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Resumo 
 

 

O desenvolvimento de um revestimento ou material cujas propriedades físico-
química, mecânicas ou biológicas podem ser modificadas de acordo com as 
propriedades do tecido alvo, tem ganho cada vez mais importância, 
nomeadamente para fins biomédicos e de engenharia de tecidos e medicina 
regenerativa. Durante os últimos anos, diferentes estratégias biomiméticas têm 
contribuído significativamente para o progresso destas áreas. Estas são 
possíveis de implementar a diferentes níveis: imitar formas e funções 
existentes na natureza ou mimetizar processos e sistemas naturais. Na 
presente tese, a técnica camada-a-camada (LbL) foi usada como uma 
ferramenta biomimética para modificar superfícies ou produzir membranas com 
base em múltiplas camadas de polieletrólitos. A crescente utilização desta 
técnica, concretamente na área biomédica, prende-se com a possibilidade de 
funcionalizar ou produzir biomateriais aliada à capacidade de incorporar uma 
gama alargada de blocos de construção. Aqui, diferentes polímeros sintéticos 
e naturais têm sido usados para construir estruturas multicamada; no entanto, 
a generalidade dos polímeros sintéticos não apresenta naturalmente locais de 
ligação e adesão celular. Para contornar este obstáculo, algumas modificações 
químicas aos polímeros sintéticos têm sido sugeridas e novos compostos têm 
sido desenvolvidos, inspirados na composição de sistemas naturais. Por 
exemplo, polipéptidos tipo-elastina (ELPs) são uma classe de polímeros 
inspirados na natureza, que apresentam propriedades não-imunogénicas e 
biocompatíveis, podendo ser geneticamente programados conforme desejado. 
A sua composição baseia-se na repetição de pequenos péptidos também 
presentes na elastina humana, com a possibilidade também de incorporar 
outras sequências bioativas especificas, como o tripéptido Arginina-Glicina-
Ácido Aspártico (RGD), reconhecido por promover a adesão celular. Para esta 
tese foram produzidos ELPs, que mais tarde foram funcionalizados com 
grupos azida e alquino para introduzir a reatividade necessária para uma 
reação 1,3-dipolar de ciclo-adição se realizar em condições biocompatíveis, 
sem produtos tóxicos resultantes e em curtos tempos de reação. Esta reação 
foi realizada sob a técnica LbL, mas conduzida por interações covalentes ao 
invés de electroestáticas, para atuar como revestimento biomédico. Estes 
polímeros são ainda reconhecidos pela sua temperatura de transição (Tt) em 
solução aquosa, relacionada com uma reorganização conformacional da 
cadeia polimérica. Abaixo da Tt as suas cadeias poliméricas são solúveis, mas 
acima de Tt formam-se micro-agregados; este é um processo reversível que 
confere propriedades responsivas aos revestimentos. Nos seguintes capítulos, 
diferentes polissacarídeos como quitosano (CHT), alginato (ALG), sulfato de 
condroitina (CS) ou ácido hialurónico (HA), foram usados para produzir 
membranas multicamadas conduzidas maioritariamente via interações 
electroestáticas. Esta abordagem tem ganho cada vez mais importância para 
desenvolver materiais com funcionalidade bioquímica, biocompatibilidade e 
para mimetizar algumas interações observadas na matriz extracelular (ECM). 

 



 



 

 

 

 

 
(cont.) 
 

Ao longo desta tese foram usadas membranas multicamada de CHT/CS; estes 
materiais revelaram algumas propriedades muito particulares, quando 
comparadas com outros sistemas de multicamada, como a sua elasticidade e 
taxas de degradação mais rápidas. No entanto, a baixa rigidez e maiores taxas 
de hidratação, que muitas vezes impedem a adesão celular, surgem 
frequentemente associados a sistemas multicamada compostos somente por 
polissacarídeos. Para contornar este obstáculo, as membranas multicamada 
de CHT/CS foram reticuladas com genipina. De notar que este composto é de 
origem natural, sendo extraído da fruta da gardénia; a pós-modificação das 
membranas com genipina resultou na melhoria das propriedades mecânicas e 
biocompatibilidade, e ainda, no aumentando das propriedades bio-adesivas. 
Na realidade, a possibilidade de modular as propriedades destes sistemas 
multicamada por reticulação química pode ser conseguida logo durante a 
adsorção de cada camada ou no fim do processo. Características dos 
biomateriais como a morfologia, espessura, taxas de adsorção de água ou 
biodegradação, propriedades mecânicas e biológicas podem ser moduladas 
ajustando certos parâmetros de reticulação (por exemplo, agente de 
reticulação, concentração ou tempo de reação). Para além do mais, estudos de 
memória de forma destas membranas multicamada mostraram resultados 
promissores, considerando o seu uso para fins biomédicos. As propriedades 
mecânicas destes sistemas foram melhoradas combinando as ligações 
electroestáticas já existentes com ligações covalentes conferidas pela 
reticulação química, dando origem a uma rede polimérica multicamada, mas 
interpenetrada. Na continuação deste trabalho foi possível criar uma topografia 
com padrão bem organizado na superfície das membranas, alterando somente 
o material onde efetuamos a deposição das multicamadas. Esta estratégia 
visou mimetizar a topografia da ECM de diferentes tecidos, como o osso, a 
pele ou os nervos, criando canais alinhados na superfície do material. Usando 
este tipo de materiais multicamada padronizados foi possível modular funções 
e comportamentos celulares como o alinhamento ou a diferenciação. Em 
seguida, inspirados pela composição das proteínas que conferem adesividade 
aos mexilhões, foram produzidas membranas multicamada contendo HA 
modificado com dopamina (DN). A presença de DN ao longo da espessura das 
membranas multicamada parece ter contribuído para uma melhor e maior força 
de adesão, quando comparadas com as membranas controlo (membranas 
multicamada CHT/HA e CHT/ALG). Para além do mais, os testes in vitro 
resultaram em uma significante melhoria da adesão celular às membranas 
contendo DN. Esta estratégia mostrou ser promissora para diferentes 
aplicações biomédicas e de engenharia de tecidos, particularmente para a 
regeneração de tecido ósseo e a cicatrização de feridas da pele. Combinando 
diferentes estratégias e conceitos biomiméticos, foi também possível recriar um 
sistema complexo associado à cartilagem articular e concretamente a doenças 
como a osteoartrite. Assim sendo, na última parte desta tese, estas 
membranas multicamada com propriedades adesivas foram utilizadas como 
veículo para transportar células estaminais humanas do tecido adiposo 
(hASCs) para o local onde a cartilagem se encontra danificada. A presença 
deste tipo de células tem sido utilizada como tratamento para cartilagem 
danificada. Aqui, hASCs aderiram temporariamente às membranas 
multicamada, e foram assim transportadas diretamente para discos de 
cartilagem humana danificada, permitindo a criação de uma ponte celular entre 
as membranas e a superfície da cartilagem. Desta forma, estas células 
começaram a proliferar na superfície da cartilagem começando a migrar para 
os defeitos (em profundidade), segregando fatores capazes de ajudar na 
reparação da cartilagem. No geral, o trabalho desenvolvido para a presente 
tese mostra a grande versatilidade da técnica LbL, que proporciona os meios 
necessários para desenvolver uma gama alargada de materiais, estratégias e 
soluções muito necessárias e promissoras para aplicações biomédicas e de 
engenharia de tecidos e medicina regenerativa.  
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abstract 

 

The development of a suitable coating or material, which physico-chemical, 
mechanical or biological properties, that can be tailored according the features 
of the target tissue, has been gaining increased importance in biomedical and 
tissue engineering and regenerative medicine (TERM) fields. Biomimetic 
strategies have contributed significantly for the progress of biomedical field 
during the last years. This is possible to be achieved at different levels: 
imitating Nature form or function and mimicking natural processes and systems 
are the most used biomimetic approaches. In this thesis, Layer-by-Layer (LbL) 
methodology was used as a hierarchical biomimetic tool to modify surfaces and 
to produce freestanding membranes based on polyelectrolyte multilayers 
(PEMs). The possibility to functionalize or engineer biomaterials combined with 
the ability to incorporate a wide range of building blocks, makes LbL a powerful 
processing technique in the biomedical field. Synthetic polymers have been 
used to construct PEMs for biomedical and TERM applications; however, they 
lack often on adhesive cues for cell attachment and tissue growth. To 
overcome such issue, biomimetic synthetic polymers have been developed. 
Elastin-like polypeptides (ELPs) are a class of nature-inspired polymers, 
nonimmunogenic, genetically encodable and biocompatible. These materials 
are based on the repetition of short peptides considered to be building blocks in 
natural elastin and can include specific bioactive sequences, as the tripeptide 
Arginine-Glycine-Aspartame (RGD) known by promoting cell adhesion. For the 
first work of this thesis, ELPs were functionalized with azide and alkyne groups 
to introduce the reactivity required to carry out the 1,3-dipolar cycloaddition 
under mild biocompatible conditions, with no toxic by-products and in short 
reaction times. This reaction was done by means of a LbL assembly, driven by 
covalent interactions instead of being driven by electrostatic interactions, 
obtaining a bioactive and biomimetic multilayer coating. Moreover, these 
polymers are characterized by a critical temperature, known as the transition 
temperature in aqueous solution (Tt), which is related with a conformational 
reorganization. Thus, below Tt the polymer chains were soluble in water and 
above Tt they formed nano- and micro-aggregates becoming insoluble in a 
reversible process, making these coatings stimuli-responsive. In the following 
chapters, several polysaccharides as chitosan (CHT), alginate (ALG), 
hyaluronic acid (HA) or chondroitin sulfate (CS) were used to produce 
freestanding structured membranes through LbL processes, mainly driven by 
electrostatic interactions. The use of PEMs containing biopolymers are 
particularly appealing to coat and develop multilayered structures with 
biochemical functionalities, biocompatibility, and to mimic the interactions 
observed in native extracellular matrix (ECM).  
 



 



 

 

 

 

(cont.) 
 

 
CHI/CS multilayers were used throughout the thesis, revealing some unique 
properties, when compared with other polysaccharide-based multilayers, such 
as their elasticity and degradation rate. However, natural origin polymer-based 
multilayers present low stiffness and higher hydration rates, which hinder cell 
adhesion. To overcome this, the CHT/CS multilayers were crosslinked with 
genipin. This is also a natural product, that is extracted from gardenia fruits and 
presents the ability to improve the mechanical properties, while preserves the 
biocompatibility and even enhances the cell adhesive properties. The ability to 
tailor the multilayers properties can be applied during their assembly or post-
assembly. Upon adjusting cross-linking parameters (e.g., cross-linker 
concentration and reaction time) the morphology, thickness, water uptake, rate 
of biodegradation, mechanical properties and cell adhesive properties can be 
tuned. Studies of shape-memory of these multilayered films, presented 
promising results regarding their use in biomedical applications.  The 
mechanical properties of the multilayers can be further improved combining 
covalent and ionic crosslinking, which gives rise to a full interpenetrating 
polymer network. More interesting, it was possible to create a well-organized 
patterned topography at the surface of the freestanding multilayered     
membrane, just by using a different underlying substrate. This strategy 
envisaged to mimic the topography of the ECM of some tissues, as bone, skin 
or nerves, creating grooves on the material’s surface at nanoscale. Using this 
approach, it was possible to control some cellular functions and behavior as 
alignment and differentiation. Further in this thesis and inspired by the 
composition of the adhesive proteins in mussels, freestanding multilayered 
membranes containing dopamine-modified hyaluronic acid (HA-DN) were 
produced. The presence of DN along with the thickness of the membranes 
presented better lap-shear adhesion strength than the control membranes 
(hyaluronic acid and alginate films – two polysaccharides often regarded as 
good natural adhesives – were assembled together). Moreover, in vitro tests 
showed an enhanced cell adhesion for the membranes containing HA-DN and 
ability to use such kind of membranes for different biomedical and TERM 
applications, particularly for bone regeneration and skin wound healing. 
Combining different biomimetic concepts, it was also possible to recreate the 
complex environment of osteoarthritic articular cartilage by preparing human 
circular discs of superficially damaged articular cartilage from human samples. 
Herein, the adhesive freestanding multilayered membranes were used as a 
vehicle to deliver human adipose stem cells (hASCs) to help to repair the 
damaged cartilage. hASCs temporarily adhered to the adhesive LbL-based 
membranes, and were transported to the cartilage discs, creating a bridge of 
cells between the membranes and the surface of the cartilage. The cells started 
to migrate into the defects of the cartilage, proliferating and secreting factors 
capable of repairing the cartilage. Overall, the developed work in this thesis 
shows that LbL is a very versatile technique that provides the means to develop 
a wide range of solutions to be useful in biomedical and TERM applications. 
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I. General Introduction 
 

 

 
 

 

Abstract  

 

This first chapter corresponds to the general introduction of this thesis. Here, it is possible to find a 

briefly contextualization of the problems and the respective strategies that were designed throughout this 

thesis.  
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1. Biomimetic strategies to produce multifunctional materials for biomedical and tissue 

engineering applications 

 

 Biomimetics is a kind of recent multidisciplinary concept that takes inspiration from Nature 

to develop new materials, processes, systems and strategies towards different science fields 1. In this 

thesis, we are particularly concerned with biomedical and tissue engineering needs. Motivated by the 

innumerous successfully cases of nature lessons translation into science progress, more and different 

biomimetic strategies should be exploited to develop novel functional and effective materials and 

technologies. Among others, superhydrophobic surfaces 2, reversible-adhesive materials 3, high-

mechanical strength fibers 4, self-healing mechanism 5 or biological self-assembly 6 are some biomimetic 

examples already reported in literature.  

Conventional strategies in biomedical field involved the use of metals 7, ceramics 8 or synthetic 

polymers 9 that were processed and usually modified on their surface according with clinical requirement 

10. Problems with long-term biocompatibility, degradation products and implantation increased the need 

of new strategies 9. Also, the progress of tissue engineering and regenerative medicine field brings the 

need of new approaches to address the need of recreating in some extent the native process of tissue 

repairing and regeneration. We believe that applying Nature principles, materials and processes can be 

a changeover from conventional strategies, towards biomedical and tissue engineering ends. Therefore, 

the aim of this thesis was the design different biomimetic strategies to produce multifunctional materials 

and technologies, capable of responding to different clinical needs and potentially to be bring new 

insights for these fields.  

Looking at nature, tissues are organized in very complex structures with different degrees of 

arrangements, ranging from a nano- to a micro-organization, being a combination of small units 

assembled over the several scales 11. Therefore, to construct biomimetic structures can be faced as a 

bottom-up approach assembly; in this context we hypothesize that layer-by-layer (LbL) assembly can be 

an adequate tool to process and engineer hierarchical organized biomimetic materials suitable for 

biomedical and tissue engineering applications. This technique is based on the sequential and alternate 

deposition of complementary materials, usually by means of electrostatic interactions 12. Even thought, 

other driven forces have been suggested, as covalent bonds or hydrophobic interactions 13. Hence, 

throughout this thesis, different biomimetic strategies were combined with LbL technology to produce 

biomimetic multifunctional multilayered materials. 

From literature, different methods were nowadays employed to direct materials for biomedical 

and tissue engineering and in some extent to modulate the cellular behavior when in contact with 

material’s surface. Three main approaches were selected to design the different strategies presented in 

this thesis – see Figure I-1. Therefore, LbL assembly was combined with the presence of bio-based or 

functional materials, the presence of bio-recognition molecules, as RGD moiety, other bioactive motifs or 

growth factor, and the presence of physical or mechanical cues, as shaped topographical features, areas 

of different elastic and stiff or different surface energy, towards different applications.  
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Figure I-1. Schematic representation of the different methodologies that were integrated with the LbL technique, to design the 
biomimetic strategies suggested in the experimental part of this PhD thesis.  

 

Elastin-like polypeptides (ELPs) are synthetic polymers that have their origin in the repeating 

sequences found in the mammalian elastic protein, the elastin, a vital component of the extracellular 

matrix (ECM) and that exhibit a set of properties that places them in an excellent position for biomedical 

and tissue engineering applications 14. ELPs can be modified to virtually include any desired peptide 

sequence 14; we investigated the ability of constructing a multilayered film modifying ELPs with azide and 

alkyne groups, providing them capacity of interact through cycloaddition click chemistry reactions, 

creating covalent bonds 15.  

Besides they are synthetically obtained, these materials are bioinspired; for instance, ELPs have 

similar mechanical properties of nature elastin, being biocompatible and with potential to self -assemble 

and respond to changes of the environment or under physiological conditions 14. Their characteristic 

inverse temperature phase transition makes ELPs to be soluble below this temperature and undergo an 

aqueous demixing phase transition above this value – reversibility property 16. It provides ELPs the ability 

of responding at temperature and other stimulus, being recognized as smart polymers 16. Therefore, we 

designed multilayered coatings composed of these interesting biomimetic polymers to produce stimuli-

responsive coatings capable of creating a kind of a controlled microenvironment to study cell-materials 

interactions or to act as a drug delivery system. The success of implantable medical systems is highly 

determined by the response they prompt to the surrounding in vivo environment 17. In this sense, we 

investigated the ability of modifying ELPs with arginylglycylaspartic acid (RGD) moieties, reported as 

promoting cell adhesion 18. The potential and effectiveness of these multifunctional biomimetic coatings 

were exploited in Chapter IV.  

From 2-dimensional (2D) to 3-dimensional (3D), LbL assembly has been reported in the form of 

nanostructured coatings 19, membranes 20, capsules 21or porous scaffolds 22. Using LbL technique, if the 

film is deposited on a low surface energy substrate, it can further be removed in mild conditions, leading 

a freestanding membrane without the need for a post-processing step 20, 23. Among the others, we 

believe that freestanding membranes are a quite simple model where it is possible to have more control 
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over materials’ properties and that can be integrated in a bottom-up route, creating more complex 

systems. Therefore, in the next chapters of this thesis, freestanding multilayered membranes were 

produced towards different ends. 

Surfaces aspects related to biomaterials have received a great attention from scientific field 24. 

Natural polymers, as chitosan (CHT), alginate (ALG), chondroitin sulfate (CS) or hyaluronic acid (HA) 

present some similarities with ECM and in some cases, specific sites for cell binding 24b. The polycationic 

nature of chitosan makes this polymer well-suitable for LbL processes 25. CS is an important ECM 

component, that plays an important role in maintaining cell functions 26; their anionic nature allows the 

combination with CHT to produce freestanding multilayered membranes. We hypothesize that when 

crosslinking these multilayers with genipin, it would be possible to tailor their swelling, mechanical and 

biological properties (Chapter V). This could be applied in a diversity of biomedical applications. 

Besides the significance of both chemical and biochemical compounds that are exposed on the 

materials’ surface, it is also central to consider the influence of topography, particularly at the nanoscale, 

on cell behavior and functions 27. Distinct topographies can be found in Nature and these may lead to 

peculiar behaviors, as exploited in Chapter II. Herein, it is possible to find an overview of the different 

methodologies existing to produce physical patterned LbL-based materials and their application to 

modulate distinct cellular functions. 

 In fact, in the experimental part of this thesis, we designed an LbL approach to obtain 

nanoengineered multilayered freestanding membranes (Chapter VI). Taking advantage of a patterned 

template, we investigated the ability to construct patterned substrates and the influence of the presence 

of nanogrooved cues to modulate the cellular behavior.  

The ultimate strategy of employing biomimetic principles for the progress of biomedical and 

tissue engineering fields was to develop materials that could mimic the adhesive behavior of mussels 28. 

The catechol component of DOPA is the main responsible for the strong adhesion of mussels to rocks, 

even in a wet environment 28. Catechol chemistry has been increasingly investigated in the last years 28-

29, exploiting the adhesion to different wet organic and inorganic substrates. For that, different materials 

have been modified with DOPA derivates 30. To confer adhesive properties, HA will be modified with 

dopamine (DN) following a procedure already reported and well-stablished in our research group 30c. DN 

is an analogue of the non-cationic amino acid 3,4-dihydroxy-L-alanine (DOPA), that is usually in high 

amounts in mussel adhesive proteins 30c. We hypothesize that using such interesting conjugated 

combined with other polysaccharides within a LbL methodology could result in increased mechanical 

adhesive properties as well as in enhanced cytocompatible materials. In Chapter VII, we investigated the 

potential of applying LbL-based freestanding membranes, composed of alternate nanolayers of CHT and 

HA-DN for bone tissue engineering. For that, we evaluated the ability to adhere freestanding membranes 

as a patch on bone defects and their osteophilic properties.  

