qPDMAEMA, (v) MNF-qPDMAEMA-co-PEGMEMA(compare to Figure 2d). (c) Magnetic separation 
efficiency. Residual MNF concentrations determined by UV/Vis. 
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Figure S5: DLVO calculations for (a) MNF-PDA and (b) MNF-qPDMAEMA using methods adapted 
from Zeltner et al.16 
 

 

Figure S6: Microfluidic pearl chain mixer used for the continuous magnetic separation experiment. 
 

 

 

Figure S7: Heparin removal from human serum using MNF concentrations of 100 and 1000 µg per 
mL. 
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Figure S8: Hemolysis data. Corresponding agglutination is indicated by + (low), ++ (moderate), 
+++ (severe). Absence of  "+" indicates no observed agglutination.  

 

 
 
Figure S9: Cytotoxicity for MNF functionalized with different qPDMAEMA chain lengths (see also 
Figure 4b).  

 



 
 

102 

 
Figure S10: Transmission electron micrographs of MNF suspensions (a) before and (b) after 
washing in PBS and water. (c) MNF in the supernatant following washing in PBS and subsequent 
magnetic separation (initial MNF concentration 1000 µg/mL). Arrows indicate ultra-small clusters. 
(d) Copper content expressed with respect to iron content of MNF-qPDMAEMA particles as a 
function of washing steps with different solvents (PBS, milliQ water, acetylacetone). Initial copper 
content in the SI-ATRP reaction 207 mg per g MNF. 
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Table S1: CHN anaylsis results. 

Particle Type C% H%  N% Br%  C:N N:Br   DMAEMA : 
Co-monomer 

MNF (bare) 1.17 0.32 0.16  
  

 
MNF-PDA-Br 5.15 0.68 0.57 1.37 10.62 2.36 

 MNF-qPDMAEMA(S) 6.7 0.95 0.83  6.91   
MNF-qPDMAEMA(M) 8.1 1.17 1.01  7.71   
MNF-qPDMAEMA (L) 18.3 3.26 2.52  7.88   
MNF-qPDMAEMA-co-
PEGMEMA 14.7 2.46 1.43  12.89  2.95 

MNF-qPDMAEMA-co-
PMMA 11 1.67 0.86  22.96  0.33 

 

 

 

Table S2: Bilirubin capturing efficiencies reported in the literature. 

     Material  Efficiency (mg/g) Ads. Time Reference Year 

Hollow mesop. carbon spheres 304 5 hours Guo et al.1 2009 

Polymer coated silica 44 3 hours Timin et al.2 2015 

Magnetic MWCNTs 263 2 hours Wei et al3 2012 

CNT-Chitosan beads 37 2 hours Ouyang et al4 2014 

HEMA-Albumin 3 5 hours Alvarez et al5 2001 

Polyethersulfone particles 38 1.3 hours Jiang et al6 2015 

Chistosan graphene gel 93 3 hours Wei et al7 2015 

Mesop. carbon spheres 150 2 hours Guo et al8 2010 

Hexadiamine particles 60 1.7 hours Jiang et al9 2017 

PDA-Polyethersulfone fiber 193 1.5 hours Wu et al10 2018 

Graphene oxide aerogel 459 3.3 hours Li et al11 2018 

MWCN chitosan/amino 9 2 hours Zong et al12 2016 

Macro mesop. graphene aerogel 650 6 hours Li et al13 2020 

MNF-qPDMAEMA 550 3 min This work 2019 
MNF-qPDMAEMA-co-
PEGMEMA 325 3 min This work 2019 
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Table S3: Heparin capturing efficiencies reported in the literature. 

Material Efficiency(mg/g) Use Ads. Time Reference Year 
Crossl. chitosan 
microspheres 0.16 Heparin manuf. 15 min Kaminski et al.14 2008 

Chitosan microspheres 3.3 Heparin manuf. 20 min Eskandarloo et 
al15 2018 

Activated charcoal 3.3* Hemoperfusion n.a. Cooney et al16 1977 

Chitosan microspheres 76 Heparin manuf. 7.5 hours Wei et al17 2017 
Poly(acryloxyethyltrimethyl 
ammonium chloride)/SiO2 

121 Heparin manuf. 5 hours Men et al18 2017 

HNTs@Fe-PAPTMAC 124 Heparin manuf. 3 hours Arshadi et al19 2018 

Cationic dentritic polymer 129* Anticoagulation n.a. Shenoi et al20 2014 
PEG-DMAEMA block 
copolymer 510* Complexation n.a. Välimäki et al21 2012 