Also wound healing processes could be favored with the application of such kind of adhesive 

systems. Therefore, we investigate the feasibility and effectiveness of using the previous multilayered 

system to act as a patch to promote wound healing. In this work, besides in vitro also in vivo experiments 

were performed (Chapter VIII). 
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The last experimental work of this thesis merged all the previous strategies described for this 

thesis. employing biomaterials, LbL, topographical features, adhesiveness and therapeutic cells for 

articular cartilage repair. Herein, the potential to functionalize freestanding ultrathin multilayer 

membranes with adipose-stem cells (ASCs) to treat superficial cartilage damages and early stages of 

osteoarthritis was evaluated. The idea behind materials to be applied for damaged articular cartilage was 

that it might protect the cartilage surface, shield the tissue from degradative influences from the synovial 

space (enzymes, inflammatory factors and so on) and reduce additional mechanical damage in vivo by 

reduced fiction while movement. To use ASCs functionalized freestanding multilayered membranes 

could result in the improvement of the patient’s life quality as these cells are already reported by 

supporting cartilage tissue repair by reduction of inflammation and/or stimulate chondrogenic 

differentiation 31. Adhesiveness and the presence of topographical cues were crucial to determine the 

potential of the construct. HA-DN, CHT and ALG were combined to produce nanostructured freestanding 

membranes and it could result in biochemical cues and adhesive properties to this system. Note, that the 

adhesive properties would be essential to fix the material to the area to treat. Additionally, we also 

investigated the influence of the presence of nanotopographical features on the performance of the 

construct and, consequently, on the potential to repair and form cartilage tissue. Besides in vitro, also in 

situ tests were performed using human damaged cartilage samples.  

Overall, we truly believe that the present thesis highlights the importance of LbL assembly as a 

building block strategy for biomedical and tissue engineering ends, and the ability to integrate other 

important biomimetic strategies within LbL. As a result, increasingly complexity can be achieved in a 

simpler way. 
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II.  Surface micro and nanoengineering: Applications of Layer-by-
Layer technology as a versatile tool to control the cellular 
behavior*  

 

 

 

 

 

Abstract 

 

Extracellular matrix (ECM) cues have been widely investigated for their impact on cellular 

behavior. Among mechanics, physics, chemistry and topography, different ECM properties have been 

discovered as important parameters to modulate cell functions, including cell adhesion, morphology or 

migration, activating mechanotransduction pathways that can influence gene expression, proliferation or 

even differentiation. Particularly, ECM topography has been gaining more and more interest based on 

the solid evidences that these physical cues can really tailor cell behavior. We overview bottom-up and 

top-down approaches reported to produce materials capable of mimicking the ECM topography and 

being applied for biomedical purposes. Moreover, we highlight the increasing motivation of using layer-

by-layer (LbL) technique to reproduce these topographical cues. LbL assembly is a simple and versatile 

methodology used to coat materials with a nanoscale fidelity to the geometry of the template or to 

produce multilayer thin films composed of polymers, proteins, colloids, or even cells. Different 

geometries, sizes or shapes can imply different behaviors: effects on the cell adhesion, proliferation, 

morphology, alignment, migration, gene expression and even differentiation are discussed. Finally, we 

conclude with an overview of the importance of LbL assembly to produce defined topographical cues on 

materials against other techniques, highlighting the potential of micro- and nanoengineered materials to 

modulate the cell function and fate.  

 

Keywords: Extracellular matrix; microfabrication; nanofabrication; pattern; topography; cell behaviour; 
cell functions and fate.  

 

                                                        

 
* This chapter is based on the following publication: Sousa M. P.; Arab-Tehrany E.; Cleymand F.; Mano J. F., 
Surface micro and nanoengineering: Applications of Layer-by-Layer technology as a versatile tool to control the 
cellular behaviour, 2019 (in submission process). 
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1.  Introduction  

Conventional LbL assembly is usually based on the sequential and alternatively assembly of 

oppositely charged solutions onto a substrate 1. More recently, other less traditional thin multilayer film 

deposition approaches, often denominated as unconventional LbL approaches have been arising 2. 

Among other, coordination-driven films and certain cellular multilayer films, as well as inkjet deposition 

driven LbL are examples of unconventional LbL methodologies 2b. Numerous reviews have focused on 

the driving forces or the materials used for LbL methodologies 3, or on the production and application of 

2-dimensional (2D) or 3-dimensional (3D) LbL materials 4; even though, a review focusing on LbL 

methodology to fabricate micro and nanoengineered materials is still lacking. Micro- and nanomaterials 

have been reported in literature by their many advantages over macroscale counterparts. Different 

industries, from electronics to information technology, environmental, food safety, energy, homeland 

security and even to medical field, have been exploring micro and nanoengineered materials 5. In the 

medical field, that is especially focused in this review, micro- and nanotechnologies are involved in a 

number of different therapeutics, since drug delivery systems 6 to improved vaccines delivery 7, 

regenerative medicine and tissue engineering 8.  

In biomedical and tissue engineering applications, biomaterials/scaffolds function plays a pivotal part 

on the development of efficient strategies. One of them can be to mimic essential structural and 

compositional aspects of the extracellular matrix (ECM), that comprises a mesh network composed of 

proteins and bioactive agents where the cells are confined into 8b, 9. The ECM provides structural and 

mechanical support and modulates central cellular functions, since it presents features across multiple 

scales capable of interacting with cells and inducing intracellular signalling pathways 9b. Some 

differences have been noted between the different tissues at the ECM level; for instance, vessels are 

composed of amorphous sheets intermittently laden with pits, meshes and grooves 10; on the other hand, 

muscle tissue is made up of many muscle bundles, straight and parallel aligned, that are composed at 

the microscale of hundreds of aligned fibers, organized in packaged myofibril, that are composed of 

thousands of aligned contractile nanofilaments 11.  

Hence different micro- and nanofabrication techniques have been suggested to reproduce some 

ECM features, fabricating or modifying biomaterials/scaffolds for biomedical and tissue engineering 

applications. We decided to focus this review specifically on the use of LbL assembly to control physical 

properties of the material, often reported as a strategy to modulate the cellular behaviour. Among all, the 

versatility, less expensive character and ability to use a wide range of materials make LbL an interesting 

technique to exploit for micro and nanoengineering biomaterials. In this review, we also discuss the use 

of other micro and nanofabrication techniques in combination with LbL to produce surface patterned 

materials for biomedical and tissue engineering applications.  
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2. ECM topography 

Each tissue of the human body presents specific surface topographical structures from the nano to 

the microscale. Since tissues have different functions and are exposed to different stimuli and 

environments, they can be organized in different categories: protective tissues (e.g. skin), electro-active 

tissues (e.g. heart or neurons), shear-stress sensitive tissues (e.g. blood vessels) and mechano-

sensitive tissues (bone or tendon) 8a. Nowadays, Tissue Engineering and Regenerative Medicine 

(TERM) has been exploring the complex multi-dimensional and hierarchical organization of tissues, 

focusing on the interactions between cells and their extracellular environment, pursuing an ideal ECM 

substitute 12. Mimicking ECM properties has been recognized as an effective strategy to generate higher 

levels of complexity of tissue engineering constructs 13, increasing the chances of success. Concretely, 

surface topography is one of the most relevant properties of the material to control cell behavior and 

tissue development 14. 

Typical tissues sizes are in the range of  hundreds to thousands of microns, single cells sizes are 

typically tens of microns and many subcellular elements like filopodia or transmembrane proteins sizes 

are at the nanometer scale – see Figure II-1 15. Therefore, it is clearly understandable that besides cells 

respond to microscale patterned surfaces, they are also able to respond to nanoscale features on the 

materials’ surface 14a. ECM provides an array of interwoven proteins that can provide regulatory 

topographical cues, depending on the source tissue 16. Playing with the surface topography at different 

length scales is crucial to control material-cell interactions, ECM remodeling and cytoskeleton 

rearrangement, being able to trigger specific cellular responses.  

Therefore, the development of patterned scaffolds can tailor cell-substrate interactions 17, providing 

and stimulating specific biological recognition pathways to control the cytoskeletal organization of the 

cells 18. Living systems are hierarchical organized. Single cells are the basic unit of living organisms, and 

still composed of smaller elements that are imperial to keep cells functional; for instance, cells are 

composed of lysosomes that break down macromolecules and destroy foreign invaders. Cells are 

combined in tissues, which are groups of similar cells performing the same function. Analogously, LbL 

assembly offers the possibility to control at different length scales the hierarchical organization of the 

developed materials, as shown in Figure II-1.   

Therefore, LbL assemblies have been used as nano and microfabrication techniques, to produce 

multi-dimensional materials that can trigger specific cell response and be applied for different type of 

tissues. This review firstly addresses the most relevant nano- and microfabrication techniques, that 

combined with LbL technique, simplifies the process of mimicking the complexity of the tissues. Further 

in the review, we discuss how LbL-based patterned materials can trigger different cellular responses, 

highlighting the importance of physical cues on the surface of materials to control specific functions of 

different cell types. 
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Figure II-1. Multiscale hierarchy of different representative tissues. The creation of the macroscopic-scale tissues requests a 
suitable architecture ranging from nanometer- to micrometer-scale elements, up to millimeters. For instance, actin-myosin 
molecular motors are organized as overlapping structures that are assembled forming myofibrils. Cardiomyocytes are organized 
into aligned sheets composed of myofibrils, creating the myocardium tissue. LbL assembly is a versatile technique capable of 
creating multiscale materials, hierarchically organized. Some examples of LbL-based materials applied for biomedical and tissue 
engineering fields are here represented, according with the working range size: (A) click-chemistry-based LbL coatings, 
enabling the assembly at 19, (B) nanoengineering hybrid supramolecular multilayer films 20, (C) nanopatterned freestanding LbL-
based membranes 21, (D) micro-reservoir freestanding LbL-based membranes 22, (E) liquified multilayered capsules 23 and (F) 
porous scaffolds 24.   

 

3.  Fabrication techniques to obtain micro and nano patterned surfaces 

Progresses in surface patterning of materials at micro- and nanoscales opened new knowledge 

about material-cell interactions. Several methodologies have been reported to produce ordered or 

randomly structured surface topographical features, at different length scales. Bottom-up approaches 

can be used with different polymers, being a cost-effective way to create well-organized topographies 

[25]. On the other hand, top-down approaches usually involve the application of external stimuli like heat, 

UV-exposure or pressure to produce thin polymer films with specific geometries [25]. Advanced micro 

and nanofabrication techniques have been developed with increased resolution and precision, being 

often combined with different deposition techniques 25. Among all, LbL assembly has been suggested as 

an interesting adjunct to different micro and nanofabrication strategies, offering a hierarchical control of 

the construction of the multilayer film.  

LbL technique was firstly described in 1991, in a work made by Hong and Decher 1a, as a facile and 

versatile bottom-up method to create multilayer films. Note that besides electrostatic-driven deposition of 

cationic and anionic microparticles had been already suggested in the middle of 1960’s year by Kirkland 

26 and Iler 27, it were Hong and Decher that many years later refreshed this mechanism and developed a 

simple approach based on alternating electrostatic deposition of a wide range of polycation and 
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polyanion species onto a substrate and named it LbL 1a. Initially, LbL was suggested to coat substrates 

with bioactive species, offering higher control and versatility compared to other deposition and 

modification techniques: from polymers, to colloids, to proteins, to bioactive molecules and even to cells, 

different materials have been used, depending on the purpose 4c, 28. By playing with different raw 

materials (composition), their concentration and adsorption time, the solvent composition or even the 

type or shape of the underlying substrate, LbL methodology have some control of physicochemical, 

morphological, mechanical and even biological properties of the film 29. This technology has been mainly 

suggested to assemble multilayered films through electrostatic interactions, but, in the last years other 

type of driving forces have been also proposed, such as covalent, hydrogen or even click chemistry 30. 

Therefore, LbL can be use with a wide range of materials as colloids, synthetic and natural polymers, 

proteins, growth factors, cells or even DNA.   

By carefully combining bottom-up and top-down techniques with selected materials, LbL films can be 

effectively patterned with a sub- micrometer resolution. The use of this technology can simplify both 

lateral and vertical patterning at micro- and nanoscale, allowing the development of patterned materials 

for numerous applications, particularly for biomedical and tissue engineering applications. Lithography 31, 

inkjet 32 printing and simple stacking of bio-based materials 33 were some techniques already used 

together with LbL technique, to produce patterned materials. The patterning step can be previous or 

posterior to the LbL assembly, and the final product can be a simple coating or a freestanding material, 

highlighting the versatility of this technique.  

In this section, we firstly introduce micro- and nanofabrication techniques that can be used in 

combination with LbL assembly, discussing the basic concept of the technology, some of the advantages 

and limitations of each one and the ability to be combined with LbL. A schematic representation of some 

of these micro- and nanofabrication techniques is presented in Figure II-2, as well as the respective 

comparison in terms of resolution with natural systems.  

 

3.1. Bottom-up approaches 

 

3.1.1. Electrospinning 

Electrospinning consists in the application of a high electric field between a charged polymer solution 

and a counter electrode, forcing the solution to pass through a small diameter syringe nozzle, creating a 

fiber 34. The resulting electrospun fiber mats are characterized usually by large surface areas, with 

varying levels of porosity 34b. Depending on the purpose, aligned fibers or random non-woven mesh 

fibers can be produced using this technique, with several centimeters down to tens of nanometers; 

aligned or random fibers have been found to mimic natural tissues architecture 35. To create align 

structures using an electrospinning methodology, alternative collectors should be designed.  
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Figure II-2. Living systems are organized in different levels, with increasing complexity. The most representative micro– and 
nanofabrication methods are represented in terms of range resolution and compared with natural systems at different scales of 
organizational levels. LbL appears as a promising technique to create micro and nanoengineered materials due to its low cost, 
versatility and remarkable ability to produce structured materials from nanometer to macrometer length scales. To ensure the 
fabrication of a well-defined pattern, LbL technique is usually combined with other techniques, such as soft-lithography or direct-
write/inkjet printing.  

 

For instance, a hemispherical non-conductive device with a metal pin in the center and a cooper wire 

around could be used as a collector to originate organized nanofibrous matrix. Kim et. al. 36 fabricated a 

3D hemispherical and transparent nanofibrous scaffold using this strategy, where the fibers were radially 

aligned. Such kind of materials could be useful for the treatment of ocular tissues, guiding the direction of 

collagen and cell action filament in the ECM. Another template collectors can result as a stainless-steel 

mesh; Yazhou 37 fabricated electrospun nanofibers meshes composed of biodegradable poly (ε-

caprolactone) (ε-PCL), with well-organized architecture and pattern. Higher proliferation rates were found 

for patterned ε-PCL electrospun nanofibers when culture with MC3T3-E1 cells, where they grew and 

elongated along the fibers orientation. However, for biomedical and TERM applications sometimes it is 

necessary to modify the surface of those electrospun nanofibers. A possibility is to coat the surface of 
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the material with cytophilic polyelectrolyte multilayers, immobilizing ECM proteins as collagen (COL) on 

the surface of the fibers. Chitosan (CHT) and collagen type I (COL I) were assembly together using LbL 

to create a biomimetic coating on nanofibrous matrices fabricated by electrospinning of PCL and 

cellulose acetate (CA) together 38. Also, isotropic and anisotropic electrospun poly(ε-caprolactone) 

(PCL)/cellulose nanofibers were modified with the LbL deposition of chondroitin sulphate (CS) and COLI 

to engineer functional vascular structures 39. In fact, the development of a LbL-structured nanofibrous 

mats improved the vascularization in vivo, up-regulating the expression of specific ECM proteins, which 

indicates the potential of the material to restore the structure and function of wounded skin or to be used 

as implantable vascular grafts.  

Other bioinspired systems can benefit with the combination of electrospinning and LbL techniques. 

For example, biomimetic superhydrophobic surfaces can be produced by modifying electrospun 

nanofibrous membranes with LbL structured films; titanium dioxide (TiO2) nanoparticles and poly(acrylic 

acid) (PAA) were deposited above nanofibrous membranes to imitate the rough surface of nanosized 

grooves along the silver ragwort leaf fibre axis 40.  

The simplicity of the technique, the ability to control the process and the easiness to scale-up make 

electrospinning a very attractive technique to produce micro to nanofibers from a wide range of 

biodegradable polymers. LbL can be an advantageous complement to electrospinning to obtain 

biomimetic nanopatterned materials.  

 

 
3.1.2. Colloidal particles 

The need of inexpensive, relatively fast and efficient processes to produce highly precise patterns at 

the nanometer scale is still a challenge in nanofabrication field 41. Different methodologies can be 

employed to produce colloidal particles, such as suspension-, emulsion-, dispersion-, and precipitation-

based polymerization 41. The chosen methodology depends on the selected material, usually silica 42 or 

polystyrene (PS) 43. Adjusting the environmental conditions, colloidal particles can be used as building 

blocks to form colloidal nanostructured surfaces, particularly by a self-assembly process 41, 44. As that, 

bottom-up approaches based on bioinspired self-assembly have been reported, with colloidal particles 

being assembled and organized into more complex architectures 41.  

LbL assembly can be combined, in different ways, with colloidal particles to produce micro- or 

nanopatterned surfaces. These particles can be coated with different polyelectrolytes to produce stable 

multilayer micro- or nanostructures 45. Other strategies can be envisaged using colloidal templates: 

Caruso and Moehwald 46 suggested the using of colloidal particles as substrates for nano-scaled LbL 

assemblies. Here, the size of these micro-templates ranges from tens of nanometers to sub-millimeters. 

Hollow capsules of the multilayered assemblies can be obtained by selective dissolution of the core, 

creating a kind of microreactors. In fact, crystalline arrays of silica colloidal particles can also be used as 

porous templates to produce three-dimensional ordered macroporous (3DOM) materials, commonly 

referred as inverse opals 47. These structures are a result of the removal of the template following LbL 

deposition.  



Chapter II Universidade de Aveiro 
 

Page | 16 
 

The LbL assembly of colloidal particles can also represent a patterning strategy, being driven by 

electrostatic interactions and hydrogen bonding 48. Colloidal particles could be selectively deposited on 

patterned films creating colloidal-containing microporous multilayered films 49. Further, LbL deposition of 

colloidal nanoparticles on a patterned LbL film was used as a versatile way to obtain composite colloidal 

structures capable of being adapted to different shaped patterned surfaces 50. 

 

3.1.3. Phase-separation  

 Phase-separation technique comprehends the immiscibility of two specific polymers capable to 

induce a spontaneous polymer de-mixing, creating nano- or microtopographical features 51.  Few 

studies were still reported combining phase separation with LbL assembly 49, 52. Being an easy to 

perform and control technique, phase separation can allow the patterning of non-ordered features 53. 

Therefore, LbL films prepared from weak polyelectrolytes can be deposited on the top of the porous 

phase-separation based substrate 54. When a porous substrate is used, a very rapid deposition of 

polyelectrolytes can result in the formation of an LBL film that lays above the porous substrate, but not 

covering the walls of the pores. This results in a micropattern LbL structure 52, 54. On the other hand, 

under specific stimuli LbL films exposed to a phase-separation process can result in the formation of 

microporous multilayer membranes. For instance, poly(acrylic acid) (PAA) and poly(allylamine) (PAH) 

multilayered films when immersed into acid solutions (pH ≈ 2.4) experimented an irreversible 

transformation in terms of film’s morphology, resulting in a patterned structure at the microscale length 

49.  

 

3.1.4. Direct-write/inkjet printing 

Direct-write/inkjet printing take advantage of a nozzle or a printing head to spatially deposit inorganic 

or organic small molecules, proteins, nuclei acids or even cells onto specific areas of a certain surface 55. 

In this context, direct-write or inkjet printing can be useful as a post- processing technique to 

complement LbL. Different polymeric inks have been suggested to patterned  materials; for instance, a 

novel polymeric ink composed of physically entangled poly(acrylamide) (PAM) chains in a 

photopolymerizable acrylamide solution could be directly patterned in air by a combination of direct-write 

assembly and in situ photocuring above an already formed multilayered film 56. The major advantage of 

this ink is that it can be used in a wide range of surface chemistries. This combined technology enables 

to create microstructure features in both planar and 3D forms of LbL systems that could be applied as 

optical sensors, stimuli-responsive soft materials or structures for TERM. Also, ink-jet based LbL 

assembly was already suggested to create a diversity of features on the multiple self-regulating 

deposition spots of a potential biological surface 57. By alternating solution droplets from ink reservoirs 

that were filled with positively or negatively charged materials, the authors produced multilayered 

nanofilms 57. Using such technology, it is possible to specify size, shape, and materials for each desired 

spot. 
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Direct write printing can be combined with LbL manufacture, being considered a simple and powerful 

strategy to obtain complex structures. Well-defined micropatterned features with nanometer thickness 

and microscopic lateral dimensions are a result of this combining LbL assembly and direct write printing, 

respectively 32, 58. Nowadays, higher lateral resolution has been pursued using this combined strategy, 

particularly by reducing the nozzle dimension and limiting the droplet spreading on highly hydrophobic 

surface. For instance, microscale pH responsive poly(vinylpyrrolidone)/poly(methacrylic acid) (PVPON/ 

PMAA) LbL were directly printed with dots, that diameter decreased from 100µm to 40µm with the 

number of bilayers ranging from 2 to 10, inducing an increasing of the thicknesses from 50 to 500 nm 59.  

 

3.1.5. Nano-and microcontact printing 

Nano- and microcontact printing is based on the pattern transfer from a template to a specific 

material surface 60. The fabrication of organic and inorganic microscale patterned surfaces have 

increasingly interest in medical and electronics applications. For instance, Yang and Choi 61 suggested a 

versatile method to create silica patterns under mild conditions: poly(diallyl dimethyl ammonium chloride) 

(PDADMA)/ sodium polystyrene sulfonate (PSS) were deposited above patterned surfaces, obtained by 

microcontact printing. Biomimetic silicification occurred at PDADMA/PSS-presenting areas. This method 

is not restricted to silica and can be extended to other inorganic materials. LbL technique enables that all 

the processes can be made under mild conditions and aqueous solutions.  

 

3.2. Top-down approaches 

 

3.2.1. Lithographic techniques 

 Photolithography is a widely and well-known micro and nanofabrication technique, that was mainly 

developed in the microelectronic industry but rapidly applied in other fields. Briefly, in this technique 

there is a photoreactive material that is coated onto a substrate, typically a Si wafer. Using a mask with 

micro or nanoscale features, previously designed on a computer-aided assisted (CAD) software, it is 

possible just expose selective areas of the photoreactive material. Therefore, upon ultraviolet light (UV) 

exposure, the photoreactive material can polymerize, degrade or crosslink with the unwanted parts of the 

material being dissolved in an organic solvent 62. The resulting patterning can be used as that or can act 

as a master. Different resolutions can be achieved with this technique, depending on the wavelength of 

the UV-light and the type of mask used, ranging from about 5 nm 63 to thousands of microns 64. 

Nowadays, photolithographic technique has been increasingly applied for biomedical and TERM 

purposes and used in numerous investigations about the influence of nano- and micro-scale 

topographical features on the cellular behaviour. For instance, Qi et. al. [60] used photolithography to 

fabricate patterned Si wafers with different topographical features: linear, circular and dots micropatterns 

with different sizes were compared considering their ability to enhance neuronal differentiation. 

Photolithography can be used alone, being the patterned wafers the testing surface, or combining with 

other deposition techniques, as LbL. In biomedical and tissue engineering photolithography and LbL 
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were combined to investigate how cells react to different micropatterned polymeric films 31 Lithography 

offers he ability to create precise and even complex two-dimensional (2D) or three-dimensional (3D) 

structures at nano- and microscales. In turn, LbL enables to play with a wide range of materials and quite 

precise reproduction of the shaped-structures presented designed by topography. Their combination 

results in a very versatile strategy to produce patterned biomaterials. Overall, photolithography-assisted 

LbL allows the formation higher resolution templates where polyelectrolytes can be deposited, creating 

complex patterns that, depending on the chosen materials, could be applied for biomedical and TERM 

purposes. The LbL-based multilayers can be a part of the systems together with the underlying template 

or can be detached, originating a self-supported material.  

Soft lithography represents a family of micro and nanofabrication techniques that take advantage of 

a soft and flexible elastomer material, often polydimethylsiloxane (PDMS) to create a micro to sub-

microscale features onto a material’s surface 65. Being an advanced lithographic methodology, this 

technique also involves the production of a master template that is used to emboss the structures onto 

the elastomer. Although, soft lithography can overcome the limitations of photolithography with curved or 

non-planar surfaces 62b. Patterned PDMS can be used within other techniques as micromodeling, nano- 

and microcontact printing, embossing, microfluidics and LbL. Combining soft-lithography with LbL can 

occur in different ways: printing, molding or embossing the PDMS structure on the surface of the 

multilayer film material or constructing a LbL-based system above the patterned PDMS substrate. For 

instance, polyelectrolyte multilayers presenting an array of microgrooves were already produced by 

layer-by-layer assembly on patterned PDMS molds and compared with polyelectrolyte complexes 

prepared in the same conditions 66. For biomedical and tissue engineering applications, microstructured 

PDMS substrates can be functionalized with ECM components; poly(L-lysine) (PLL)/ hyaluronic acid 

(HA) LbL films were deposited above microstructured PDMS templates to investigate muscle cell 

alignment and differentiation67. Freestanding LbL membranes can be obtained 22, as a result of the 

combination of soft lithography with LbL assembly of CHT and ALG; in the end, these patterned 

membranes were easily detached from the PDMS template, creating an unique platform for medical 

applications.  

 

3.2.2. Microfluidics 

A microfluidic substrate offers a set of fluidic unit operations, prepared to be easily combined with a 

well-defined microscale design. This platforms are typically used for miniaturization, automation and 

parallelization of biochemical processes, using the resulting channels to deliver a specific solution to 

restricted areas of the substrate 68. The elementary microfluidic unit is a microvalve, that is usually 

composed of a planar glass substrate and an elastomeric layer containing the fluidic microchannels 69. 

One of the advantages of this technology is the fact that two or more streams of laminar flow can be 

generated, connected and managed, providing a unique technology to pattern cells and their 

environments 68, 70. 

 Polymer microscale materials patterned with grooved microstructures can be produced using a 

microfluidic system. In this context, Kang et. al. 71 reported the fabrication of alginate microfibers 
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patterned with grooved microstructures, by introducing a sheath fluid with a high-speed flow rate. 

Grooves could be engraved on the surfaces of the flat fibers in the longitudinal direction, with effective 

control over the number and dimensions of micrometer-scale. The effectiveness of the technique was 

confirmed by SEM observation. Microfluidics can be also used to pattern 3D monolithic microscale 

structures made of multiple type of materials inside a microchannel. Briefly, the authors 72 used confocal 

scanning or conventional fluorescence microscopy to polymerize selected regions of a photocurable 

material, and microfluidics to automate the delivery of a series of washes and photocurable reagents. 

Upon completion of these cycles, it was possible to produce aligned 3D microstructures with different 

geometries, size scales (up to 1 mm2), and materials. 

Mimicking 3D chemical and particularly spatial architecture and composition of native tissues is still a 

challenge for microfluidics. As that, LbL can be combined with microfluidics, resulting in a powerful tool 

to study how spatial features can control different function of cells. Biopolymer solutions have been 

employed for the creation of 3-D patterns inside channels. For instance, a capillary flow -based 

microfluidic device was suggested to produce different multilayer films, creating a kind of high-throughput 

system of LbL films. The resulting LbL-coated microfluidic platform has a great potential to study the 

behaviour of the cells 73.  

 

4. LbL assembly to obtain micro- and nanopatterned surfaces 

Until now, there are many reviews on LbL technology 2b, 4c, 28b, 30, 74 focusing not only on the chosen 

materials or the driving forces of the deposition but also on the control of the film properties or on their 

specific applications. Instead, this review focuses on LbL approaches to produce multilayer films with a 

defined topography at micro- or nanoscale- see Figure II-3 for some schematic examples. As already 

referred, patterned multilayers can be created by constructing the multilayers above a pre-patterned 

substrate, fabricated using the abovementioned techniques, or by modification of an already prepared 

LbL-based material 21-22. The pattern is engraved in the multilayer film during or after the deposition of 

the polymeric chains, with a sub-micrometer fidelity. The LbL assembly of 3D bio-based materials above 

patterned substrates can be capable of creating 3D complex architectures, composed of different type of 

cells and  ECM proteins 33. 

The ability to control vertically and horizontally different properties of the film makes patterned LbL 

films excellent substrates to apply in optoelectronic 75, drug screening 76 or even tissue engineering 77 

fields. Therefore, to be able to combine the ability to tailor the properties of the film with the possibility of 

having a patterned topography, some variations have been applied to conventional LbL using flat 

underlying substrates78. An overview of the fabrication, characterization and properties of patterned LbL 

films is now presented.  
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Figure  II-3. Examples of LbL-based strategies to produce multilayer patterned materials. These strategies range from 
conventional (dipping LbL) to non-conventional LbL approaches and are representative of the existent LbL-based 
methodologies to fabricate nano- or microengineered materials. Conventional dipping LbL assembly can be performed with 
already patterned underlying substrates (made by lithographic techniques or bought as that). In the end the LbL film can be 
used as a freestanding material/membrane or a coating. A soft-lithography based LbL strategy can derivate from the 
polyelectrolyte deposition above patterned PDMS substrate: different ECM proteins can be deposited above the patterning 
material to produce a biologically-inspired system. Direct-write and inkjet printing can be directly used to pattern LbL-based 
films. Microfluidic PDMS can be used with different polyelectrolytes to create a patterned LbL film, that resembles the channel 
path. 

 

4.1. Micropatterning strategies using the LbL assembly 

Microfabrication methodologies are a standard strategy in the electronic industry, but also for 

biomedical and tissue engineering fields, especially to investigate how the surrounding environment 

influences cell processes. The microscale structures can be built within the bulk of the material or just on 

the surface of the substrate, using techniques as photolithography, soft lithography or film deposition. As 

refereed in the previous section, LbL has been combining with other techniques to obtain micropatterned 

structures.  

In this context, different approaches can be trailed. A micropatterned LbL system can be attained by 

depositing a LbL nanolayers above a micropatterned substrate or by modifying a LbL film with 

microscale features. For instance, using a microfluidic device, it is possible to generate gradients of 

biochemical and physical cues on PEM films. Hyaluronan (HA) and poly(L-lysine) (PLL) nanolayers were 

deposited above a glass slide 79. This system was placed in contact with a PDMS microfluidic device 

containing straight and parallel microchannels to spatially modify the polyelectrolyte multilayer with 

specific biomolecules (see Figure II-4A). After that, the PDMS microfluidic device removed and it 

resulted in a PEM film with a micro-gradient of the biomolecule of interest. LbL technique can also be 

used to construct a multilayer system above a micropatterned substrate, that can be further removed. 

Figure II-4B represents a LbL approach to fabricate sculptured multilayer film. Lin et. al. 80 firstly 
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produced a sacrificial micropatterned substrate, made of PS, by using capillary transfer microprinting 

technique. Then, the LbL film was fabricated above this substrate and in the end the process the 

polystyrene material was released by dissolution, obtaining a square micropatterned LbL membrane. 

The most usual strategy to produce micropatterned LbL structures is based on the combination of 

lithographic substrates followed by LbL deposition. Another strategy is represented in Figure II-4C, 

where a glass substrate was firstly with a pre-layer of self-assembled polyelectrolytes 81. Then, a 

photoresist pattern was placed right above and the LbL technique was employed to construct a gelatin-

fibronectin film. Finally, a liftoff approach was performed to remove the photo-resist and obtain the 

microfabricated multilayer film. Chien et. al. 82 produced LbL multilayer films composed of PAA/PAM with 

interwoven PAA conjugated with 4-azidoaniline. Covering the film with a photo mask and applying a UV 

irradiation, the uncovered areas were crosslinked, and the covered areas were then rinsed away with 

alkaline water; this resulted in a micropatterned surface (see Figure II4-D). Also, self-assembly 

monolayers (SAMs) have been reported to fabricate micropatterned materials: 83 SAMs functionalized 

with specific end groups (with the ability of promoting or preventing adsorption) were selectively attached 

to a metal oxide surface. Then, during the LbL assembling specific areas promoted adsorption of  the 

polyions while the remaining areas prevent adsorption. This resulted in a micropatterned thin multilayer 

film (see Figure II-4E).  

 

 

Figure II-4. Schematic representation of some examples of microfabrication methodologies to produce patterned LbL-based 
materials. A) Polyelectrolyte multilayer (PEM) film construction on a glass slide and the formation of a surface gradient of 
biomolecules on PEM films 79. B) Fabrication of sculptured LbL films by combining microstamping and sacrificial templates and 
scanning electron microscopy (SEM) image of the freely suspended LbL film with a square pattern 80. C) Self-assembling of 
PEM on a glass substrate after lithography 81 D) Micropatterned polyelectrolyte multilayer after UV exposure films. Deposition of 
PEM films on amino-glass, followed by UV exposure 82. E) Cycles of the LbL process using an adapted slide stainer, producing 
as result a film with one polyion pair 83.  

 
Table II-1 resumes some of the most important works reporting LbL assisted methodologies to obtain 

patterned surfaces at the microscale level. 
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Table II-1. Literature survey of some of the existent works on microscale patterned materials, produced by single or combined 
LbL technique, highlighting the type of features, the respective dimensions and the used materials 

Feature 
type 

Dimensions 

Material 
Width/ 

Diameter 
Gap/ 

spacing 
Depth/ 
height 

Organize
d fiber 
mesh 

200µm 400µm 
----------

- 

PCL scaffold coated with modified 
hydroxyapatite nanoparticles and collagen 

type I 84 

Pillars 1.25-9µm 18µm 2.5µm (PDAC/SPS)10 coated PDMS 77 

Grooves 6.5/69µm 
3.5/ 

43µm 

1.29-
0.109µ

m 

Glass slides coated with PAA/PAH 
multilayer films, that were then imprinted 85 

Tuned 
well 

arrays 
500µm 200µm 38µm 

Freestanding (CHT/ALG)100 multilayers 
patterned with tuned well arrays and 

crosslinked with genipin 22 

Stripes ------------ ------------ --------- Patterned multilayer films (DAR/PAA)10 
86 

Stripes/ 
Circles 

~50µm/ 
300µm 

~50µm/ 
200µm 

---------- 
UV-irradiated (PAA/PAM)10 films with 

different PAA–Az densities 82 
Different 
features 

1-100µm ------------ --------- 
(CHT/SWNT)n and (CHT/AuNP)n LBL film 

deposited above glass slides 75 

Ridges ~6µm ~4 µm 
0.05-
0.5µm 

(SPS/PDAC)n multilayer films above 
COOH SAM surface 83 

Stripes/ 
Nano 

particles 

5µm/ 
78 and 
150 nm 

------------ ---------- 
Patterns of multiple types of nanoparticles 
on one 4-inch Si wafer coated with [(PDDA 

/PSS)2 (PDDA/ PS)] LbL film 87 
Circles 
holes 

100µm ------------ 0.06µm 
Patterned cell culture on HA/collagen 

glass surface 88 
Cylindric
al holes 

15-150µm ------------ ---------- 
HA/PLL layering approach to pattern co-

cultures 33 

Ridges 2.5µm ------------ 
0.160 
µm 

(MPS/PPV) sculptured LbL films 80 

Squares 20µm ~80µm ---------- 
sPLA2/gelatin, sPLA2/PLL and 

sPLA2/BSA substrates coated with 
(PDDA/PSS)3multilayer films 89 

Stripes 80/100 µm 
240/300 

µm 
0.06/ 

0.15µm 

Patterned substrates coated with different 
LbL film combinations: (PSS/PDDA)5, 

(PSS/PDDA)10; (CS/PEI)4/CS, 
(CS/PEI)9/CS; (PSS/PEI)5, (PSS/PEI)10; 

(PSS/Collagen)5, (PSS/Collagen)10; 
(PSS/PEI)4/PSS, (PSS/PEI)9/PSS 90 

Different 
features 

Until 25 
µm 

------------ 
0.007-
0.127 

nm 

sADH patterns on a PEM (10.5 
PDAC/SPS bilayers) coated glass 

substrates 76 

Stripes/ 
Squares 

60/80/ 
100µm 

------------ --------- 
(PSS/TR-PAH)2/(gelatin/TR-PAH)4/gelatin 
and (PSS/FITCPAH)5/fibronectin patterned 

substrates 81 

Stripes 
25/50/ 
150µm 

µm 
------------ 

0.03-
0.2µm 

Micropatterned PEM (PAH/PSS)5 and 
(pARG/DXS)5 coated glass 91 

Grooves 
5/10/30/ 
100µm 

5/10/30/ 
100µm 

4µm 
Micropatterned PDMS coated by a (PLL/ 

HA)12-PLL multilayer film 67
 

Pyramids 
Base 

250µm 
------------ 900µm 

Microneedle arrays coated 
with DNA-carrying (PS/SPS)n-(Poly-1/Cy3-

pLUC) nPEMs films 92 
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4.2. Nanopatterning strategies using the LbL assembly 

With the progress of technology, the search of increasingly controlling size and miniaturization 

triggered the development of nanofabrication techniques, which integrates the production of materials, 

components or features down to the nanoscale. Nowadays, advances on nanofabrication relies on the 

scalability, controllability and reliability of even smaller features. The different nanofabrication methods 

are usually classified into bottom-up and top-down approaches. For the bottom-up, nanoscale materials 

are constructed from atomic or molecular units that can grow or be self-assemble into more complex 

structures 93. This usually relies on deposition methodologies and molecular self-assembly processes. 

On the other hand, for the top-down approach, nanoscale structures are constructed through the 

controlled removal of materials from larger or bulk solids, often produced by lithographic techniques or 

chemical-based processes. Micro to nanoscale patterned surfaces can be also produced by combining 

lithographic and LbL technologies, with the ability of integrating different type of materials; different 

resolution can result from using different materials. Multilayers composed of chitosan, single-walled 

nanotube (SWNT) and gold nanoparticles were assembled above glass slides (Figure II-5A1) 75; then, 

direct-write maskless lithography was used to produce for instance prototypal concentric spiral pattern 

from the multilayer film nanocomposite – see Figure II-5A2. The authors reported that gold nanoparticle-

based films had better accuracy and higher resolution in direct-write patterning than SWNT films, 

probably due to the granular morphology rather than fibrous nature of the SWNT.  

 

 
Figure II-5. Schematic representation of some examples of nanofabrication methodologies already reported in literature to 
produce patterned LbL-based materials. A1) LbL composite synthesis using CHT and SWNTs, considering that the assembly of 
the gold nanoparticles multilayers followed the same basis 75. A2) Direct-write (maskless) lithography and patterning process 75. 
B1) Polymer-on-polymer stamping fabrication of a nanomembrane containing patterned gold nanoparticle arrays using a PDMS 
stamp 94. B2) Large-area SEM image of gold nanoparticle arrays on a PAH/PSS on a Si substrate, with a diameter histogram of 
gold nanoparticles in the inset 94. C) PAH/PAA multilayer patterning on cross-section surfaces of PEM films 95. D1) Si master-
template formation and double replication to construct nanopillars on the target substrate 96. D2) SEM image of the cross-
section between the nanopillars and the mold displaying spontaneous detachment of the nanopillars from the mold walls after 
curing 96. E) MWNT multilayer pattern transfer process: LbL assembled MWNT multilayer directly on top of patterned PDMS 
was stamped onto the receiving substrate 97. 
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Table II-2 resumes some of the few works reporting LbL assisted methodologies to obtain patterned 

surfaces at the nanoscale level. 

 

 
Table II-2. Literature survey of some of the existent works on nanoscale patterned materials, produced by single or combined 

LbL technique, highlighting the type of features, the respective dimensions and the used materials 

Feature 
type 

Dimensions Material 

Width/ 
Diameter 

Gap/ 
Spacing 

Depth/ 
height 

CNTs-
based 
matrix 

1710nm -------------- ---------------- Free-standing matrix based on 
[(PEI/MWNTs)5(PEI/PSS)]n 

98 

Grooves Ranging 
between  

650-850nm 

~500nm Ranging 
between 

200-500nm  

Nanogrooved freestanding 
(CHT/CS) multilayer membrane 99 

Columns 150nm -------------- 1-2µm PEM-assisted fabrication of 
non-periodic silicon nanocolumn 

substrates 100 
Fibers 392-541nm -------------- ---------------- Biomimetic nanofibrous matrices 

via co-electrospinning of PCL/CA 
coated with CHT and 

type Ⅰ collagen multilayer film 101 

Stripes 500 nm -------------- ---------------- PEMs of PAA/PAH deposited onto 
nanostriped surfaces, generated 
using the cross-section surfaces 

of EAA/LLDPE multilayers 95 

 

 

5. Applications in the biomedical and TERM fields 

The first evidence of cell response to topographic features appeared in 1911, resulting from the 

experiments of Harrison et. al. 102; it was found that cells grown within the fibers of a spider’s web. 