Poly(2-hydroxyethyl 
methacrylate) cryogel 270 Hemoperfusion 1.7 hours Spina et al22 2013 

MNF-qPDMAEMA 107 Magnetic BP 3 min This work 2019 
MNF-qPDMAEMA-co-
PEGMEMA 63 Magnetic BP 3 min This work 2019 

Note: Values marked with (*) were estimated from the available published data
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6.5 Appendix Chapter   

 

Nano-analytical Characterization of EndogenousMinerals 

in Healthy Placental Tissue:  

Mineral Distribution, Composition and Ultrastructure5 

 
 
 
5This chapter has been published in parts as 
Alexandre H.C. Anthisa,b, Elena Tsolakic, Louis Didierlaurenta, Samuel Staublia, Robert Zborayd, 
Antonia Neelsd, Dörthe Dietriche, Pius Mansera, Lotus May Desbiollesf, Sebastian Leschkaf, Simon 
Wildermuthf, Sandro Lehnerg, Pascale Chavatte-Palmerh, Wolfram Jochumi, Peter Wicka, Alex 
Dommanna,d, Tina Bürki-Turnherra, Tina Fischerj, René Hornungj, Sergio Bertazzoc, Inge K. 
Herrmanna,b* , Analyst 2019, 144 (23), 6850�±6857. 
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6.5.1 Abstract 

 
Despite its crucial role, the placenta is the least understood human organ. Recent clinical studies 

indicate a direct association between placental calcification and maternal and offspring health. This 

study reveals distinct characteristics of minerals formed during gestational ageing using cutting-edge 

nano-analytical characterization and paves the way for investigations focused on the identification of 

potential markers for disease risks in a clinical setting based on atypical placental mineral fingerprints.  

 

6.5.2 Introduction  

Similar to calcification in the heart,1, 2 placental calcification3, 4 is a phenomenon that has been known 

for decades, yet remains poorly understood.5 While it is well-known that the extent and tissue-specific 

patterns of vascular calcification are predictors of cardiovascular morbidity and mortality, placental 

calcifications are scarcely researched.5 Despite its fundamental role,6 it remains to be the least 

understood human organ.7 The placenta mediates communication between two circulatory systems 

and dynamically adapts its morphology and function for optimal fetal growth in order to cope with 

suboptimal conditions, and hence contains a wealth of health-relevant information.8 There is a 

growing body of evidence that underlines the importance of placental development in the lifelong 

health of both mother and offspring.5 While the correlation between fetal outcome and placental 

calcification has been known for decades,9, 10 recent epidemiological and clinical studies suggest that 

there is an association between placental insufficiencies (e.g., caused by excessive calcification) and 

vulnerability for adult disease, thus directly linking placental characteristics to adult health.11 

Placental phenotypic traits have been associated with diseases, including heart disease, hypertension, 

insulin resistance, asthma, cancers, as well as premature death.12 Complementing the ongoing effort 

focused on biochemical aspects,5 the understanding of the mineral characteristics and formation 

mechanisms of placental calcification and its wider implications are imperative to the development of 

preventive and curative strategies. Placental calcification may share etiologic traits with other forms 

of ectopic calcification. Ectopic calcification may form by metastatic, dystrophic, or physiologic 

mechanisms. Studies found activation of programmed cell death pathways and presence of necrotic 

tissue suggesting that dystrophic calcification may at least contribute to placental calcification.5 While 

it remains largely unexamined whether placental calcification involves physiological calcification 

mechanisms, it has been demonstrated that placenta cells have osteogenic potential, which may be 

different for cells from different anatomical parts from the placenta.13 Other studies found bone 

morphogenetic proteins were not directly related to placental calcification and that the chemical 
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composition of the mineral was suggestive of rapid formation in supersaturated conditions, which 

pinpoints towards a metastatic mechanism.14 

 

  
Figure 1: (a) Anatomical structure of the placenta showing the umbilical cord, the chorionic plate and the 
villous chorion (fetal side), and the basal plate (maternal side). Yellow and orange marks indicate locations of 
sample collection. (b) Total mineral content of placental samples (dry weight) measured by ICP-OES. Sampling 
of the maternal and the fetal side. (c) Computer tomography of two representative entire placentas (with high-
grade and low-grade calcification). Frontal view of the fetal (I) and the maternal side (II) and lateral view (III). 
(d) Corresponding micro-�F�R�P�S�X�W�H�U���W�R�P�R�J�U�D�S�K�\�������&�7�����R�I���D�� �����P�P���E�L�R�S�V�\���S�X�Q�F�K���V�D�P�S�O�H���Z�L�W�K���D���Y�R�[�H�O���V�L�]�H���R�I��������
���P3 ���W�R�S�����I�H�W�D�O���S�R�U�W�L�R�Q���������H������-Xray Fluorescence map of a placental cross section (top: fetal part) showing the 
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calcium, phosphorus and sulfur distribution and the overlay. Mg was not detectable by XRF. (f) Corresponding 
H&E staining and Alizarin Red S staining (calcium) of placental tissue of the region indicated in (e). 
 
Most of the placenta calcification research has focused on clinical sonographic imaging9, 15 and 

histological tissue analysis with poor sensitivity for mineral characteristics. Calcium phosphate-based 

minerals have been identified in placental tissues by X-ray techniques, mostly in the basal plate facing 

the endometrium but also in the tunica media and the intima of the umbilical cord.3, 4 Recent 

improvements in instrumentation technology and sample preparation have rendered key materials 

science characterization techniques suitable for the analysis of complex biological and biomimetic 

systems,16-18 hence providing access to a plethora of ultrastructural information at unprecedented 

resolution. By employing nano-analytical materials characterization, it has recently been discovered 

that calcific lesions in cardiovascular mineralization are not entirely composed of bone, but contain 

nano- and micro-sized highly crystalline magnesium-containing calcium phosphate particles.18 Similar 

particles have also been identified in mineralized osteocyte lacunae.19, 20 

Here, we investigate placental calcification by examining fresh human placental tissue samples by 

materials characterization techniques across scale. We explore the localization and the nano-structural 

characteristics of mineral deposits in placental tissues with nanoscale resolution by employing 

cutting-edge materials science techniques. We identify several distinctly different forms of mineral in 

placental tissue and show considerable inter-subject variability in mineral content even in placentas 

from clinically uncomplicated pregnancies. By connecting the analytical cascade to representative 

clinically established CT and histological analysis, we pave the way for a refined ultrastructural 

analysis of mineral deposits in large clinical studies.  

We analysed thirty placentas from healthy mothers who delivered between 37 and 40 weeks of 

gestation. Samples were taken from different tissue regions as illustrated in Figure 1a. First, the total 

mineral content was determined by elemental analysis following tissue digestion. For the analysis of 

the mineral distribution, the placental tissue samples were collected from central and peripheral 

tissues, and from the maternal and the fetal portion of the placenta. Both calcium and magnesium 

showed considerable inter-subject variation (range for Ca: 0.6 �± 32 mg per g for the maternal portion 

and 0.7 �± 76 mg per g for the fetal portion, based on dry weight, Figure 1b). Differences between the 

different anatomical regions were minor. No difference was found between central (median and 

CI95% for Ca: 1.5 [1.17, 4.43] mg per g // median and CI95% for Mg: 0.4 [0.39, 0.48] mg per g) and 

peripheral (median and CI95% for Ca: 1.6 [0.791, 6.809] mg per g // median and  CI95% for Mg: 0.4 

[0.37, 0.5] mg per g) (see also Figure S1, N=22). A trend towards slightly higher mineral contents on 

the maternal (median for Ca: 4.8 [2.8, 14.2] mg per g // median for Mg: 0.48 [0.4, 0.66] mg per g) 

compared to the fetal portion (median for Ca: 1.4 [-2.2, 19.2] mg per g // median for Mg: 0.5 [0.39, 

0.6] mg per g) of the placenta was found (see also Figure S2, N=15). There was a significant 

correlation between the Ca and Mg content (Spearman's rho: 0.4, p < 0.01). The total calcium, 

magnesium (and phosphorus) measurements are in agreement with available studies.21-24 De Moraes et 
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al.,21 Roverso et al.23 and Kot et al.24 found strikingly similar inter-subject variations in total calcium 

content (see ESI, Figure S3). Elemental analysis measurements showed a high agreement between 

repeated analyses of the same biopsy. However, the variation between different biopsies from the 

same placenta was comparatively high (see ESI, Figure S2), which illustrates the importance of 

collecting multiple samples per placenta in order to get a more robust estimate of the elemental 

composition.  