Almost 100 years after, Curtis 103 reported that cells are for sure sensitive to topographical sub-millimeter 

features. Different nano- to micro-sized geometrical features presented on material surface’s topography 

were investigated as capable of inducing specific cell responses. Notwithstanding, different cell types 

can give different responses to similar stimuli 14b, 104, as discussed along the next sections.  

Micro and nanopatterned LbL-based surfaces have been nowadays suggested for biomedical 

and TERM purposes and can overcome some drawbacks presented by other fabrication techniques, as 

already discussed above. In this review, more than discussing the different approaches to obtain lateral 

patterned surface engineering using LbL approaches, we also highlight possible cellular responses to 

such kind of surfaces. 

Different cellular response can result from these micro or/and nano topographical stimuli: surface 

micrometric topography are generally related with cellular adhesion, morphology, migration and 

organization while nanoscale patterned substrates are more prone to influence cell functions, as 

proliferation, differentiation, alignment or gene expression 105. Parameters like the patterning features’ 
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dimensions, thickness, shape or repeating space as well as the presence or not of specific immobilized 

molecules are responsible of affecting the cellular response.  

Cell adhesion is the first cellular event that responds to microenvironmental cues, guiding action 

and microtubule networks assembly and orienting the construction of cell internal architecture and 

establishing cell polarity 106. Consequently, the resulting spatial organization regulates cell growth and 

differentiation and the intercellular coordination propagates spatial information to influence the 

mechanical and functional activity of the tissue 106-107. Figure II-6 shows some examples of LbL-based 

methodologies to produce micropatterned surfaces, particularly for biomedical and TERM applications. 

Figure II-6A represents an investigation reported by Picart et. al. 67, where it was suggested the 

engineering of muscle tissue using microstructured polyelectrolyte multilayer films made by a LbL 

methodology. A PDMS substrate with a biomimetic PEM coating composed of PLL and hyaluronic acid 

(PLL/HA) was suggested for skeletal muscle tissue engineering; different widths of microgrooves (5, 10, 

30, and 100 µm) were tested to guide skeletal muscle cell differentiation into myotubes. Different 

grooves’ width may result in differentiated cell behavior. Particularly for this example, authors found, for 

all the grooves’ width, favorable conditions for both the formation of parallel-oriented myotubes and their 

maturation. As observed by fluorescence images in Figure II-6A, the myoblasts were all pre-aligned to 

the grooves before their differentiation, with the highest aspect ratio and orientation of nuclei for the 5 

and 10 µm grooves width. Overall, the authors showed that the combination of the LbL coating with the 

PDMS could be a powerful tool to muscle tissue engineering where alignment and orientation must be of 

extreme importance. Other geometries have been suggested, but with different purposes; for instance, Li 

et. al. 81 fabricated gelatin/fibronectin (FN)-coated micropatterns with different geometries to study how 

rat aorta smooth muscle cells (RASMCs) responded. The spreading of the cells depended on the 

geometry of the pattern features; as shown in Figure II-6B, groove/strip features constrained cell growth 

beyond the patterning while square patterns could not do that over time and confluence. 

Microfabricated surfaces have been gaining more importance for TERM field since such kind of 

substrates allow to reconstruct better tissue-like environment for in vitro assays than classic cell culture 

methods; it has been reported as an efficient strategy to study the response of a cell to environmental 

cues. Moreover, it also can act as a multiple reservoir for different bioactive agents, like cells growth 

factor or even drugs. In this way, Martins et. al. 22 developed a technology that involves the use of a 

patterned PDMS substrate and consequent LbL assembly of CHT and ALG to obtain a freestanding 

multilayer membrane with a tuned array of micro-wells, that can inclusive works as a one-side porous 

material- see Figure II-6C. Cultured osteoblast-like cells tended to migrate to the wells (fluorescence 

image of Figure II-6C). This concept has real potential to produce patches able to delivery specific 

bioagents or as cell carrier patches for regenerative medicine. Other investigations have been done with 

this purpose: Chien. et. al. 82 also combined LbL assembly and photolithography to produce PAA 

conjugated with 4-azidoaniline was interwoven in PAA/PAM multilayer films, where after UV exposure 

through a photomask, the uncovered areas were crosslinked and the cover areas were rinsed away by 

alkaline water, creating the micropatterns – see Figure II-6D1. The cellular adhesion was then limited to 

the base substrate (cytophilic), but by modifying the surface chemistry of the substrate with bioactive 
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agents the authors could switch the cell behavior. Figure II-6D shows the formation of a cell co-culture 

system of C3A hepatocytes (Figure II-6D2) and L929 cells (Figure II-6D3), that has been reported to 

promote liver functions. This methodology could be included in a highly flexible system to produce 

micropatterned PEM films for controlling cellular distribution, adhesion and grow. Similar methodologies 

were reported 33: for instance, LbL deposition of polyelectrolyte solutions above HA micropatterns was 

used to immobilize cells and proteins to glass substrates. Figure II-6E1 represents the optical image of 

HA pattern on a glass substrate, before washing, Figure II-6E2 shows the fluorescence image after FN 

adsorption, that was preferential on the glass circular areas. After FN adsorption, the fibroblasts adhered 

on the FN-treated patterns- see Figure II-6E3. The potentiality and versatility of this technique was 

shown through patterning different cell types, as embryonic stem cells (ECs) (Figure II-6E4), or even co-

culture systems. Therefore, micropatterned surfaces have been successfully used to create controlled 

cellular co-cultures for cell–cell interaction studies and tissue engineering applications.  

Overall, diverse studies have demonstrated that micropatterned materials either corresponding to 

surface chemistry or topography changes, can affect cell adhesion, proliferation, differentiation, and 

gene expression. 

 

 

Figure II.6. Using LbL-based methodologies to produce microscale patterned materials to control cellular behavior. A) Nuclei 
staining (Hoechst) and vinculin immunostaining of cells grown out of the micropatterns of increasing width, scale bar 50 mm. 
Aspect ratio of nuclei (length over width of the equivalent ellipse) as a function of the width of the micropatterns and orientation 
of nuclei with considering to the main axis of the micropatterns (*p < 0.05, **p < 0.001) 67. Fluorescence images of thin film 
patterns after liftoff B1) (PSS/TR-PAH)2/(gelatin/TR-PAH)4/gelatin and B2) (PSS/FITCPAH)5/fibronectin. SMCs cultured on 
fibronectin-coated patterns after 2 days 81; B3) strip pattern and B4) square pattern 81. C) Top-view images of the SU-8 molds 
obtained by UV photolithography, the second and third row correspond to SEM images (top-view and 45° tilted view) of the 
freestanding (CHT/ALG)100 membranes produced by LbL using the PDMS templates produced using the above molds wells; 
triangles and stars. Note that the white drawings highlight the geometric feature of the obtained pattern. Global aspect of a 
patterned and crosslinked (CHT/ALG)100 /fibronectin membrane upon 7 days of culture 22. D) Procedure for seeding of C3A cells 
and L929 cells on the micropatterned PAA/PAM multilayer film for co-culture. C3A cells were first inoculated in a serum-free 
medium and attached on the collagen-immobilized PEM regions. After unattached cells were rinsed away, L929 cells were 
seeded at serum-contained condition 82. After 3 days of culture, D1) cell morphology was observed by phase contrast 
microscope, D2) cell nuclei were stained with DAPI, and D3) albumin synthesis in C3A cells was visualized by immuno-
fluorescent staining. The diameter of circles was 300 mm and the distance between circles was 200 mm. E1) Optical image of 
an HA pattern on a glass substrate prior to washing 33. E2) Fluorescent image of fibronectin adsorption on the surface of an HA 
pattern 33. E3) Fibroblast adhesion on the surface of FN-coated HA pattern. E4) Murine embryonic stem cells adhesion on the 
surface of FN-coated HA pattern 33. 
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Nanopatterning is already a well-established concept in tissue engineering field, but it can still 

progress in the next years in both fundamental mechanistic understanding or in technological 

developments. Cells recognize and attach to the extracellular environment through cell receptors, which 

are organized at the nanoscale scale 108. The most known cell adhesion receptors are the group of the 

integrins, that have approximately 10 nm in diameter; these units cluster to form Focal Adhesions (FAs), 

needed to stablish strong cell adhesion as well as intracellular signaling pathways, and that usually are 

between 10 and 200 nm 108-109. Therefore, nanopatterned surfaces have been developed to mimic ECM 

and concretely to modulate the cell-adhesion event. Most part of cell investigations using nanopatterned 

materials have been reported similar geometries as grooves, columns or pits. Each kind of geometry is 

used with different purposes, and depending also on the sizes, it can influence cell events as cell 

adhesion and proliferation, morphology or even differentiation. Indeed, the presence of the patterning 

features can increase or decrease cell adhesion, influence alignment within the pattern direction, or even 

alter genotypic expression. Until now, very few works reported the production of nanopatterned materials 

obtained using a technology-assisted  LbL, to modulate cell behavior. For instance, Lee et. al. 100 

fabricated vertical Si nanocolumns arrays (vSNAs) materials using a combined methodology of LbL and 

sphere lithography. To allow large scale fabrication of vSNAs, the authors decided to use an adherent Si 

surface that can strongly hold individual masks in a non-periodic pattern but not in a non-closed packing- 

see Figure II-7A1. Si surfaces were coated with PAH and poly-(sodium 4-styrenesulfonate) (PSS) 

adhesive films using a LbL technique, and these films were then easily removed by gas-phase etching 

without really affecting vSNAs. Another interesting fact is that the nanocolumn geometric factors, such as 

the diameter, height, density, and spatial patterning, could be fully controlled in an independent manner- 

see Figure II-7A2. As result, the authors demonstrated that cells adhered differently to these LbL-

modified patterned surfaces (Figure II-7A3 shows the vSNAs surface and II.7A4 the flat one), with 

smaller cell area and uninterrupted motility on the vSNAs surface. Additionally, the Live-Dead images on 

the inset of Figure II-7A3 and II-7A4 show that both patterned and flat surfaces supported viable 

neuronal cell culture. Also, the fabrication of nanogrooved LbL-based materials were reported: Sousa et. 

al. 99 used a LbL technology to produce freestanding multilayer membranes made of CHT and 

chondroitin sulfate (CS), using an optical media substrate as mold. The SEM and Atomic Force 

Microscopy (AFM) images presented in Figure II-7B1 and II-7B2 represent the freestanding multilayer 

membranes when crosslinked with genipin; even when crosslinked the patterning was maintained. 

Figure II-7B3 and II.7B4 show the fluorescence images corresponding to the culture of L929 fibroblasts 

and C2C12 myoblasts on the multilayer membranes, respectively. Both type of cells seemed to have 

similar behaviors: more cells adhered to the crosslinked membranes and patterned surfaces seemed to 

present more elongated cells since the first day of culture.  

 

5.1. Engineering the micro- and nanoscale topography to modulate the cellular adhesion and 

proliferation 

 Adherent cells need to anchor to the surface to grow and proliferate on the material, otherwise they 

can enter in a quiescence or apoptotic phases 110. Different LbL-based material’s  properties have been 
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investigated by influencing cellular adhesion 111. Surface topography has been gaining special attention. 

The process of cellular adhesion involves three main phases. Firstly, the cells adhere to the material’s 

surface through specific cell membrane receptors forming the FAs. Then, more and bigger FAs sites are 

created, and the cells start to spread all over the surface and orient themselves according with the 

material’s topography. Consequently, the cells start to proliferate, divide and multiplicate. Note that the 

formed FAs are composed of proteins, which are involved in a direct physical connection of the cell 

membrane with the nuclear membrane or in an indirect signaling pathway via activation of kinases 112. In 

fact, either via direct or indirect signaling, the integrins are the point of entry for transmitting information 

from surface properties, concretely topographical features, to the nucleus. Once FAs sites are created, 

cells start exploiting their surroundings through filopodia 112-113. If filopodia can fix appropriately on a 

topographical feature of the surface using wide FAs, bigger cell protrusions are produced; as a result, 

the cells extend or migrate in this direction 113b, 114. On the other hand, if cells encounter an obstacle the 

extension of filopodia is limited and protrusions are significantly smaller 114-115. After adhesion and 

proliferation, cells can maintain the acquired shape and conformation due to the pre-stressed state that 

creates an equilibrium between the tension of microfilaments and the compression of the microtubules of 

the cell cytoskeleton 113a. 

 

 

Figure II-7. Using LbL-based methodologies to produce nanoscale patterned materials to control cellular behavior. A1) 
Schematic of randomized non-close packed nanosphere lithography using polyelectrolyte-multilayers compared with the 
conventional close-packed nanosphere lithography 100. A2) Schematic of the vSNA preparation employing non-close packed 
nanospheres, demonstrating large-scale fabrication, independent control over the nanocolumn geometry, array patterning, and 
cellular interface applications 100. Laser confocal fluorescence microscopy images of actin-labelled fibroblasts on the A3) vSNA 
and the A4) flat substrates with inset images of the Live/Dead assay results (scale bars: 10 μm, inset 100 μm) 100. B1) SEM 
images of the cross-section of the patterned [CHT/CS]300 multilayer membranes. The scale bars represent 5 μm 21. B2) Atomic 
force microscopy (AFM) image of the patterned crosslinked [CHT/CS]300 multilayer membranes in liquid 21. Representative 
images of B3) L929 fibroblasts and B4) C2C12 myoblasts, over the different membranes. DAPI–phalloidin fluorescence assay 
culture on flat and nanopatterned [CHT/CS]300 membranes, with or without crosslinking 21. Cells nuclei are stained in blue by 
DAPI and F-actin filaments are stained in red by phalloidin.  

 

Kidambi et. al. 77 investigated the influence of the topography of the materials’ surface on cell 

adhesion and proliferation: PDMS surfaces were produced with circle-shaped patterns with different 
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diameters but fixed height of 2.5 µm. These materials were coated with (PDAC/SPS)10 polyelectrolyte 

multilayers, with SPS as the topmost surface, maintaining for all the conditions the same surface 

chemistry properties. Different cell lines were tested with such kind of materials; primary hepatocytes, 

3T3 fibroblasts and HeLa cells had similar behavior in terms of cell adhesion, as observed in Figure II-

8A. After 8 hours, it was observed a decreasing of cell number with increasing of the diameter of the 

circle features. Considering the proliferation rate of these cells when cultured above these materials, the 

authors reported a linear increase over time in the number of 3T3 fibroblasts and HeLa cells for TCPS, 

PEM-coated PDMS, P1, P2, and P3 (smaller diameters). The proliferation rate was much lower on the 

P6 and P9 surfaces, being very close to zero for the P9 surface as well as for uncoated PDMS surfaces 

(see cells number for 8, 24 hours and 3 days in Figure II-8A). In turn, Mohammed et. al. 89 reported a 

versatile method based on the combination of LbL and photolithography, to fabricate micropatterns of 

bioactive nanofilm coatings. These surfaces contained secreted phospholipase A2 (sPLA2), a known 

membrane-active enzyme for neurons, for direct comparison with gelatin PLL, or bovine serum albumin 

(BSA) and were tested with neuronal cells. Figure II-8B1 and II-8B2 show the merged images of phase 

contrast fluorescence images of the FITC-labelled sPLA2 nanofilm micropatterns at 1 day of culture while 

Figure II-8B3 presents a merged image of cells plated onto TRITC-BSA nanofilms. It could be observed 

that the cells attached specifically to the square patterns. The authors estimated that approximately 70% 

of the sPLA2 squares are occupied while a little adhesion is observed on non-sPLA2 surfaces. The high 

binding affinity to the squares patterns makes cells crowd onto the surface and then appear to go 

beyond the pattern boundaries. Different geometries were fabricated, to investigate their influence on 

cellular adhesion and proliferation. Naturally having columns areas will originate different cellular 

responses than grooves, squares or even circles.  Khademhosseini et. al. 33 used LbL deposition above 

HA micropatterns to pattern cellular co-cultures of hepatocytes or embryonic stem cells (ES) with 

fibroblasts. The percentage of fibroblasts seeded that were adhered after 6 hours is represented in 

Figure II-8C. Cells really adhered to PLL-treated HA patterns and the % of cells seeded that adhered 

after 6 hours was significantly higher than HA micropatterns: indeed, PLL treatment was considered a 

switching agent, with the ability of reversing the cytophobic character of the HA surface to cytophilic. 
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Figure II-8. A) Phase contrast microscope images of circle patterns on PDMS surfaces of varying diameters. All the patterns 
have constant pitch distance (center to center) of 18 mm and height of 2.5 mm (scale bar, 50 mm). Cell number per projected 
area of the different surfaces used in the study, determined after 8 hours, 24 hours and 3 days of culture 77. Specific attachment 
of neurons to FITC-labeled sPLA2 nanofilm micropatterns. In all images, green squares are FITC-labeled sPLA2 nanofilm 
micropatterns, and cells are at 1 day in vitro: merged images of B1) and B2) phase and FITC-labeled sPLA2 nanofilm 
micropatterns and B3) of cells plated onto TRITC-BSA nanofilms 89. C) Adhesion of NIH-3T3 cells on various surfaces. Cells did 
not adhere to HA or HA coated surfaces that were FN treated. In contrast, cells adhered to PLL treated HA surfaces at similar 
levels as PLL treated glass surfaces, indicating that PLL can be used to switch the surface properties of HA 33. 

 

5.2. Engineering the micro- and nanoscale topography to modulate the cellular morphology 

After adhering cells start to adapt to the topographical features of the material surface, because of 

the formation of FAs sites to the material. The FAs conformation is dependent on geometry, distribution 

and dimensions of the topographical features 116 and can result in changes cell morphology 117, shape 

117b, 118, alignment 119 and even cell differentiation 117b, 120. Different cells respond differently to topography 

and different topographical features and sizes generate different reactions from cell to cell type 16b. 

However, usually, cell types as fibroblasts 21, stem cells 121, smooth muscular 122, endothelial 123, 

epithelial 124 or Schwann cells 125 respond similar to grooved geometries, with cells starting to align and 

elongate with the direction of the patterning. In this way, Lu et. al. 85 used a room-temperature imprinting 

method to produce patterned PAA/PAH multilayer films with line structures of different lateral size and 

vertical height. While nonpatterned PAA/PAH multilayer films are cytophilic toward NIH/3T3 and HeLa 

cells, the potential for cells adhering to the patterned PAA/PAH multilayer films depended on the lateral 

size and the vertical height of the patterned features. Figure II-9A shows phase contrast microscopic 

images of NIH/3T3 fibroblasts after 5 days in culture on various imprinted PAA/PAH films with fixed line 

structures of 6.5 μm line/3.5 μm space but different vertical heights. The first image (Figure II-9A1) 

corresponds to the (PAA/PAH)20 films with a line height of 1.29 μm and, as observed, almost no cell 

adhesion or spreading occurred. When the authors decreased the line height to 687 nm (Figure II-9A2), 

some fibroblasts adhered on the surface and acquired elongated morphologies, becoming the films more 

cytophilic. This positive effect of decreasing vertical height was confirmed when the height decreased to 

107 nm (Figure II-9A3); cells exhibited more elongated morphology than in the other cases.  
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Depending on topographical properties as geometry, different morphological effects can result from 

the cell-material topography interaction; for instance, the presence of pits or posts on the surface of the 

material usually results in reduced stretching of the cells. The overall impact of this morphological 

observation depends on the cell type. Lee et. al. 100 fabricated vertical Si nanocolumns materials using a 

combined methodology of LbL and sphere lithography, where nanocolumn geometric factors, such as 

the diameter, height, density, and spatial patterning, could be fully controlled in an independent manner. 

The authors demonstrated that cells adhered differently to these LbL-modified patterned surfaces 

(Figure II-9B1 shows the patterned surface and II-9B2 the flat one); minimal cell penetration was 

observed on the nanocolumn patterned surface while a really stretched morphology was found for the 

flat surface. Interestingly, fibroblasts seeded above the patterned material presented a rounder 

morphology and a smaller cell area than fibroblasts seeded above the non-patterned surfaces – see 

Figure II-9B3. In turn, a method based on the combination of lithography and LbL was designed to 

fabricate freestanding micro and nanostructured matrixes. The complex architecture is composed of 

successive layers of intercrossed carbon nanotubes that self-assemble into orderly structures 98. 

Preliminary studies of cells (human osteosarcoma cell line CAL-72) interaction with the MWNTs 

freestanding materials were performed. Figure II-9C1 and II-9C2 represent the SEM images 

corresponding to osteoblast-like cells cultured above the nanostructured substrates: cells seemed to 

spread all over the surface, forming very extended stress elongations, which is a signal that they really 

sense the topography of the material.  

 

Figure II-9. Phase contrast microscope images of NIH/3T3 fibroblasts after 5 days in culture on various imprinted PAA/PAH 
films with line structures of 6.5-μm-line/3.5-μm-space: A1) imprinted (PAA/PAH)20 films with a line height of 1.29 μm, A2) 
imprinted (PAA/PAH)7 multilayers with a line height of ∼107 nm and A3) imprinted (PAA/PAH)15 multilayers with a line height of 
∼687 nm. 45°tilted and cross-sectional 85. SEM images of fibroblasts cultured on the B1) vSNA and B2) flat substrates 100. B3) 
Cell spreading areas of fibroblasts cultured on 4 different substrates for each set of conditions (***p< 0.0001, n = 217 for the 
vSNAs and 181 for the flat) 100. A series of time-lapse fluorescence images of fibroblasts transiently expressing CAG-mRFP on 
the vSNA and the flat substrates with 1-hour intervals (scale bar: 20 μm). C1) SEM image of human osteoblast cells cultured 
onto a nanostructured substrate and C2) a higher magnification image of cells in contact with a nanotopography surface 98. 
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5.3. Engineering the micro- and nanoscale topography to modulate the cellular alignment  

Another cellular event that has been related with the topography of the material’s surface is the 

alignment of the cells to the substrate axis. This can happen when the topography is anisotropic, and it 

can be at micro or/and nanoscale. Briefly, cells are inhibited in their spreading by an obstacle, and follow 

the edge feature to elongate and go into the groove direction. The elongation of the cell can induce the 

deformation of the nucleus and the rearrangement of the DNA chromatin inside 18a. From fibroblasts, to 

myoblasts or even cardiomyocytes, the alignment is essential to their function.  

When cultured on micro or/and nanogrooved surfaces with regular spacing, the cells move along 

with the long axis of the ridges/grooves; here, factors as width, depth and type of material play an 

important key for cellular alignment 116. Generally, cell alignment is favored by increasing depth sizes 

and decreasing grooves/ridges width sizes 104b, 126. However, this trend can be undone depending on 

materials composition, cell type or culture conditions. Sousa et. al. 21 produced nanogrooved 

freestanding multilayered membranes capable of inducing cellular alignment. The presence of grooves 

of about 800 nm width and 400 nm depth allowed L929 cells to move in a direction of the pattern axis- 

see the comparison between patterned and non-patterned freestanding membranes through SEM 

imaging of the cell-material interaction in Figure II-10A. This fact is based on the theory that cells make a 

projection in one direction depending on the shape and type of features it encountered; for micro and 

nanopatterned surfaces, the alignment phenomenon is expected in the direction with less topographic 

and mechanic obstruction. Additionally, for the patterned substrate, the cells distributed in the range from 

−30° to 20° and ≈71% of cells were aligned with the pattern direction (angle between −10°and 10°)- see 

Figure II-10A, corresponding to the fibroblast’s orientation with respect to the groove direction. C2C12 is 

an animal cell line often used as a model for skeletal muscle differentiation; for that, the alignment of 

myotubes is an essential step. Palamà et. al. 127 reported the production of biomimetic microstructured 

surfaces, combining a double-sheet PDMS and LbL methodology, to promote cellular adhesion and 

differentiation of parallel arrays of mature C2C12 myoblasts. Figure II-10B shows the fluorescence 

images of C2C12 cells when seeded above the PDMS microstructured substrates without coatings, 

coated with FN or coated with LbL multilayers. The cells were stained with phalloidin. The white arrows 

in the images indicate the direction of the pattern and the entire situation the cells seemed to align in the 

direction of the arrows, adopting a more spindle-shaped morphology in the conditions where patterned 

surfaces were coated. The micropatterned PDMS surfaces coated with LbL (DXS/PRM)3 multilayers 

presented the higher percentage of elongated cells (elongated cells were defined as those with 

elongation factor higher than 1.3). The combination of patterned PDMS with a biomimetic PEM film 

composed of PLL and HA was also suggested for skeletal muscle tissue engineering 67: the successful 

deposition of the LbL film above the PDMS surface is shown in Figure II-10C. Different sizes of grooves’ 

width (5, 10, 30 and 100 µm) were tested to have an idea on the effect of the size; the orientation of the 

nuclei was strongly dependent of the width of the grooves. For smaller features as the 5 and the 10 µm, 

the tilting angle was less than 10°- graph of Figure II-10C- which means that the nuclei were almost 

parallel to the patterning direction. The authors believe that the spatial constrains led to the nuclei 

deformation and the respective alignment with patterning features direction.   
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Figure II-10. A) SEM observation at 3 days of culture above crosslinked flat and nanopatterned crosslinked [CHT/CS]300 
membranes. Polar graphical representation of cellular alignment for crosslinked [CHT/CS]300 and patterned crosslinked 
[CHT/CS]300 21. B) Fluorescent images of C2C12 cells were seeded on substrates not coated, coated with fibronectin and 
coated with polyelectrolyte multilayers under static conditions and stained with fluorescent phalloidin (red) after 1 day 127. The 
white arrows indicate the directions of the patterns. Percentage of elongated and round cells on substrates no coating, coating 
with fibronectin and coating with multilayers under static conditions 127. Note that cell elongation was defined as the ratio 
between the length and breadth of each cells. Elongated cells presented cells elongations higher than 1.3, while round cells 
presented cells elongations lower than 1.3. C) Confocal laser scanning microscopy cross-section of the 10 mm wide 
micropattern coated by a (PLL/HA)12-PLLFITC film 67. The dimensions a and b correspond to the width of the ridge and the 
groove (a = b). The dimension c characterizes the height of the pattern. Here, c = 4 mm. Orientation of nuclei with respect to the 
main axis of the micropatterns (*p < 0.05, **p < 0.001). 

 
5.4. Engineering the micro- and nanoscale topography to modulate the cellular migration 

After adhered to the surface, cells’ cytoskeleton is pre-stressed allowing cells to move on the 

material’s surface depending on their micro or/and nanotopography. This movement can be investigated 

through migration studies 128. Cell migration plays an important role in physiological and healing 

processes, thus efforts have been done to investigate its response on the presence of topographical 

features 128-129. Understanding this complex mechanism is still a challenge. Nevertheless, it is known that 

cell migration results from different integrated processes, existing two modes of single cell migration: one 

that it is characterized by an elongated morphology and strong adhesion (e.g. fibroblasts) and the other 

characterized by dynamic focal complexes and high ability of deformability (e.g. lymphocytes) 130. 

Despite different cell types have specific migration mechanism, general events are shared in response to 

topographical cues 130-131. Firstly, the migrating cell alters its morphology and intracellular organization, 

where polarized cells present a fan-shaped protrusion at the leading edge and traction at the rear. FAs 

were established making cells create stable connection with the material’s surface. Then cell motility, 

that moves the cell body forward, is generated by the attachment of actin stress fibres to FAs. This 

results in the formation of new adhesion at the leading edge, being the rear edge disassembled 130-131. 

While single cell motility involves usually this combination of cell processes, collective cell migration must 
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coordinate with the ECM microenvironment, retaining cell-to-cell contacts 129-130, 132. Both migration 

processes play a key role on regulation, formation, and organization of tissues 128.  

Martins et. al. 22 suggested a new concept of producing flexible freestanding CHT/ALG multilayer 

membranes featuring well arrays and forming a pore-like environment to accommodate cells. The 

presence of geometrical cues led cells to migrate and start to adhere in the border of the wells and 

proliferate to the center direction- see Figure II-11A. An easy and versatile technique was designed for 

cell patterning, based on a photolithography assisted-LbL technology 82. Micropatterned multilayer films 

composed of PAA conjugated with 4-azidoaniline interwoven in PAA/PAM were also produced. Surface 

topography can serve as physical guidance and migration for the cells - see Figure II-11B. 

Khademhosseini et. al. 33 developed a novel method to pattern cell co-cultures, using LbL deposition of 

polyelectrolytes: HA micropatterns were used to immobilize cells and proteins to glass surfaces and PLL 

to switch the cell repulsive character of the HA layer to cell adherent. Figure II-11C1 shows the 

interaction between embryonic stem cells (ES) (in red) and NIH-3T3 (in green) in patterned co-cultures 

of circular fibronectin (FN): fluorescent images confirmed that NIH-3T3 cells were restricted to the HA-

coated regions and were not seeded on top of ES cells as indicated by the lack of yellow regions on the 

aggregates. The circle-shaped micropattern allowed the different type of cells to not migrate into the 

surrounding regions. The versatility of this methodology was validated by reversing the order of the cell 

seeding (ES in green and NIH-3T3 in red), as shown in Figure II-11C2. 

 

Figure II-11. A) Representative images obtained by confocal microscopy of the well region of the patterned crosslinked 
membrane and the patterned crosslinked membrane coated with fibronectin 22. The cells nuclei were stained blue by DAPI and 
F-actin filaments in green by phalloidin. B) MG63 cells were then seeded on the micropatterned PEM film: microscopic image of 
MG63 cells cultured on the 10-bilayer micropatterned PEM film with 60/30 mm-wide stripes for 5 days (scale bar = 50 mm) 82. C) 
Fluorescent images of patterned co-cultures of ES cells (red) with NIH-3T3 fibroblasts (green) after C1) 1 day and C2) the 
reversal in the order of cell seeding in which NIH-3T3 fibroblasts (red) were initially seeded followed by ES cells as the 
secondary cells 33. This methodology is independent from the type of cell initially seeded. 
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5.5. Engineering the micro- and nanoscale topography to modulate the genetic expression 

and cellular differentiation  

Topography can also tailor the gene expression profiles of different cell types. The presence of 

topographical features in the surface of materials can be responsible for changes in the cytoskeleton of 

the cell, leading to fluctuations on the stress levels imparted on the nucleus. This can disturb organelle 

and DNA organization and distribution, resulting in the most on the alteration of cell function. One 

possible explanation for the transduction of cell morphology information into gene expression is based 

on the mechanical forces transmitted via direct linking of the cell cytoskeleton to the nucleus 

(mechanotransduction) 133. Herein, nuclear matrix proteins (NMPs) have an important role in gene 

expression as it can induce alterations in DNA and interact with gene promoter sequences 133-134. 

The impact of surface’s topography on cell function can be used to drive the important process of 

cellular differentiation of stem cells to a desired lineage 117b. This fact, can be intrinsically correlated with 

gene expression, as undifferentiated cells express different genes than differentiated cells 117b, 135. In the 

last years, some works 120, 136 have been reporting that the presence of topographical features on the 

material’s surface could be responsible to direct their differentiation, even without any other inductive 

external factor. 

Mesenchymal Stem Cells (MSCs) are a kind of non-differentiated type of cells, that can be isolated 

from bone marrow or adipose tissue and include a subpopulation of cells that can differentiated towards 

different tissues like osteocytes or chondrocytes for instance. Considering the relevance of MSCs in 

TERM, recent investigations have been focusing on driving MSCs differentiation through the presence of 

specific topographical features on the material’s surface. Different studies 137 have reported the 

commitment of MSCs to adipogenic, neuronal or myogenic phenotypes, when in presence of a grooved 

surface, particularly when the groove size is less than 500 nm. In the other hand, this kind of 

topographical features can influence negatively the osteogenic differentiation of MSCs: grooved surfaces 

can be responsible for cellular alignment, which in turns can reduce osteogenesis 138. Contrarily to 

anisotropic surfaces, the effect of isotropic patterning features is often inconsistent and difficult to 

conclude about: it depends always on the cell type, cell culture conditions or materials’ properties. 

However, there are some evidences that the presence of deep pits tends to enhance osteogenesis 139. 

Therefore, Kim et. al. 84 suggested a LbL-coated microstructure scaffold for bone tissue engineering: the 

combination of surface topographical cues and chemistry of the hydroxyapatite nanoparticles 

(HApNPs)/collagen multilayer coating could mimic the natural ECM to some extent. In fact, during 

osteogenic induction of the seeded MSCs, the (alkaline phosphatase) ALP activity increased overall with 

time and the number of deposited layers (see Figure II-12A), suggesting that the (HApNPs)/COL 

multilayer coated- microstructured scaffold could improve matrix intracellular signaling that is directly 

connected to the osteogenic activity. Furthermore, the quantitative real-time (RT) -PCR analysis was 

realized for conventional expressed osteoblast-related genes as bone sialo protein-II (BSP), bone 

morphogenetic protein-2 (BMP2), osteopontin (OP), and osteocalcin (OC)- see Figure II-12A. The 

authors found that, for the 20 bilayers condition, there are an up-regulation of three markers, 

corroborating the results of ALP activity. TiO2 nanotube (TNT) arrays were also suggested as drug 



Chapter II Universidade de Aveiro 
 

Page | 36 
 

nanoreservoirs for loading of bone morphogenetic protein 2 (BMP2) and coating with (gelatin/chitosan) 

multilayer films 140. The presence of BMP2-loaded and multilayer-coated TNT array substrates could 

stimulate motogenic responses of MSCs and promote their osteoblast differentiation - see Figure II-12B. 

C2C12 cells have ability to differentiate into myotubes (myogenic differentiation) or osteocytes 

(osteogenic differentiation). A simple methodology only based on LbL and composed of natural polymers 

(CHT/CS) was suggested to produce a material which topography of the nanopatterned design along the 

XY plane is combined with the nanostructure organization along the Z axis 21. The differentiation of 

C2C12 into myotubes was influenced by the presence of nanogrooves and the resultant strong cellular 

alignment (see Figure II-12C). Therefore, micro- and nanoscale anisotropic and isotropic topographies 

can induce strong morphological changes in FAs, cytoskeletal or cellular level, depending on the 

features’ size. This originate changes in gene expression, opening space to modulate cell differentiation 

into a specific lineage.  

 

Figure II-12. A) ALP activity and relative mRNA expression during culture of hMSCs on various substrates in an osteoinduction 
medium 84. Motogenic responses of MSCs adhered to different substrates after culture for 48 h 140: B1) bare TNT arrays (110 
nm); B2) Gel/Chi multilayer-coated TNT arrays (TNT/LbL); and B3) Gel/Chi multilayer-coated, BMP2-loaded TNT arrays 
(TNT/BMP2/LbL). ALP activity of MSCs adhered to different substrates after culture for 10 and 20 days (error bars represent 
means ± SD for n = 6, p < 0.01) 140. C) Immunofluorescence with troponin T (green myotubes) and DAPI (blue nuclei) at 10 days 
of culture. Images are representative of crosslinked flat and nanopatterned CHT/CS membranes and tissue culture polystyrene 
(TCPS), using differentiation medium (DM) and normal growth medium (GM) (the scale bar is representative for all images) 21. 

 
From the overview of the experimental evidences, it is obvious that each type of cell responds in 

a different way to different topographical cues, including geometry, shape and size. Table S II-1 resumes 

research works already reported in literature regarding the use of micro- or nanoscale patterned 

surfaces, obtained through LbL-based methodologies, to tailor the cellular behavior and fate. 

 

6. Future perspective 

In this review, different methodologies were described to produce micro and nanostructured 

multilayered coatings and materials; indeed, LbL-based approaches were emphasized as being more 

cost-effective, versatile, simpler and easier to perform than the other possible techniques, allowing the 

use organic and non-meltable materials. The main goal related with the development of those kind of 

materials was to apply for biomedical and TERM field: micro- and nanopatterned materials have been 



Chapter II Universidade de Aveiro 

Page | 37  
 

suggested to mimic, with higher similarity, the features presented by tissues’ ECM. In the last decade, a 

big effort has been directed to investigate the cell’s response on 2D or 3D material that presented 

specific micro- and/or nanotopographical features. Cell functions as adhesion, proliferation, migration, 

alignment, gene expression or differentiation can be modulated by using patterned surfaces. Feature 

size seems to be one of the most determining parameters to tailor the cellular behavior; notwithstanding, 

the optimal feature size can be different according with the cell type, the material and the shape of the 

feature. 

Nanotopographical features can be relevant since they match the size of normal cellular sensing 

domains and microtopographical features are important to determine functions, such as migration and 

confinement. 

The significance of the existence of nano- and/or microtopographical features will be helpful to 

design suitable materials and surfaces to apply for biomaterials science and TERM. With the future of 

technological developments, we expect that such topographic features engraved over LbL multilayers 

could be transposed into the 3D microenvironment and accommodated the more complex and 

hierarchical structures. More work will be also necessary to develop smart and adaptable materials, 

where nano/microtopography could change overtime as result of specific physicochemical or biological 

stimuli.  
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8. Supplementary Information 

Table S II-1. Literature survey of some of the existent works on modulating the cellular functions and fate using micro- and nanoscale patterned materials, produced by single or combined LbL 
technique. The type of features, the respective dimensions, the tested cell type and the respective biological responses are described 

Feature type 

Dimensions 

Width/ 
D 

Gap/ 
Spacing 

Depth/ 
Height 

Cell type Cell behaviour 

Organized 
fiber mesh 

200µm 400µm  hMSCs Enhanced cell adhesion, proliferation and ALP activity (when in osteogenic 
medium) 1 

CNTs-based 
matrix 

1.7µm ---------- ---------- Human 
osteosarcoma cell 

line CAL-72 

Excellent adhesion and spreading, coating the matrix surface very densely; 
stress elongation formation 2 

Pillars 
1.25-9µm 18µm 2.5µm NIH 3T3 fibroblast 

and HeLa cell lines 
Differences in the features sizes influenced the attachment and growth of the 

cells; in general, smaller features ‘diameter meant higher proliferation 3 

Grooves 
6.5/69µm 3.5/43µm 1.29-

0.109µm 
NIH 3T3 fibroblast 
and HeLa cell lines 

By either increasing the lateral size of the patters to 69μm-line/43μm-space or 
decreasing the height of the imprinted lines to ∼107 nm, the imprinted 

PAA/PAH multilayer films become cytophilic 4 

Tuned well 
arrays 

500µm 200µm 38µm SaOs-2 human 
osteoblast-like cells 

The cells migrated specifically to the wells; the increasing surface area 
allowed higher rates of proliferation as well as better cellular distribution over 

the substrates 5 

Grooves 
Ranging 
between 

650-850nm 
~500nm 

Ranging 
between 200-

500nm 

Mouse L929 
fibroblast and 

C2C12 myoblast 
cell line 

For L929 fibroblast: the nanotopography could induce significantly cell 
orientation. For C2C12 myoblast: it was possible to observe the alignment and 

myogenic differentiation on nanopatterned membranes, even in absence of 
special differentiation medium 6 

Columns 150nm ---------- 1-2µm Fibroblasts 
(NIH/3T3) and 

primary neuronal 
cell line 

The topography supported the viable culture of primary neuronal cells and 
proliferating fibroblasts, which show a smaller cell area and uninterrupted 

motility 7 

Fibers 392-541nm ----------- ---------- Normal human 
dermal fibroblasts 

(NHDFs) 

Accelerated cell migration, relatively higher cell attachment, proliferation, 
spreading and migration of cells tested were observed on LBL structured 

nanofibrous matrices in comparison to the unmodified ones 8 
Stripes/Circles ~50µm/ 

300µm 
~50µm/ 
200µm 

---------- PC-12, MG-63, C3A 
and L929 cells 

The topography could control cellular spatial attachment and growth  

Circles holes 100µm ----------- 0.06µm Murine embryonic 
stem cells, AML12 
hepatocytes and 

NIH-3T3 fibroblasts 

The pattern afforded high biological affinity and no cytotoxicity 9 
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Cylindrical 
holes  

15-150µm ----------- ---------- Murine embryonic 
stem cells, AML12 
hepatocytes and 

NIH-3T3 fibroblasts 

This is a versatile approach to generate patterned co-cultures irrespective of 
the primary cell seeding and relative adhesion of the seeded cells 10 

Circles holes ----------- ----------- 60µm L929 cells The seeding of L929 cells onto the LbL coating leads to a highly selective 
adhesion of cells; they spread well within twelve hours over the imprints 11 

Squares 20µm ~80µm ---------- Primary neuronal 
cell line 

sPLA2 has potential as a neuronal binding target. This technique offers the 
potential for production of a wide array of biological test systems, including 
comparison chips with different materials, different size and shapes of the 

micropatterns, and utility with different cell models 12 
Stripes 80/100 µm 240/300 

µm 
0.06/0.15µm Canine 

chondrocytes (CnC) 
CnC exhibited preferential attachment on micropatterns of PEI, PSS, collagen, 

and CS multilayer nanofilms 13 
Stripes/ 
squares 

60/80/ 
100µm 

----------- ------------- Smooth muscle 
cells (SMCs) 

The SMCs depends on the shape of the gelatin patterns: strip patterns have 
more power to limit the cells to only grow on gelatin-coated surface, while 

square patterns do not. Fibronectin attract all the cells to grow on its surface 
no matter the shape of the patterns 14 

Stripes 25/50/ 
150µm 

µm 

----------- 0.03-0.2µm C2C12 cell line Patterned substrates consisting of cell-repellant and cell-adhesive regions 
have been used for the spatial control of cell attachment in vitro; their parallel 

alignment was essential for their fusion into myotubes 15 
Grooves 5/10/30/ 

100µm 
5/10/30/ 
100µm 

4µm 
 

C2C12 cell line The substrate can serve as an inductive template for in vivo muscle tissue 
regeneration; it drives the development, alignment, and further fusion of cells 

after implantation 16 
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III. Materials and Methods 
 

 

 

 

 

Abstract  

 

In this Chapter, it is possible to obtain a detailed description of the used materials, the produced 

films and the properties and explanation of the techniques used to obtain the results described in this 

thesis.  
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The present chapter describes and details the materials, methodologies and techniques used to 

produce thin multilayered films and modify them towards biomedical and TE strategies. Multilayered 

films were produced by the layer-by-layer adsorption of different polysaccharides, as CHT, CS, HA and 

ALG.  Moreover, by playing with biomimetic elastin-like-polypeptides (ELPs) it was possible to perceive 

the versatility of the LbL assembly, being driven by click chemistry instead electrostatic forces. In 

addition, a biomimetic mussel foot protein, dopamine (DN) was chemically bounded to HA conferring 

adhesive properties. Overall, tailoring the composition, the driven forces of the deposition, as well as the 

underlying substrate or the physical or chemical modification of the LbL-based film, can influence the 

cellular behaviour. Therefore, different types of cells were tested, namely L929 fibroblasts and C2C12 

myoblasts, MC3T3-E1 pre-osteoblasts, human dermal fibroblasts (HDFs) and adipose stem cells 

(ASCs). The different multilayered systems were tested in vitro, in vivo and in situ as materials for 

biomedical and tissue engineering applications.  