While not all the mineral may be present in the precipitated form, the solid fraction was further 

characterized by multiscale materials characterization techniques. In order to gain insights into the 

macroscopic distribution of the precipitated fraction of mineral, X-ray tomography scans of entire 

placentas were performed on a clinical computer tomograph (CT). Figure 1c shows reconstructed 

images of two representative placentas, one with low and one with high mineral content. In terms of 

mineral distribution, the larger part of mineral deposits detectable by clinical CT (> 1mm) is localized 

in the peripheral regions of the placenta, and preferentially on the maternal side. The preferential 

accumulation of mineral on the maternal portion (basal plate) and the villous part of the placenta has 

been further confirmed by micro-tomographic data with higher spatial resolution (voxel size of ~ 10 

µm3) (Figure 1d). The CT results, together with the total mineral content measured by elemental 

analysis, indicate that the extent of mineralization is of significant variation even in placentas from 

clinically uncomplicated pregnancies.  

Since CT imaging only allows imaging of relatively large mineral structures in the micron-range and 

gives no access to chemical composition, we performed additional mesoscale analyses by micro-X-

ray fluorescence (µXRF) mapping and correlated the data to histology data sets. Figure 1e shows 

µXRF maps of a histological cross section of placental tissue. Calcium and phosphorus maps show 

co-localized accumulation and indicate the presence of calcium phosphate deposits of varying size. 

Magnesium contents remained below the detection limit. The mineral deposits are also visible in 

histological analysis where the contained calcium stains positive in Alizarin Red stained sections 

(Figure 1f).  

In order gain insights into the ultrastructure of the mineral deposits, we analysed placental tissue 

samples from both the fetal and the maternal portion (basal plate) by scanning electron microscopy 

(SEM). SEM allows characterization of mineral particles at scales inaccessible to optical microscopy 

and reveals the presence of a wide variety of distinct mineral morphologies (Figure 2). Secondary 

electron (SE) and backscattering electron (BSE) signals were collected from the same region and 

Density Dependent Colour SEM (DDC-SEM) images were assembled by assigning the SE image to 

the green channel and the BSE image to the red channel of a RGB stack. Electron-dense fibre-like 

structures can be found in the maternal portion of the placenta (Figure 2a) along with particle 

deposits. In addition to the larger blocks of minerals seen in CT, XRF and histology imaging, 

significantly smaller structures can be identified in scanning electron microscopy. High magnification 

images show calcified fibres and spherical particles (Figure 2b,c). Energy-dispersive X-ray 
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Spectroscopy (EDXS) indicates that the particle-containing fibre-like structures contain traces of 

magnesium in addition to calcium. Structures feature compositional and  

 
 
Figure 2: (a) Scanning electron micrographs mineral structures identified in placental tissue (maternal side). 
Density dependent color scanning electron micrographs (DDC-SEM) consisting of an overlay of secondary 
electron (I, SE, green) and back scattered electron (I, BSE, red) signals illustrating dense minerals surrounded 
by soft tissue. (b) Fibrous region imaged by SE and BSE, and corresponding EDXS. (c) Particle-rich region 
imaged by SE and BSE, and corresponding EDX. EDX spectra indicate the presence of Ca, P as well as traces 
of Mg. No evidence for F or Cl was found in EDXS. 
 
morphological similarities to particles of cellular origin found in mineralized osteocyte lacunae19 and 

in aortic tissues.18 In addition to calcified fibres and particles, larger chunks of hydroxyapatite mineral 

with a poorly defined shape and a size of several tens of microns have been found in the majority of 

the samples investigated (Figure 3a). In the villous regions, mineral deposits are generally smaller 

and more diffuse (Figure 3b). EDXS analysis of several of the imaged  

structures indicates that the predominant form of mineral contains calcium and phosphorous (see also 

Figure S4). In agreement with the CT and elemental analysis measurements, mineral deposits are 

generally sparser on the fetal side. Relatively large (>10 µm) needle-li ke structures are observed in 
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several of the samples (Figure 3c). Raman spectroscopic analysis performed on the samples from the 

different anatomical regions confirms the presence of calcium phosphate mineral (Raman shift of 960 

cm-1, Figure 3d) in the majority of the samples investigated. In rare cases, and in agreement with the 