 

1. Materials 

Several strategies to produce materials for biomedical and tissue engineering purposes, 

researchers have been focusing on mimicking compounds, systems or phenomena presented in the 

nature 1. These strategies can be denominated as biomimetic approaches.  

 Synthetic polymers have been extensively used during the last decades for biomedical and tissue 

engineering purposes, resulting generally in highly mechanical stable materials, with good shape control 

and low variability 1c. Oppositely, polysaccharides have been increasingly used during the last decades 

due to the high chemical similarity to the composition of the ECM, the higher rates of biodegradation and 

the presence of more cell-recognition sites 1b. Elastin-like polypeptides (ELPs) are a class of synthetic 

materials but still a sophisticated example of biomimetic materials, being inspired in native elastin to 

confer smart functionalities to biomaterials 1b. Therefore, we started selecting ELPs to produce 

multilayered systems, investigating their biological potential in combination with LbL assembly.  

While ELPs materials must be designed to mimic native elastin, natural polymers can offer 

similarities with ECM in a natural way. Thus, we study the proficiencies of using polysaccharides to 

produce the multilayered systems, specifically CHT; CS, HA and ALG.   

The detailed specifications of the different materials are provided below, as well as the reasoning 

behind their selection. 

 

1.1. Elastin-like polypeptides (ELPs) 

ELPs are a class of genetically-engineered materials that besides present the same basic 

structure as native elastin, it can also exhibit specific amino acid length and any desired peptide 

sequence and respective stimuli-responsiveness under external factor as temperature, light, pH or even 

ionic strength 1b, 2. In fact, elastin is an essential ECM protein that confers elasticity to different 
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mammalian tissues like skin, connective tissues, arteries, lungs or bladder. Indeed, elastin is responsible 

for the ability of tissues stretch and relax more than a billion of times during life 3.  

In chapter IV, ELPs were used to construct the multilayer films/coatings. Bioproduction 

conditions, purification protocols and chemical modifications were adapted from de Torre et. al. 1b. Two 

distinct ELPs were produced, differing just in their amino acid sequence and respective bioactivity. 

Generally, ELPs were obtained by the induction of gene expression from a stock of recombinant 

Escherichia coli strains containing the desired expressing gene 2, 4. These methodologies will be detailed 

further in this chapter. Briefly, specific bioactive moieties were introduced in the polypeptide sequence to 

confer cell adhesive or anti-adhesive properties to the resulting multilayer system. The presence of the 

arginine-glycine-aspartic acid (RGD) tripeptide determined their adhesive character. Moreover, these 

ELPs were designed to react between them, through a catalyst free click technology, in which specific 

interactions are a result from Huisgen 1,3-dipolar cycloaddition of azides and alkynes – click chemistry 

reaction.  

The schematic representation of the designed ELPs and respective click-chemistry reaction is 

presented in Figure III-1.  

 

 

Figure III-1. Chemical scheme representing the click chemistry reaction, that results from the Huisgen 1,3-dipolar cycloaddition 
of azides and alkynes. 

 

1.2. Chitosan 

CHT is a linear polysaccharide composed of randomly distributed N -D-glucosamine and N-

acetyl-D-glucosamine, linked by β-(1-4) glycosidic bonds 1b – see Figure III-2. This interesting polymer is 

a result of the partial deacetylation of chitin, that is found in the exoskeleton of shellfish (e.g. shrimp and 

crabs), fungi cellular wall, cephalopod endoskeleton and the cuticles of insects 5. This process happens 

in the solid state, under alkaline conditions or through enzymatic hydrolysis in the presence of a chitin 

deacetylase 5a. Basically, it results from a process called N-deacetylation, where the acetyl functional 

groups of chitin are removed; when the degree of deacetylation is bigger than 50%, the compound is 

designated as chitosan 6. In acidic solutions, CHT acquires a positive charge which favors its solubility 

due to electrostatic repulsions 6c. CHT undergoes a conformational transition when in aqueous solution 

at its pKa (depends on the molecular weight and deacetylation degree, but usually is reported in the 

range of 6.1<pH<7) 7. This means that below pH the amine groups of CHT are protonated while at higher 

pH they are deprotonated.  

During the last decades, several studies 8 have been reporting the biocompatibility of CHT, being 

nowadays widely used for biomedical and tissue engineering applications, to produce 2D to 3D 

materials.   
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In chapters V, VI, VII, VIII and IX, CHT was used as the positive polyelectrolyte to produce the 

respective multilayer systems, through LbL assembly. For all of this works we used medium molecular 

weight CHT, with a degree of deacetylation of 80% (Sigma Aldrich, MKBB0566), after purifying through a 

re-precipitation process. Briefly, CHT was dissolved as purchased in a 2%(v/v) of acetic acid solution at 

a 1% (w/v) concentration. This solution was maintained stirring overnight at room temperature, until all 

the CHT powder was dissolved. The impurities were then removed by three filtration cycles using a nylon 

mesh filter. CHT was precipitated by the addition of 1 M NaOH, always keeping the mixture stirring, and 

then washed with distilled water until achieve a neutral pH. The final steps involved the de-hydration of 

the resulting mixture, by washing with ethanol–water mixtures with increasing ethanol content (30–95% 

(v/v)). Finally, the resulting CHT material was freeze dried and kept at RT under a dry environment until 

use: 

 
1.3. Chondroitin sulphate 

CS is a linear, complex, sulphated unbranched polysaccharide belonging to the class of 

macromolecules known as  glycosaminoglycans (GAGs) 9. It is composed of repeating dissacharide 

units of D-glucuronic acid and N-acetylgalactosamine linked by β-(1→3) bonds 10. Like other 

polysaccharides, CS derives from animal sources by extraction and purification processes 11. The animal 

sources generally used are chicken, porcine, bovine and cartilaginous fish such as sharks and skate 12. 

Therefore, CS is considered a heterogeneous polysaccharide in terms of charge densities, having 

sulfate groups in varying amounts and being linked in different positions, different molecular masses, 

polydispersivity, chemical properties, biological and pharmacological activities 13. For bone and 

cartilaginous tissues, this molecule is an important structural component 13. The tightly packed and highly 

charged sulfate groups of CS generate electrostatic repulsion that provides much of the resistance of 

cartilage and bone to compression and also cooperates in the shock absorbing capacity of aggrecans 14. 

Consequently, this polysaccharide with anionic nature enables efficient interaction with cationic 

molecules to form interesting structures. However, the major drawback of chondroitin sulfate is the high 

solubility in water, which limits its use alone in the solid state for biomedical applications, being 

frequently cross-linked or combined with other polymers, such as chitosan, hyaluronic acid, PVA, PLGA, 

or gelatin 15. 

In chapters V and VI, CS was used as the negative-charged polyelectrolyte to produce the 

respective multilayer systems, through LbL assembly. In both chapter, CS was used as reveived: 

chondroitin sulfate A sodium salt from bovine trachea. 

 

1.4. Hyaluronic acid 

HA is a linear, anionic and a naturally ocurring non-sulfated polyssacharide, also belonging to the 

class of macromolecules known as GAGs 16. It is composed of repeating and alternating dissacharide 

units of D-glucuronic acid and N-acetyl-D-glucosamine, linked by β-(1→3) bonds 16-17 (Figure III-2). HA is 

an essential component of the human ECM and as that it is an attractive material for biomedical and 

tissue engineering applications 18. Like other polysaccharides, HA derives can be found in marine 
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environment, either on the cartilaginous or on vitreous tissues of different fish. Moreover, it can be 

produced in large scales through microbial fermentation, from strains of certain bacteria 19.  

HA has been widely studied for a extensive range of biomedical and tissue engineering 

applications, resulting already in different commercially available products 20. Nevertheless, depending 

on the size of the molecule different results were obtained. For instace, larger molecules of HA (Mw>107 

Da) are reported to use for spacefilling, antiangiogenic and immunosuppressive ends while smaller 

molecules of HA are reported as antiapoptotic 20. In cartilage,HA have an important structural role for the 

ECM, forming an aggregation centre for aggrecan 21. These aggregates have highly Mw and are 

surrounded within a collagenous framework 22. In the skin, the primary protecting barrier between the 

inner body and the hostile action of the outside environment, HA plays a role of collecting the free 

radicals generated by the UV rays, which could result in cell  oxidative stress and might damage their 

genetic material 23. 

In Chapters VII, VIII and IX HA was used alone or chemical modified with DN moieties. HA was 

used as reveived: high molecular weight hyaluronic acid sodium salt (1.5-1.8 x 106 Da) from 

Streptococcus equi (Chapter VII and VIII) and low molecular weight (8-10 x 104 Da) hyaluronic acid 

sodium salt (Chapter IX). For the work reported in the Chapter IX, it was more essencial to have a 

material with antiapoptotic properties rather than with space filling properties for instance.  

 

1.5. Alginate 

ALG is an naturally occurring anionic polymer, usually extracted from brown algae, by treatment 

with aquous alkali solutions 22b, 24. In their chemical structure, ALG is a linear unbranched polymers 

composed by homopolymeric blocks of consecutive or alternating opolymeric blocks of (1-4)-linked β-D-

mannuronate and its C-5 epimer α-L-guluronate (G) residues, covalently linked together in different 

sequences or blocks 25- see Figure III-2. Their relative amount is dependent on the origin of the ALG 26.  

Unlike the other biopolymers, in mammals, ALG is not naturally broken down by means of an 

enzymatic action, having low rates of biodegradation 27. Moreover, this polymer lacks on mammalian cell 

adhesive ligands, which are central to control material-cell interactions 7b. Howerver, due to ALG 

biocompatibility, low toxicity and low cost this anionic polymer has been widely used, being frequently 

combined with other materials or modified with adhesive moieties to apply for biomedical and tissue 

engineering applications 10a, 28.  

ALG has been extensively used in the form of a hydrogel due to their mild gelation conditions and 

easy preparation by ionotropic gelation with calcium ions 29. Althout in Chapter VII, VIII and IX, ALG is 

used as a negatively-charged polyelectrolyte to produce multilayer membranes based on electrostatic 

interactions, being combined with other polymers more prone to establish cell-material interactions. 

Herein, ALG was used as received: Sodium alginate from brown algae. 

 

1.6. Genipin 

Genipin is a natural crosslinking agent, obtained by hydrolyze of geniposide, and extracted from 

the fruits of the plant Gardenia jasminoides Ellis 29b- see the chemical structure in Figure III-2. In fact, this 
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compound is traditionally used in Chinese medicine to attenuate the symptomes of Type-2 diabetes, 

headache, inflammation and hepatic disorders, among others. Regarding their crosslinking ability, 

genipin can naturally crosslink collagen, gelatin, proteins and chitosan 30. Therefore, in combination with 

genipin’s biocompability and ability to materialize stable products, genipin has been reported in the last 

decades for biomedical applications 30. Furthermore, the degradation of this product has been described 

as slower than other popular crosslinker agents like glutaraldehyde, being more efficient to crosslink 

polymers containing amino-groups 31. 

In Chapter V and VII, genipin is used to crosslink CHT. The mechanism of genipin-CHT 

crosslinking comprehends the nucleophilic attack by primary amino group of CHT engaged at C-3 

carbon atom in genipin, steered to the formation of a heterocyclic compound of genipin that is coupled to 

the glucosamine residue in CHT which develops the crosslinking. 

 

1.7. Dopamine 

DOPA (3,4-dihydroxyphenylalanine) is a specific amino acid and catechol-containing compound, 

widely known as presented in mussels foot proteins 31.. It has been reported that DOPA is the critical 

element responsible for the mussels’ ability of forming strong adhesive interaction with various organic 

and inorganic substrates, when in a wet environment 32. Therefore, using DOPA or its derivates as 3,4-

dihydroxyphenethylamine (dopamine, DN) has been one of the strategies to modify solid surfaces or to 

produce polymeric conjugates capable of mimicking the adhesive character of mussels 32-33. 

In chapter VII, VIII and IX, dopamine was used to modify the backbone of HA to confer increasing 

adhesive properties. Dopamine was purchased as Dopamine hydrochloride - the chemical structure of 

dopamine is represented in Figure III-2.  

 

Figure III-2. Schematic representation of the chemical structures of the different biopolymers and natural molecules used in this 
thesis. 
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2. Cell sources/types 

 

2.1. L929 cell line 

L929 are mouse fibroblast cells that have been used confirm the in vitro non-cytotoxicity of the 

developed material, as recoomended by the ISO 10993-533a, as well as to characterize the cells-material 

interaction in terms of adhesion, proliferation and morphology of the cells 10a, 34. L929 cell line consists in 

fibroblasts derived from the connective tissue of mouse and was obtained from the European Collection 

of Cell Cultures (ECACC). L929 cell line was used in the work reported in Chapters V and VI.~ 

 

2.2. C2C12 cell line 

C2C12 are mouse myoblast cells that  derived from satellite cells. This cell line was obtained 

from the European Collection of Cell Cultures (ECACC). These cells spontaneously differentiate in 

culture when in appropriate medium conditions, providing researchers an in vitro tool for studying muscle 

cell proliferation and differentiation 10b, 35. Myoblasts in culture are able to exhibit all of the features of 

myogenesis, including proliferation, migration, fusion, myotube formation and contraction. C2C12 cells 

grow in a medium containing 10% of serum until confluence, while these same cell lines, while in media 

containing 2% horse serum, these cells fuse and form myotubes 36. C2C12 cell line was used in the work 

reported in Chapters IV and VI.   

 

2.3. MC3T3-E1 

MC3T3-E1 cell line is a pre-osteoblastic murine cell line that was obtained from the European 

Collection of Cell Cultures (ECACC). These cells have been used as a model of osteoblastic activity 

since they exhibit the ability of matrix mineralization and differentiation into osteoblasts or osteocytes 12. 

In tissue culture polystyrene and in basal media, MC3T3-E1 cells have basal ALP activity and basal 

extracellular matrix mineralization 13. In osteoconductive medium (includes ascorbic acid and β-

glycerophosphate), the cell line shows a increased production of mineralized collagenous matrix, as 

compared to base levels 13. MC3T3-E1 cell line was used in the work reported in Chapter VII.   

 

 

2.4. HDFs 

Human dermal fibroblasts were obtained from the European Collection of Cell Cultures (ECACC). 

These cells are responsible for producing the extracellular matrix forming the connective tissue of the 

skin, and play a crucial role during wound healing 14a. These cells have been used as a model to study 

many aspects of cell physiology, and have been utilized in dozens of research publications, particularly 

those related to skin biology and reprogramming/induced pluripotency studies 14b, 15a. HDFs cell line was 

used in the work reported in Chapter VIII. 
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2.5. hASCs/TERT1 

Human adipose derived stem cells (hASCs) are multipotent stem cells that can be easily 

obtained from adipose tissue harvested by liposuction surgeries, with low site associated morbidity 15b. A 

considerably large amount of hASCs can be obtained, as opposed to other stem cell sources (e.g. bone 

marrow aspirates) 15b. Human ASCs transduced using human telomerase reverse transcriptase (TERT) 

are immortalized cells, characterized by an unlimited growth while maintaining expression of cell type 

specific markers and functions such as typical fibroblastoid morphology and adherent growth 16. Besides 

expressing mesenchymal stem cells as CD73, CD90 or CD105, these cells do not express CD34 16. 

Adipogenic, chondrogenic or osteonic differentiation can achived using these kind of cells, being also 

reported with immunomodulatory properties 17. In this thesis, the used ASC/TERT1 cell line was kindly 

provided by Evercyte. These cells were used in the work reported in Chapter VIII. 

 

3. Materials processing 

 

3.1. ELP expression, purification and modification 

ELPs are a family of geneticaly engineeered polypeptides that can exhibit specific amino acid length 

and sequence 18a. In Chapter IV, ELPs were used as the main constituints of the multilayered coatings. 

As already referred above, the designed polymers have the ability to interact in another way than the 

conventional ionic forces; in fact, the developed ELPs can intereact one  with other through click 

chemistry, creating a thin coating much more stable.  

Expression conditions and purification protocols to produce the desired ELPs were already descried 

Meyer and Chilkoti 18b  and Girotti et. al.19. Briefly, ELPs were obtained by the induced gene expression 

from a stock of recombinant Escherichia coli strains containing the desired expressing gene.the 

bioproduced polymers was purified by a series of centrifugations under and above its transition 

temperature. After that, the ELPs were dialyzed against MilliQ water and lyophilized. Two ELRs were 

employed: the VKVx24 and the HRGD6. The first corresponds to a structural polymer with no bioactive 

sequence, with the amino acid sequence MESLLP VG VPGVG [VPGKG(VPGVG)5]23 VPGKG VPGVG 

VPGVG VPGVG VPGV. The second one corresponds to a polymer containing a well-known adhesion 

sequence (RGD), with the following amino acid sequence MGSSHHHHHHSSGLVPRGSHMESLLP 

[(VPGIG)2(VPGKG)(VPGIG)2]2 AVTGRGDSPASS[(VPGIG)2(VPGKG)(VPGIG)2]2. The purity and 

molecular weight of these ELPs were confirmed by different techniques. The resultant polymers were 

then chemically modified at their lysine amino acids ti bear the reactive groups needed for click 

chemistry reaction. Therefore, the developed ELPs were chemically modified by the transformation of 

the amine group present in the lateral chain of the lysine residue to bear the groups to be used in the 

click chemistry reaction: the azide-bearing ELPs and the cyclooctyne-modified ELPs. The chemical 

reaction between azide and cyclooctyne is represented in Figure III-1. 
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3.2. Modification of HA with Dopamine 

In Chapter VII, VIII and IX HA was modified with DN moieties through carbodiimide chemistry, 

using a 1- ethyl-3-(3’-dimethyl aminopropyl) carbodiimide (EDC) as an activation agent of carboxyl 

groups on HA chain. Briefly, 1 g of HA was dissolved in 100 mL of PBS solution and pH was adjusted to 

5.5 using 1 N HCl solution. Then the HA solution was purged with nitrogen for 30 minutes the solution 

was transferred for an  In the solution, 388.1 mg (2.5 mmol) of EDC (N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride, MW of 191.70 g.mol-1, Sigma-Aldrich) and 474.1 mg (2.5 mmol) of 

dopamine hydrochloride (Dopamine hydrochloride, Light sensitive, MW of 189.64 g.mol -1, Sigma-Aldrich) 

was added and pH of the reaction solution was maintained at 5.5 for 3 hours with 1.0 N HCl and 1.0 N 

NaOH. Unreacted chemicals and urea byproducts were removed by extensive dialysis.Afterwards, the 

HA-DN conjugate was freeze dried and stored at -20°C until use. The scheme of this procedure is 

presented in Figure III-3. 