EDXS measurements, magnesium-containing apatite has been found as indicated by a Raman shift of 

the phosphate peak to 970 cm-1.17 X-ray diffraction analysis of mineral isolated from tissue suggest 

the presence of a significant crystalline fraction of hexagonal hydroxyapatite (no evidence for F or Cl 

was found in EDXS),25 in addition to a background signal originating from amorphous 

 

Figure 3: (a-c) Density dependent color scanning electron micrographs (DDC-SEM) of placental tissue 
showing electron dense material (mineral) in red and organic material (tissue and cells) in green. 
Representative images show mineral structures found on (a) the chorial plate (fetal), (b) the villous region and 
(c) the basal plate (maternal side) at two different magnifications. (d) Corresponding Raman spectra indicating 
peak locations at 960 and 970 cm-1. (e) X-ray diffraction pattern of isolated mineral fraction extracted from 
placental tissue shows peaks characteristic for the hexagonal phase of hydroxyapatite. 

 
constituents (Figure 3e). The characteristics of the larger chunks consisting of hexagonal 

hydroxyapatite are in line with minerals found in dystrophic calcification26 observed in degenerated 

and necrotic tissue and may thus be a mere consequence of tissue aging. The other, more defined 

structures, including the needles and the small spherical particles pinpoint to at least a second, if not 

third underlying mechanism of calcification different from the dystrophic one.14, 27 Additionally, the 

deviations in composition suggests a mineralization process unlike regular bone mineralization.27 

Surprisingly, while calcifications were found in all human placentas to a variable degree, no placenta 
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calcification was found in investigated animal placentas by DDC-SEM, neither in 

carnivores/omnivores (4 cats, 2 dogs) nor herbivores (2 rabbits, 2 horses). While placental 

calcification has been observed in animals, especially mice, the lack of significant calcific deposits 

observed in the investigated animal placentas may be due to the shorter gestation times (except for the 

horses).  It is noteworthy that the analytical methods used generally showed a very high technical 

reproducibility (repeated measurements). The comparatively high variation between the different 

biopsies collected from the same placenta, however, needs to be accounted for when designing 

clinical studies. 

6.5.3 Conclusions 

Taken together, this study shows that the extent of placental calcification as well as the type of 

mineral found in placentas obtained following the delivery is very diverse. Clinically, it is poorly 

understood why some cases of excessive placental calcifications have negative impact on fetal 

outcome while others have not. Based on the ultrastructural examinations proposed here, new clinical 

studies can now be initiated to dissect dystrophic from other forms of mineralization with potential 

pathological relevance. More excitingly, clinical studies investigating connections of placental 

calcification with maternal and offspring health can now integrate such material characterizations to 

complement the biochemical and clinical data. Such new ultrastructural insights provided by materials 

characterization type of analyses, combined with the growing body of data obtained by traditional 

biochemical analysis have three important implications. i) Clinical studies on factors influencing 

preterm placental calcification, including hypertension, smoking and environmental factors can now 

be performed including quantitative mineral characterization. ii) Mechanistic studies based on 

compositional and structural similarities of placental minerals and minerals in other tissues may be 

initiated to identify potential connections between calcific deposits in different tissues. Additionally, 

information on tissue-specific growth kinetics may be extracted. iii) Atypical minerals formed during 

gestation may now be identified in large clinical studies based on the above advanced mineral 

characterization cascade and may serve as early markers identifying susceptible individuals at risk12 

for adult disease. 

6.5.4 Materials & Methods 

Placenta. The project was approved by the local ethics committee (EKSG 10/078) and performed in 

accordance with the principles of the Declaration of Helsinki. Human placentas were obtained from 

uncomplicated term pregnancies after caesarean section from the Kantonsspital St. Gallen (KSSG). 

Written informed consent was obtained prior to delivery.  

X-ray tomography. The entire placentas were transported to the computer tomography unit at the 

radiology department at the local hospital and scanned within 2 hrs after delivery (N=7). CT was 
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performed on a clinical scanner (Somatom Force, Siemens Healthineers, Forchheim, Germany) in the 

single-source mode with the use of the following parameters: tube voltage, 120 kVp; tube current�±

exposure time product, 380 mAs; collimation, 192 × 0.6 mm; gantry rotation time, 250 ms; and pitch, 

0.9. The data were reconstructed in 0.2-mm increments at a slice thickness of 0.4 mm, with the use of 

a medium soft-tissue and a sharp convolution filter. Volume-rendering technique was used for colour-

coded 3D visualization of the CT dataset. 