The presence of DN in the conjugated HA-DN was confirmed using different techniques;  

Ultraviolet (UV) spectrophotometry and proton nuclear magnetic resonance (1H-NMR). These techniques 

are detailed in the next sub-section.  

 

 
Figure III-3. Schematic representation of the synthesis of the conjugated HA-DN: A), the chemical structures of the HA, DN and 
the conjugated HA-DN and B) the experimental procedure involved.  
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3.3. Materials characterization 

3.3.1. Determination of the zeta potential 

The charge exhibited by each polymer in aqueous solution was determined by the measurement 

of zeta (ζ)-potentials using a ZetaSizer equipment, based on the laser Doppler electrophoresis. When a 

solid surface is in contact with an aqueous solution, an interfacial charge forms and causes a 

reorganization of the free ions in the solution to produce a thin region of non-zero net charge density 

near the interface 20. The organization of the charges at the solid-liquid interface and the balancing 

counter-ions in the liquid is usually referred to as the electrical double layer 20. This region consists in a 

thin layer of counter-ions immediately next to the charged solid surface, called the compact layer, or 

Stern layer. The counter-ions in the compact layer are permanent due to the strong electrostatic 

attraction, while counter-ions outside the compact layer are variable. This last part of the electrical 

double layer is called the diffuse layer. The ζ-potential is the electrostatic potential at the boundary 

dividing the compact layer and the diffuse layer 20-21.This potential may depend on factors as the polymer 

concentration, pH and ionic strength. Thus, solutions of each different polymeric material were prepared 

to measure the ζ-potential: For the work reported in Chapter IV we studied the conditions in which the 

developed coatings are placed after their construction, to determine their behavior. Regarding the work 

developed in Chapter V and VIII we focused on the conditions that would be used afterwards for the 

construction of the LbL films. Aqueous solutions of each ingredient were tested all the times at 25ºC. 

 

3.3.2. Determination of the degree of substitution of the HA-DN conjugate 

As above referred, UV spectrophotometry and proton nuclear magnetic resonance (1H-NMR) 

were performed to determine the degree of substitution of the DN in the conjugate.  

Ultraviolet visible spectrophotometry was used to confirm if the modification of HA with 

catechol groups was successful, measuring the absorbance between 200 and 400 nm. UV-Visible 

spectrophotometry involves measuring the amount of ultraviolet or visible radiation absorbed by a 

substance in solution. For the work reported in Chapters VII, VIII and IX, the absorbance of distinct 

solutions of dopamine (ranging concentrations of 0.05 mM to 1 mM) was measured with the purpose to 

calculate the degree of dopamine substitution. It was noticed that an excitation band appears at 

approximately 280 nm for dopamine 21b. The real degree of dopamine substitution in each case was 

obtained by following the UV excitation band centered at 280 nm and upon comparison with a standard 

curve obtained for distinct concentrations of free dopamine in solution. Using the measured absorbance 

of the conjugates and the equation obtained from the standard curve, the relative concentration of 

dopamine units was determined.  

In the other hand, hydrogen-1 nuclear magnetic resonance (1H-NMR) spectra were recorded 

for a sample of HA-DN. NMR is a common technique used to determine the structure of unknown 

organic structures, by applying a nuclear magnetic resonance with respect to hydrogen-1 nuclei within 

the molecules of a substance 22a. Among other, using this technique we can determine the number of 
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protons in a molecule and the different types of hydrogen atoms. Thus, for the work developed in 

Chapters VII, VIII and IX, and with the purpose to calculate the degree of dopamine substitution, 

dopamine, non-modified hyaluronic acid and the produced conjugate were dissolved in deuterated water 

(D2O), at final concentrations of 1 mg.mL-1. An aliquot of this solution was placed in a 5 mm NMR tube 

and the spectrum recorded at 60 ºC. The final spectra of 1H-NMR result were obtained at 298 K and 300 

MHz. Note that the new N-H linkage formed in the conjugate could not be detected by 1H-NMR as this 

conjugate is only soluble in water; in this solvent the NH linkage interchange with water, therefore no 

new signal appears.  

 

3.3.3. Monitoring the growth of the multilayered film 

Firstly, to determine the capacity of producing multilayered films using a specific combination of 

parameters as type of polymer, concentrations, time of depositions and washing steps, pH and 

temperature, a quartz-crystal microbalance with dissipation monitoring (QCM-D) (Q-Sense) was 

used. This technique can detect adsorbed surface density changes in the order of ng.cm-2 and determine 

the viscoelastic properties of the resulting surface, in situ 22b, 23. Briefly, a sensor is composed of a thin 

AT-cut quartz disk sandwiched between a pair of electrodes. Quartz allows exploiting the piezoelectric 

which makes it possible to convert an electric AC voltage across its electrodes into mechanical signal, 

exciting the quartz to oscillation at a fundamental frequency of 5 MHz 22b. Therefore, the use of quartz 

sensors for QCM requires their coating with an electrode material, usually gold 24. Briefly, an AT-cut 

quartz crystal is excited at its fundamental frequency (5 MHz) and at several overtones: 1, 3, 5, 7, 9, 11 

and 13, corresponding respectively to 5, 15, 25, 35, 45, 55 and 65 MHz. When a polymer layer is 

deposited onto the sensor crystal, the frequency decreases (Δf). If the film is thin and rigid, the decrease 

in frequency (ΔF) is proportional to the mass of the film. However, usually when using biopolymers, the 

adsorbed film is not rigid, making this relation not valid. Notwithstanding, the ΔD monitoring gives an 

indirect indication of the film’s viscoelastic properties; increased ΔD represents a shift to the construction 

of a higher viscosity component and damping properties characteristic of soft polymeric LbL films. In fact, 

this dampening is responsible for the oscillation of the crystal, known as ΔD. 

In Chapter IV, V, VI, VII and VIII the in situ monitorization of the adsorption of different polymeric 

layers was investigated onto gold-coated quartz, that were previously cleaned by immersing in acetone, 

absolute ethanol and 2-propanol. For all the chapters, the adsorption took place at RT, using solutions at 

0.15 M NaCl. Each polyelectrolyte layer was flushed sequentially into the chamber, where the sensor is 

immobilized, at a constant flow rate (between 25-50 mL.min-1), being each adsorption step separated by 

a rinsing step with 0.15 M NaCl. Table III.1 represents the pairs of polymers and the respective chosen 

parameters used to perform the QCM-D monitoring.  
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Table III-1. QCM-D parameters chosen for each one of the works developed in each chapter of this thesis 

 

Chapter 

Materials [C] 

(mg.mL-1) 

Driven force Nº of 

cycles 

T (°C) 

/ pH 

C. IV ELPs 0.5/0.5 Covalent 4 BL RT / 7 

C. V 
CHT/CS 1/1 Electrostatic 8 BL RT / 

5.5 

C. VI 
CHT/CS 1/1 Electrostatic 10 BL RT / 

5.5 

C. VII 
CHT/HA 

or HA-DN 

1/0.5  Electrostatic 4 TL RT / 

5.5 

C. VIII 

CHT/ALG 

CHT/HA 

or HA-DN 

1/1 and 

1/0.5 

Electrostatic 2TL RT / 

5.5 

 

More than giving an indication of the viscoelasticity of the resulting film, QCM-D data analysis is 

used to estimate some physical properties of the films, as the thickness, viscosity and elastic shear 

modulus. Therefore, based on the Voigt viscoelastic model, which is integrated into the QTools software 

(Q-Sense), it was possible to estimate the thickness of the films from the Equation III.1 and IIII.2. 

Iterations of the model were performed using at least three overtones. The model requires three 

parameters, namely solvent density, solvent viscosity and film density, to be fixed. The solvent viscosity 

repeat as desired was therefore fixed at 0.001 Pa∙s (same as water) and the film density at 1200 kg.m -3 

(often assumed to return the lowest calculation error).  

 

      Equation III.1 

 

       Equation III.2 

 

In these equations, j corresponds to the total number of thin viscoelastic layers, ρ0 and h0 are the 

density and thickness of the quartz crystal, ηl is the viscosity of the bulk liquid, δl is the viscous 

penetration depth of the shear wave in the bulk liquid, ρl is the density of liquid, μ is the elastic shear 

modulus of an overlayer and ω is the angular frequency of the oscillation. The thickness, density, 

viscosity and elastic shear modulus of the adsorbed layer are represented by hj, ρj, ηj and μj, 

respectively. 

 

3.4. Layer -by-layer assembly 
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LbL is a simple and versatile technology, widely used to fabricate nanostructured films for 

biomedical and tissue engineering applications 25. This technology offers the opportunity to control and 

tailor the surface’s properties at micro and nanoscale level, working with a wide range of materials like 

synthetic polymers, biopolymers, cells or particles 26. Moreover, LbL assembly represents a bottom-up 

approach, meaning that starts from the smaller particles to build-up increasingly bigger structures 27. 

Among other LbL assembly can result in different shaped-structures, from simple coatings 7b to 

freestanding multilayer membranes 10a, to capsules 28a, to tubes 28b, and even to porous scaffolds 29a. 

Moreover, typically LbL assembly is based on a simple and alternated deposition of polycationic and 

polyanionic materials above an underlying substrate 29b-see Figure III-4. Conventional LbL assembly is 

exploited in the Chapter V, VI, VII, VIII and IX; for all of those works LbL assembly was performed above 

inert substrates, making possible the detachment of the multilayered membrane in the end of the 

process. Notwithstanding, other driven forces can be used to construct a LbL-based film 29b. In the 

Chapter IV, LbL assembly was demanded by a click chemistry reaction azide-alkyne cycloaddition- see 

Figure III-1.  

Table III.2 details the pairs of polymers and the respective chosen parameters used to perform 

the LbL assembly and consequently to produce freestanding multilayered membranes. The construction 

of the multilayered films was assisted by an in-house developed dipping robot that allowed the 

automated assembly of each layer in a programmed manner- see Figure III-4C. Due to the sensitivity 

and size of the underlying substrate, the multilayered film was constructed manually for the work 

developed in the Chapter IV.  

 

 

Table III-2. LbL construction parameters, for each one of the works developed in each chapter of this thesis 

 

Chapter 

Materials [C] 

(mg.mL-1) 

Driven force Nº of 

cycles 

T (°C) 

/ pH 

Underlying 

substrate 

C. IV ELPs 0.5/0.5 Covalent 4 BL RT / 7 Glass 

C. V 
CHT/CS 2/2 Electrostatic 250 BL RT / 

5.5 

PP 

C. VI 
CHT/CS 2/2 Electrostatic 300 BL RT / 

5.5 

PP and PC 

C. VII 
CHT/HA 

or HA-DN 

2/1  Electrostatic 200 BL RT / 

5.5 

PP 

C. VIII 

CHT/ALG 

CHT/HA 

or HA-DN 

2/2 and 

2/1 

Electrostatic 100 TL RT / 

5.5 

PP 

C. IX 

CHT/ALG 

CHT/HA 

or HA-DN 

2/2 and 

2/1 

Electrostatic 100 TL RT / 

5.5 

PP and PC 
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Figure III-4. Schematic representation of A) the LbL assembly driven by electrostatic interactions and B) experimental 
procedure using an automatic dipping robot or just manually. C) QR-code for a video of an automatic dipping robot at work. 

 
 

3.5. Crosslinking reaction with genipin (G)  

To reinforce the mechanical properties, genipin was chemically incorporated in the freestanding 

multilayer membranes (Chapter V and VI) and compared with the original ones. The reaction mechanism 

of genipin with the multilayer membrane was based on the spontaneous formation of crosslinks with 

primary amine groups of CHT 30. Briefly, there is a faster reaction where genipin is attacked by a primary 

amine of CHT resulting in the formation of a heterocyclic compound of genipin linked to the glucosamine 

residue in CHT 30. Then, there is a second and slower reaction with a nucleophilic substitution of the 

ester group of genipin to form a secondary amide link with CHT 30.  

Therefore, genipin solutions (1 and 2 mg.mL-1) were prepared in an optimized mixture of 1:4 

DMSO/0.15 M NaCl. The dried freestanding membranes were immersed in those solutions for 12 hours 

at RT. In the end, the reaction was stopped using absolute ethanol a couple of times to remove the 

excess of genipin of the samples, and then dried at RT. Genipin is photosensitive, therefore all the steps 

involved were protect from light sources. 
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4. Characterization of the developed LbL systems 

 

4.1. Physico-chemical characterization 

4.1.1. Fourier transform infrared spectroscopy (FTIR) 

The analysis of the different membranes (crosslinking and not crosslinked), and the respective 

natural polysaccharides was performed using a spectrophotometer (Chapter V). The samples were 

accessed using a membrane holder instrument, by the averaging 34 individual scans over the range 

4400 cm-1 to 400 cm-1. Using the same parameters but preparing in potassium bromide (KBr) discs, it 

was possible to obtain the FTIR spectrums for pure CHT and CS. 

 

4.1.2. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) 

SEM and EDS were used to characterize the physico-chemical properties of the multilayer 

systems. SEM is an electron microscope that produces images of a sample by scanning it with a focused 

beam of electrons 31. The electrons interact with atoms in the sample, producing various signals that can 

be detected and that contain information about the sample's surface topography and composition 31. The 

membrane morphology of the different LbL-based films was visualized by SEM (Chapter IV, V, VI, VII, 

VIII, IX). Additionally, SEM was also used to visualize the cells morphology adhered on the surface 

micro- and nanostructure (Chapter IV, VI, IX). Moreover, the elemental chemical composition was 

investigated by EDS (Chapter VII). Briefly, the samples were dehydrated using sequential ethanol series, 

namely 30%, 50%, 60%, 70%, 80%, 90%, 96% and 100% v/v, 5 to 15 min each. Prior to SEM 

visualization EDS analysis was performed. Then, samples were gold-coated using a sputter coater. 

 

4.1.3. Atomic force microscopy (AFM)  

AFM is an excellent tool to study the morphology and the topography at micro- and nanoscales of 

diverse materials’ surface 32. This equipment has the advantage of imaging almost any type of surface, 

including polymers, ceramics, composites, glass, and biological samples 32. In AFM, a sharp probing tip 

is raster-scanned over a surface using a feedback loop to adjust parameters needed to image a surface, 

being the atomic forces used to map the tip-sample interactions 32.  

AFM measurements were performed in the LbL-coated cover glass (Chapter IX) or directly on 

membranes (Chapter VI). The surface topography of dry and wet films was analyzed and the root mean 

square (Rq) and the average roughness (Ra) were determined. The Ra is the mean height as calculated 

over the entire measured length/area. The Rq is a function that takes the square of the measures. The 

Rq roughness of a surface is like the Ra, with the only difference being the mean squared absolute 

values of surface roughness profile. Additionally, the AFM imaging was used to measure specific micro- 

or nanostructures of the surfaces. 
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4.1.4. Water Contact Angle and wettability 

The wettability of the materials’ surface is defined by the physico-chemical characteristics of the 

LbL-based films 33. Generally, the wettability of the films is affected by the existence of micro- and 

nanorough surfaces, being higher for low-energy surfaces (lower water contact angles (WCA)) and lower 

for high-energy surfaces (higher WCA) 33a. The WCA of a liquid drop on a solid surface is the angle at 

which a liquid/vapor interface meets a solid surface 34. Physically, it can be defined by the mechanical 

equilibrium of the drop under the action of three interfacial tensions and allows to quantify the wettability 

of a solid surface 34. A goniometer was used as the measurement tool to determine the WCA. The 

values were obtained by the sessile drop method, using always ultrapure water and the fixed drop 

volume for 3 µl. This technique was employed to determine the effects of temperature or pH fluctuations 

on the physicochemical properties of the LbL coatings (Chapter IV). 

 

4.1.5. Water uptake ability 

 To investigate the water uptake ability, samples of known weight (dried weight, wd) were 

immersed in a phosphate buffered saline (PBS) at pH=7.4 up to 3 days and 37°C (Chapter V, VIII and 

IX). The swollen membranes were removed at predetermined time points and instantly weighted with an 

analytical balance, always after the removal of the water excess using filter paper. The water uptake was 

calculated using Equation III.3, where wd and ww represents the weights of dried and wetted membranes, 

respectively. For each condition, at least 5 samples were considered. 

 

        Equation III.3 

 
 

4.1.6. Biodegradation  

Degradation studies were performed to determine de biodegradation degree of the freestanding 

multilayer membranes made of CHT and CS, when implemented in a similar environment to the human 

body (Chapter V). As already referred in the materials section, natural polymers are usually 

biodegradable an it can happen by different routes when inside the human body. The enzymatic via 

seems to be the most impactful; there are different enzymes responsible for the degradation of 

biopolymers. CHT and CS were usually degraded under the action of lysosome and hyaluronidase, 

respectively. Therefore, the freestanding multilayer membranes were placed in PBS, at pH=7.4 (control), 

and in an enzymatic solution composed by 0.13 mg.mL-1 of lysosome and 0.33 mg.mL-1 of hyaluronidase 

in PBS with sodium azide (NaN3), at pH=7.11; all experiments were put in a shaking water bath at 37 °C. 

The medium was replaced every 3 days and at predetermined time points (3, 7, 14 and 30 days), the 

membranes were removed from the solutions and washed with distilled water to remove the excess of 

salts. Then, the membranes were dried at constant temperature and weighted. The percentage of weight 

loss (wL) of the membranes for the different conditions was determined following Equation III.4, with wi 

being the initial dry weight of the membrane and wf being the weight of the dry membrane after each 
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predetermined time point. Thus, the percentage of weight retaining (WR) was calculated using Equation 

III.5, using the result of Equation III.4. 

 

         Equation III.4 

         Equation III.5 

 

 

4.2. Mechanical properties 

To investigate the mechanical properties of the different developed materials and the influence of 

being or not being chemical crosslinked (Chapter V), the presence of a different topographies (Chapter 

VI) and the presence of adhesive functional groups (Chapters VII, VIII and IX).  

 

4.2.1. Static mechanical assays 

Therefore, uniaxial tensile tests were performed on rectangular membranes using a mechanical 

testing equipment. Different parameters were evaluated, according with the application. For the work 

developed in Chapter V, 40×5mm2 rectangles PEM membranes were tested in wet condition. A 

micrometer was used to measure both the thickness and the width of the samples. Before starting the 

test, the samples were immersed in PBS until equilibrium was reached, about 3 hours later. The tensile 

assays were made at a crosshead speed of 1mm.min-1 and room temperature, with a gauge length of 10 

mm. The presented results are representative of at least five specimens and the Young’s Modu lus 

values were determined from the initial slope of the stress-strain curves. In the Chapter VII, 30×5mm2 

rectangles PEM membranes were tested in wet condition. The tensile assays were made at a crosshead 

speed of 1mm/min-1 and room temperature, with a gauge length of 10 mm.  

 

4.2.2. Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical analysis (DMA) apparatus was used to investigate the 

mechanical/viscoelastic properties of the FS multilayered membranes in the Chapter VI. The testing 

procedure consists in applying an oscillatory force to the sample and the consequent response analysis 

of the sample to that force. It allows obtaining data about the mechanical properties of materials (elastic 

modulus, viscous modulus and damping capability), as a function of time, temperature and frequency. 

Briefly, the membranes were cut with ≈ 8 mm width. Prior to the DMA assays, samples were soaked 

overnight, in a PBS solution, to reach the swelling equilibrium. The geometry of the samples was then 

measured accurately for each sample where the thickness was determined in three different regions of 

each sample using a micrometer. The measurements were carried out at 37°C during which the 

membranes were immersed in a PBS solution placed in a Teflon® reservoir. Membranes were clamped 

in the DMA apparatus with a gauge length of 10 mm and immersed in the PBS bath. After equilibration at 

37°C, the DMA spectra were obtained during a frequency scan between 0.2 and 20 Hz. The experiments 

were performed under constant strain amplitude (50 µm) and a static pre-load of 1 N was applied during 
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the tests to keep the sample tight. At least three specimens were tested for each condition with the same 

experimental settings.  