Sampling. Ten full thickness biopsies with a diameter of 8 mm were collected from locations 

indicated in Figure 1 and either flash-frozen or chemically fixed in 4% paraformaldehyde (from all 

thirty different placentas, N=30).  

Micro X-ray tomography. For microCT, the biopsies (four biopsies from two representative placentas, 

one containing high- and one low-grade calcification) were gradually dehydrated by ethanol and 

placed in Eppendorf tubes in a saturated ethanol atmosphere. The samples were mounted on a sample 

holder and scanned on an EasyTom microCT scanner (RxSolutions SAS, Chavanod, France), with a 

tungsten target operated at 40 kV with an emission current of 90 µA. The voxel size of the microCT 

scans was 10 µm. 

Elemental Analysis. For elemental analysis, frozen tissue samples were dehydrated by submersion in 

ultrapure ethanol for 24 hours and then dried at 40°C in a vacuum oven overnight. The samples were 

then digested using 2.5 mL of ultrapure HNO3 and 1 mL of 30% H2O2 per sample, in a microwave 

digestion unit (TURBOWAVE). Samples were analysed on an Agilent Inductively Coupled Plasma 

Optical Emission Spectrometer (ICP-OES, 5110) based on the sample dry weight (in duplicate). 

Whereas variability of the measurement was low (<0.1%), considerable variation in mineral content 

was observed for the different biopsies from the same patient. Median values of five collected 

biopsies per patient and sample group were therefore used for further analysis. Based on the elemental 

analysis data on maternal and fetal portions as well as central and peripheral tissue, a power analysis 

has been performed using G*Power (Version 3.1) and showed that > 100 placentas would need to be 

investigated to reach a statistical power of 0.8. 

Histology. For histological analysis, fixed or frozen samples from four representative placentas were 

sent to SophistoLab, Muttenz, Switzerland for sectioning and staining. Sections were stained with 

Alizarin Red S to reveal macroscopic calcifications. Alizarin Red S (2 g) was dissolved in 100 mL of 

distilled water and pH was adjusted to 4.2. Slides were stained with freshly prepared Alizarin Red 

solution for two minutes. Images were recorded on a Zeiss Microscope using 10× and 40× objectives. 

X-ray Fluorescence Mapping. Unstained tissue sections mounted on glass slides were analyzed by 

non-�G�H�V�W�U�X�F�W�L�Y�H�� ��-XRF measurements performed on a TORNADO M4 X-ray fluorescence 

spectrometer (Bruker Nano GmbH, Berlin, Germany) according to a previously described protocol.28 

Raman Spectroscopy. For Raman spectroscopic analysis, samples prepared for SEM were mounted on 

a glass coverslip and analysed in a WITEC 300alphaR confocal Raman system equipped with a 50× 

LD objective (NA 0.55) and a 532nm laser. For acquisition, the laser power was set to 5mW and 
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spectral integration times were set to 5s. 

Scanning Electron Microscopy. Frozen placenta samples from the thirty different placentas taken 

from different anatomical locations (fetal, villous or maternal part) were dehydrated using an ethanol 

gradient and mounted on silver stubs. The samples were sputtered with 5 nm carbon. A Hitatchi S-

3499N, a Carl Zeiss VP and a LEO Gemini 1525 FEGSEM were used for SEM analysis. Secondary 

electron (SE) and backscattering electron (BSE) signals were collected and density-dependent images 

(DDC-SEM) were assembled using the RGB stack option in ImageJ. Energy Dispersive X-ray 

Spectroscopy analysis was carried out using Oxford Instruments EDX detectors. For the analysis, 

accelerating voltages of 5kV and 10kV and a working distance of 10 mm were used. 

Mineral extraction, isolation and analysis by X-ray diffraction. For X-ray diffraction measurements, 

minerals were isolated from tissue by mechanical digestion followed by collagenase treatment and 

high-speed centrifugation. The white pellet forming at the bottom was collected, washed with water 

and ethanol and dried in vacuum prior to analyses. X-ray diffraction patterns have been measured on a 

Stoe Mark II-Imaging Plate Diffractometer System (Stoe & Cie, 2015) equipped with a graphite-

monochromator. Data collection was performed at -�������Û�&���X�V�L�Q�J���0�R-K�. radiation (�� = 0.71 Å, beam 

diameter 0.5 mm). Two-dimensional diffraction images (15 min per exposure) were obtained at an 

image plate distance of 200 mm with a continued sample rotation. The resolution was Dmin - Dmax 

24.00 - 1.04 Å and intensity integration has been performed over the entire image (360°). 

Animal placentas. Placentas from different species were obtained from INRA. In the study, four cat 

placentas (gestational age 35w), two dog placentas (gestational age 42 weeks), two horse placentas 

(term) and two rabbit placentas (gestational age 28 weeks) were analyzed. Placental samples from 

animals were investigated by DDC-SEM to screen for mineral deposits. Placentas were obtained in 

fixed state (formalin-fixed in buffer), which unfortunately has been shown to affect quantitative 

elemental analyses (false positive values).29 

Author contributions: A.H.C.A., E.T. L.D., S.S., and S.L. harvested samples and performed elemental 

analysis and electron microscopy experiments. R.Z. performed microCT measurements. A.N. 
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data. P.C.P aided with sample procurement and analysis of animal placentas. W.J. analysed pathology 

data. P.W., A.D., T.B.T., T.F. and R.H. and all other authors analysed and interpreted the data. S.B. 
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Supervisor: Prof. Dr. Harm-Anton Klok 
 
University of Geneva (UNIGE)      Ja�Q�������������(���$�S�U 2015, Geneva 
Research Assistant �± Prof. Dr. Alexander Adibekian Lab 
Synthesis & investigation of molecular probes for protein profiling. 
Supervisor: Prof. Dr. Alexander Adibekian 

 

University of Geneva (UNIGE)                               Oct 2���������(���$�S�U 2014, Geneva 
Research Assistant �± Prof. Dr. Eric Bakker Laboratory 
Formulation and testing of an all-solid state potentiometric sensor. 



Curriculum Vitae
 

 

120 

Supervisors: Prof. Dr. Eric Bakker & Prof. Dr. Gaston Crespo 
 
 

AWARDS AND FELLOWSHIPS  
 
May 2021  Chemistry Travel Award 2021 by the SCNAT and SCS 
For the abstract entitled "Chemically Stable, Strongly Adhesive Sealant Patch for Intestinal Anastomotic 
Leakage Prevention" 
 
Aug 2020   �³�7�K�H���I�X�W�X�U�H���R�I���K�H�D�O�W�K�´- Idea challenge - Innosuisse & EPFL Innovation park 
Winner of the first price of the Medtronic challenge including a 2500CHF cash price and R&D meeting.  

 
Sep 2010 - Sep 2017 Full ride scholarship - Adolphe Merkle foundation 
Full scholarship for the completion of BSc and MSc studies. 

 
Sep 2007 - Sep 2010 High school excellence scholarship - Hatzikosta Foundation 
Scholarship given by the Hatzikosta foundation for excellent students from struggling backgrounds. 

 
TEACHING AND MENTORING  EXPERIENCE 
 
Empa              10/2017 �( present, St. Gallen 
Mentoring of 3 MSc and 1 BSc student during their projects, presentations and lab work: 
Apolline Anthis �± internship, 2018  
Henry Korhonen �± internship, 2018 
Xueqian Hu �± Master's thesis, 2019 
Juri Novak �± BSc thesis, 2019  

University of Geneva                           Jan 2016 - Jun 2016, Geneva 
Teaching assistant for 1st year pharmacists during general chemistry practical work. (Prof. Dr. Hopfgartner) 
Freelance physics, math and chemistry tutor. 

 
 

LANGUAGES   
 
Greek (native language), French (native language), English (fluent), Italian (elementary) German (elementary) 

 
ADDITIONAL INFORMATION  
 
- Buisiness concept module 2 by Innosuisse �± Startup training completed (2019) 
- Founder of Wisdom Sharing: https://www.unige.ch/asso-etud/aesc/WisdomSharing.php 
- Ex professional tennis player sponsored by Dunlop Greece and various private benefactors 
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1. Anthis, A. H. C.; Matter, M. T.; Keevend, K.; Gerken, L. R. H.; Scheibler, S.; Doswald, S.; 

Gogos, A.; Herrmann, I. K. Tailoring the Colloidal Stability, Magnetic Separability, and 

Cytocompatibility of High-Capacity Magnetic Anion Exchangers. ACS Appl. Mater. 

Interfaces 2019, 11 (51), 48341�±48351. https://doi.org/10.1021/acsami.9b16619. 

 

2. Anthis, A. H. C.; Hu, X.; Matter, M. T.; Neuer, A. L.; Wei, K.; Schlegel, A. A.; Starsich, F. 

H. L.; Herrmann, I. K. Chemically Stable, Strongly Adhesive Sealant Patch for Intestinal 
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3. Anthis, A. H. C* .; Tsolaki*, E.; Didierlaurent, L.; Staubli, S.; Zboray, R.; Neels, A.; 

Dietrich, D.; Manser, P.; Desbiolles, L. M.; Leschka, S.; Wildermuth, S.; Lehner, S.; 

Chavatte-Palmer, P.; Jochum, W.; Wick, P.; Dommann, A.; Bürki-Turnherr, T.; Fischer, T.; 

Hornung, R.; Bertazzo, S.; Herrmann, I. K. Nano-Analytical Characterization of Endogenous 

Minerals in Healthy Placental Tissue: Mineral Distribution, Composition and Ultrastructure. 

Analyst 2019, 144 (23), 6850�±6857. https://doi.org/10.1039/C9AN01312A. (*These authors 

contributed equally) ** selected for the Analyst front cover 

 

4. Yuan, D.; Anthis, A. H. C.; Ghahraman Afshar, M.; Pankratova, N.; Cuartero, M.; Crespo, 

G. A.; Bakker, E. All-Solid-State Potentiometric Sensors with a Multiwalled Carbon 

Nanotube Inner Transducing Layer for Anion Detection in Environmental Samples. Anal. 

Chem. 2015, 87 (17), 8640�±8645. https://doi.org/10.1021/acs.analchem.5b01941. 

 

5. Gerken, L. R. H.; Neuer, A.; Gschwend P.M.;  Keevend, K.; Gogos, A.; Anthis, A. H. C.; 

Aengenheister, L.; Pratsinis, S.E.; Plasswilm, L.; Herrmann, I. K.; Radiosensitizing 

Nanoparticles for Radiotherapy Synthesis and Characterization. Chemistry of Materials, 

2021. https://doi.org/10.1021/acs.chemmater.0c04565 

 

A2) Filed patents  

1. Anthis, A. H. C., Herrmann I. K., Matter M., "Kit comprising adhesive hydrogel and 

impregnating fluid �± �3�������������(�3�����´. 
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A3) Additional manuscripts to be published  

1. Anthis, A. H. C.; Rduch, T.; Abundo, P.; Neuer, A. L.; Wei, K.; Schlegel, A. A.; Starsich, F. 

H. L.; Shapiro, M. G.; Herrmann, I. K. Chemically Stable, Triggerably Acoustic Sealants for 

Anastomotic Leakage Prevention. Manuscript based on chapter 3 in preparation for 

submission. 

2. Anthis, A. H. C.; Schlegel, A. A.; Herrmann, I. K. Material Innovations for Visceral Surgery. 

Review article based on chapter 1 in preparation for submission. 

 

A4) Selected Contributed Conference Proceedings (§Peer-reviewed) 

1. § Anthis, A. H. C.; Matter, M. T.; Keevend, K.; Gerken, L. R. H.; Herrmann, I. K. Oral 

presentation at the Empa PhD Students´ Symposium, November 13th, 2017, Dübendorf, 

Switzerland. 

2. § Anthis, A. H. C.; Matter, M. T.; Keevend, K.; Gerken, L. R. H.; Herrmann, I. K. Oral 

presentation at the Empa PhD Students´ Symposium, November 13th, 2018, Dübendorf, 

Switzerland. 

3. § Anthis, A. H. C.; Matter, M. T.; Keevend, K.; Gerken, L. R. H.; Herrmann, I. K. Oral 

presentation at the Swiss Chemical Society Annual Meeting, Sept 6, 2019, Zurich, 

Switzerland. 

4. § Anthis, A. H. C.; Matter, M. T.; Keevend, K.; Gerken, L. R. H.; Herrmann, I. K. Oral 

presentation Magnetic Nanoparticle Clusters for Efficacious Bilirubin Removal from Body 

Fluids; American Institute of Chemical Engineering (AIChE), Annual Meeting, Nov 2019, 

Orlando, FL, USA. 

 

 