 

4.2.3. Adhesiveness evaluation 

To evaluate the adhesiveness character of the membranes, different approaches were envisaged 

using a mechanical testing apparatus – see Figure III-5. In Chapter VII, we followed a standard test 

method for shear strength of single-lap-joint adhesively bonded metal specimens by tension loading 

ASTM D1002 37 (ASTM International, West Conshohocken, Pennsylvania, United States of America) 

with slightly modifications. All the adhesion experiments were conducted at 25 °C, at a cross-head speed 

of 5 mm.min−1 and using a 1.0 kN static load cell. The lap shear adhesion specimens were squares (20 

mm × 20 mm) of freestanding membranes that were incubated at 37 °C and equilibrated in a 50% 

humidity atmosphere prior to testing. Briefly, the samples were put between two glass slides and left in 

contact overnight. Then, the systems were stressed until enough force was applied to trigger their 

detachment and pull them apart, using the Instron apparatus. The lap shear bonding strength was then 

determined from the maximum of the force–deformation curve obtained. The average and standard 

deviations were determined using the results from five samples. While lap shear strength gives a 

quantitative idea of the adhesive properties of the membranes, other nonconventional test was made to 

observe the bio-adhesiveness potential of these systems. Briefly, the multilayered membranes were put 

in contact with a clean surface of porcine bone tissue in a 50% humidity-controlled environment at 37 °C. 

Then, the freestanding membranes were pulled out of the bone with tweezers. This process was 

recorded by a video camera. On the other hand, in Chapter VIII, the adhesive properties of the produced 

freestanding membranes were evaluated using a single lap shear adhesion strength test adapted also 

from ASTM D1002. Rectangular samples (30 x 10 mm2) were cut and overlapped in pairs with an 

overlapping area of 5 x 10 mm2. Samples were then hydrated with a PBS solution and placed between 

firmly tight glass slides, overnight and at 37 °C. After that, the glass slides were removed, and the 

samples were tested using a mechanical testing equipment, with each grip pulled the extremity of one of 

the overlapped samples. A tensile speed of 5 mm.min-1 was used until sufficient stress was applied for 

membrane detachment. The resulting stress-strain curves allowed to determine the adhesion strength of 

the developed freestanding membranes. 
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Figure III-5. A) Experimental setup for the measurement of the lap shear adhesive strength. Mounting configuration used for the 
works of B) Chapter VII and C) VIII.  

 

4.3. Bioactive and functional properties 

Biomedical and TE applications increasingly claim for materials exhibiting bioactive properties. 

 

4.3.1. Stimuli-responsiveness ability  

 In Chapter IV stimuli-responsiveness ability was evaluated through different techniques, that 

were already described above. Briefly, taking advantage of the responsive properties that have been 

reported for ELPs, we decided to investigate if these properties would be transposed for the 

nanocoatings. Therefore, the film’s growth, the morphology and the wettability of the ELP-based 

nanocoating were evaluated by changing temperature and pH. SEM was used to investigate the 

morphology of the resulting multilayer-coated surfaces, produced at RT. These samples were observed 

after overnight incubations at different temperatures: 4°C, RT and 37°C. Prior to observation the samples 

were dried and coated with platinum using a sputter coater. Then, we investigated the influence of the 

temperature and the pH on their wettability. The WCA of cleaned glass coverslips and ELP-based 

coatings, produced at RT, were investigated firstly at RT and then for repeating cycles of temperatures of 

37°C and 4°C. This was possible using a liquid temperature control unit, which could be coupled with 

goniometer system and linked to a temperature-controlled bath system. This system allowed a protective 

atmosphere to surround the sample working area, maintaining temperature and humidity 

homogeneously distributed over working area. The cycle temperatures were continuously repeated 10 

times to evaluate the reversibility of the temperature responsiveness of elastin-coated surfaces. The pH 

responsiveness of the surfaces was also investigated. WCA measurements were made after sample 

immersion at working pH 7. Then, the elastin-based surfaces were submitted to sequential immersions 

on different pH solutions, wherein after each 60-minute immersion the samples were withdraw and the 

WCA measured. Basically, acid and alkaline sodium acetate solutions were prepared at a 150mM 

concentration; the samples were sequentially and continuously immersed in solutions with pH values of 

4, 10, 3, 11, 2 and 12. Lastly, QCM-D analysis was performed to investigate the influence in situ of acidic 
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and alkaline cascades after the film construction. The procedure described for the build-up kinetics 

construction was repeated. After the film build-up, the elastin multilayers were flushed with acidic or 

alkaline sodium acetate solutions, where the pH was adjusted using appropriated volumes of NaOH 

(0.5M) and acetic acid (2%(v/v)). These solutions were injected into the system for 30 minutes, followed 

by a short injection with a sodium acetate solution at pH 7 to evaluate the reversibility of the process. 

The influence of the pH on the elastin multilayers was evaluated by varying the pH in a cyclic way in an 

acidic range (pH 4, pH 3 and pH 2) and, also, in an alkaline range (pH 10, pH 11 and pH 12). The 

respective frequency and dissipation changes were recorded in real time.  

 

4.3.2. Shape-memory ability  

All the produced freestanding films presented a flat shape, but due to the elastic behavior 

associated to polysaccharide-based freestanding membranes and their ability to uptake water, the initial 

shape can be deformed, through an external action. This can be described as a shape-memory 

phenomenon, triggered by hydration. Therefore, in the Chapter V, membranes were cut in 40 mm x 8 

mm rectangles and were then hydrated in PBS, until equilibrium was reached, about 3 hours after. With 

the help of a rod, the wetted membrane was rolled around, dehydrated with ethanol 100% to fix the 

shape, to induce the extraction of water molecules, and then allowed to dry. The membrane was 

carefully removed from the rod, to verify the maintenance of the resulting temporary shape. Rehydration 

was the next step, and the samples were again immersed in PBS to recover the initial and permanent 

flat shape. These transformations were observed and recorded by photography. The representative 

scheme of the procedure is presented in Figure III-6.  

 
Figure III-6. Schematic representation of the experimental procedure related with the shape-memory test. After hydrating the 
membrane with PBS, the sample was shaped like a spring and tested to maintain this shape under the action of ethanol. To test 
the reversibility of the process, the membrane was immersed again in PBS. 
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4.3.3. Bactericidal activity  

In the Chapter VIII, the bactericidal activity was evaluated for the developed freestanding 

membranes. Therefore, Staphylococcus aureus was used as model of a gram-positive bacterium, 

whereas Escherichia coli used as model of a gram-negative bacterium. To do that, both strains of 

bacteria (1 × 108 Colony-forming unit (CFU) mL-1) were grown in sterilized LB (Lysogeny broth) and 

incubated for 4h at 37°C. 200 µL of the bacterial suspension were placed on the LB agar growth plates 

and spread uniformly using a sterile cotton swab. The different sides of the membranes were placed on 

the top of the inoculated agar plates and incubated overnight at 37°C. To determine the biofilm formation 

at the membranes surface’ and the bacterial growth, SEM images were acquired. 

 

4.4.  In vitro biological performance  

The in vitro cellular response to materials is essential to evaluate their biocompatibility and 

bioactivity. Using more specific or general cell types, we investigated if any harmful reaction was 

triggered upon interaction with a living organism, and, if not we studied important cellular functions upon 

cell-material interactions. Therefore, in this thesis, different cell types and models were used to evaluate 

the in vitro biological performance of each developed materials described in each chapter: L929 

fibroblasts (Chapters V and VI), C2C12 myoblasts (Chapters IV and VI), MC3T3-E1 pre-osteoblasts 

(Chapter VII), HDFs (Chapter VIII) and hASCs (Chapter IX).Considering each type of cell, developed 

material and application, different methodologies were employed to evaluate the cell-materials 

interactions.  

 

 

4.4.1. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- (4-sulphofenyl)-2H-

tetrazolium (MTS) assay 

The MTS assay was used to test the cytotoxicity and the viability of cells, upon interaction with 

materials. This metabolic activity assay is based on the bio-reduction ability of mitochondrial 

dehydrogenase enzymes present in viable cells to convert the MTS compound into a cell culture soluble 

brown formazan product 35. Specific cell types, that were above mentioned, were cultured above the 

LbL-based films and incubated at 37°C and 5% CO2, using adequate culture media according with the 

cell type. At different pre-determined periods, MTS assay was performed protected from light, as it is 

photosensitive. Briefly, the culture medium was removed and serum-free DMEM containing MTS solution 

with a dilution ratio of 1:5 was added to each well. Samples were then incubated in the dark at 37°C and 

5% CO2 for 3 hours. Then, 100 μL of each well (in triplicate) was transferred to a 96-well plate and the 

amount of formazan product was measured by absorbance at a wavelength of 490 nm using a multiwall 

spectrophotometer (Chapter IV, V, VI and VIII). 
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4.4.2. Alamar Blue ® assay 

The alamarBlue® assay was also used to investigate the cytotoxicity by analyzing their metabolic 

activity (Chapter VII). MC3T3-E1 were cultured above the LbL-based films and incubated at 37°C and 

5% CO2, using adequate culture media. At different pre-determined periods, alamarBlue® assay was 

performed protected from light, as it is photosensitive. Briefly, the culture medium was removed and 

supplemented α-MEM containing 10% (v/v) of alamarBlue solution was added to each well. The samples 

were then incubated in the dark, overnight, at 37 °C and 5% CO2. After 12 h, 100 μL of each well (in 

triplicate) was transferred to a 96-well plate. The absorbance was monitored at 570 nm and 600 nm, 

using a microplate reader.  

 

4.4.3. DNA quantification assay 

The DNA quantification assay was used to quantify the number of the cells as well to evaluate 

the cellular adhesion, viability and proliferation. Specific cell types, that were above mentioned, were 

cultured above the LbL-based films and incubated at 37°C and 5% CO2, using adequate culture media 

according with the cell type. At different pre-determined periods each well was washed with Dulbecco's 

phosphate-buffered saline (DPBS) and 1 mL of ultrapure sterile water was added. Upon mixing, contents 

were transferred to Eppendorf tubes, which were then placed in a shaking water bath at 37°C for 1 h. 

Ultimately, the tubes were immediately stored at -80°C until use. Quantification of total DNA was 

determined after cell lysis, according to the manufacturer’s description. After transferring each solution to 

a 96-well white opaque plate (in triplicate), the plate was incubated at RT protected from light for 10 min. 

The standard curve for DNA analysis was generated with provided DNA from the assay kit. 

Fluorescence was read at excitation of 485/20 nm and emission of 528/20 nm using a multiwall 

spectrophotometer (Chapter IV, V, VI, VII and VIII).  

 

4.4.4. Cell quantification by trypsin detachment 

Briefly, the sterile membranes (A=4cm2) were placed in poly-HEMA coated 12-well culture plates 

and the same number of cells.mm2 was dropped right above each membrane and incubated at 37°C, for 

3 days. After 1 and 3 days, 3 samples per condition were taken and the cells adhered on each on were 

detached using trypsin and counted using an automatic cell counter equipment. 

 

4.4.5. Cellular Morphology 

 The morphology of the different cell types when adhering and proliferating above the LbL-based 

systems was visualized over the time. Specific cell types, that were above mentioned, were cultured 

above the LbL-based films and incubated at 37°C and 5% CO2, using adequate culture media according 

with the cell type. After pre-determined times, the samples were washed with DPBS and fixed at RT in 

formalin solution. After that, samples were kept in DPBS until using. In this thesis, two different 

experimental methodologies were employed to visualize and evaluate the morphology of cells upon 

interaction with material’s surface: SEM and immunofluorescence staining.  
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 Regarding the SEM observation, samples were dehydrated in an increasing gradient series of 

ethanol. After gold sputtering, samples were visualized by SEM (Chapter VI and IX). 

 

Before the immunofluorescence staining cells were permeabilized through immersion in a 

triton solution, followed by a blocking step in a bovine serum albumin (BSA) solution. Then, after 

washing with DPBS the cells were incubated in the dark a phalloidin solution for at least 30 minutes, to 

stain the cytoskeleton of cells. For cell nuclei staining, cells were incubated in the dark in a 4,6-diamino-

2-phenyindole dilactate (DAPI) solution in DPBS. Samples were observed using an inverted 

Fluorescence Inverted Microscope (Chapter IV, V, VI, VII, VIII and IX). Moreover, after 5 days of culture 

adherent cells were labelled with an immunofluorescence antibody to vinculin (Chapter VI). Basically, 

cell seeded membranes were fixed with formalin, permeabilized with triton solution for 5 minutes and the 

non-specific binding sites were blocked with of BSA solution for 1 hour. The samples were incubated at 

4°C overnight with the primary antibody vinculin and then incubated with secondary donkey antibody 

anti-mouse Alexa Fluor 488 during 1 hour at RT, in the dark. Finally, the cells were incubated with DAPI 

at RT for 15 minutes. Prior to fluorescence microscopy, the samples were washed several times, and left 

in PBS overnight. Microscopic images were obtained using the transmitted and reflected light 

microscope. 

 

For the work reported in Chapter IX, different methodologies were used to SEM and 

fluorescence observations. Briefly, the sterile membranes were cut in circles of 8 mm diameter (A 

superficial=0.5 cm2) and put inside each well of the poly-HEMA coated 48-well culture plates. A cell 

suspension was dropped gently and right above the membrane surface. The cells were incubated at 

37°C for 7 days, changing the medium every 2-3 days. Taking advantage of using RFP-ASC/TERT1, 

that were already labelled with a red fluorescein, live fluorescence images of the cells were taken for 

each condition, using an optical and fluorescence microscope. For SEM imaging, the RFP-ASC/TERT1 

seeded-membranes were fixed after 5 days of culture. Therefore, the samples were incubated with a 

formalin solution for 1 hour and then washed with DPBS three times. Then the samples were dehydrated 

following a sequence of incubations in ethanol solutions, where the concentration gradually increased 

until being 100% ethanol. In the end, the samples were chemically dried with hexamethyldisilazane 

(HMDS). When HDMS was totally evaporated, the samples were coated with gold and examined with 

the SEM equipment. 

 

4.4.6. Morphometric parameters 

From morphology observation some morphometric parameters could be measured or 

calculated. Averaged cell perimeter and area, elongation factor (EF) and circularity were determined 

using the Image J® software (National Institutes of Health, Bethesda, MD, USA) (Chapter VI and IX). 

Moreover, using the fluorescence imaging just for the DAPI also nuclei elongation and orientation were 

calculated (Chapter VI). Therefore, Cells area, perimeter, circularity and EF were determined after 3 
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days of culture. The cell EF corresponds to the longest cell axis divided by the maximal length 

perpendicular to this long axis 36. The alignment was determined using information obtained by SEM or 

fluorescence images, where images shown both the cells adhered on the membranes and the 

nanopatterning; the patterning orientation was rotated to be equal to 0°. Additionally, also the cells angle 

distribution was determined using the Image J® software analyzing 5 images per condition, relatively to 

the day 3 of culture (where cells were suitably grown and dispersed to measure these parameters). The 

orientation analysis of the nucleus of individual cells adhered on FS membranes was assessed from 

fluorescent images. Image J® was used define the boundary of the nuclei, to determine the orientation of 

the nucleus of the individual cells relative to the preferential direction (assumed as the patterning 

direction). Nuclei included for analysis had to be fully contained within the border of the image. The 

nuclei EF was obtained by dividing the longest nucleus axis by the maximal length perpendicular to this 

long axis. The orientation of the nuclei was based on the angle between the major axis of the object and 

the long axis of the underlying topography (defined as 0°). Nuclei were considered aligned for an 

orientation angle between 10° and -10°. Five images were analyzed for each condition. Representative 

fluorescent images of the nuclei of the cells were presented for each condition. 

 

4.4.7. Cellular differentiation 

Cell differentiation was investigated in different chapters, using cell types with such ability. 

Therefore, in the Chapter IV and VI, myogenic differentiation was studied using murine C2C12 cells, 

osteoblastic differentiation was inspected using MC3T3-E1 cells and chondrogenic differentiation was 

considered using ASCs. Specific culture media were used to support differentiation and different 

methodologies and markers were used to detect the potential of differentiation. These experimental 

details will be briefly described below. 

To evaluate the potential of the developed coatings to allow myogenic differentiation (Chapters 

IV and VI), C2C12 cells were seeded above the samples and incubated at 37°C and 5% CO2 in DMEM 

culture medium. When 90% of confluence was achieved, the culture medium was exchanged by 

differentiation medium, composed of DMEM supplemented with 2% of horse serum and 1% of 

antibiotics/antimycotics, to induce cell differentiation. Basal culture medium was used to investigate the 

cellular differentiation potential when in presence of a patterned material’s surface (Chapter VI). After 

one week, the cells were stained by an immunocytochemistry protocol to identify troponin T-positive 

cells. After fixing the cells with formalin, the samples were washed and permeabilized with a Triton x100 

solution and blocked with a BSA solution. After washing with DPBS, the samples were incubated 

overnight at 4 °C with the mouse troponin T antibody and after this time the samples were washed and 

incubated with the secondary antibody anti-mouse Alexa Fluor 488 during 1 hour at RT. Then the cells 

were incubated with DAPI to counterstain the nuclei. The samples were then extensively washed with 

DPBS to remove the excess of fluorescence probes. A transmitted and reflected light microscope was 

used to image the stained cells. From fluorescence microscopic observation, different morphometric 

parameters related with the myogenic differentiation could be determined; fusion index and average 

number of troponin T-positive myotubes per area were determined using ImageJ tools. A cell containing 



Chapter III Universidade de Aveiro 

Page | 73  
 

3 or more nuclei was considered a myotube. The fusion index was calculated, as the ratio of the nuclei 

number within the troponin T-positive myotubes versus the total number of nuclei in the same area. Also, 

the average of myotubes area, perimeter, length and elongation factor were determined using ImageJ 

tools. The elongation factor describes to what extent the equimomental ellipse is lengthened or stretched 

out. 

 

To evaluate the osteogenic differentiation potential of the FS multilayered membranes 

developed in Chapter VII, cells were cultured with MC3T3-E1 in basal growth medium, at 37 °C and 5% 

of CO2. After five days in basal conditions, the medium was changed for osteogenic medium (α-MEM 

containing 10% FBS, 10 mM β-glycerolphosphate disodium salt hydrate, and 50 μg.mL−1 L-ascorbic 

acid). The differentiation medium was changed every three days. Then, intracellular osteopontin 

expression was evaluated as it has been reported as a marker for osteogenic differentiation. After 14 

days in differentiation medium, the samples were fixed in formalin solution in DPBS. Following the 

fixation step, the fixed samples were permeabilized with a Triton X-100 solution in DPBS solution for 10 

min and then blocked with a fetal bovine serum (FBS) solution in DPBS solution for 60 min. Then, the 

samples were examined for protein expression visualization using a mouse antibody against osteopontin 

by incubation overnight, at 4 °C. Subsequently, the samples were treated with the corresponding 

secondary antibody anti-mouse Alexa Fluor 647 for 1 h, at RT and consequently with rhodamine 

phalloidin and DAPI for 45 min and 15 min, respectively. Between each step the samples were 

extensively washed. Afterwards, the cell morphology was observed using fluorescence microscopy. 

 

4.5. In vivo biological performance  

For Chapter VIII, animal experiments were performed according to the protocol approved by the 

Ethics Committee of Centro Hospitalar Cova da Beira (approval number 24/2009) and the guidelines set 

forth in the National Institute for the care and use of laboratory animals. To perform the in vivo assays, a 

total of 10 Wistar rats (4-6 weeks) weighing between 100- 150 g were used. Animals were separated into 

three groups: group 1, wounds were treated with control membrane; group 2, wounds were covered HA-

DN-containing membrane; whereas in the group 3, used as positive control, wounds were covered with 

serum physiologic solution. During the study, animals were kept in separate cages and were fed with 

commercial rat food and water ad libitum. Animals were sacrificed after 10 and 21 days. Hematoxylin 

and Eosin (H&E) staining analysis was used to evaluate the local and systemic immune response of 

different membranes, tissue specimens were obtained from each wound area by sharp dissection at 

days 10 and 21. Skin tissue samples were obtained by necropsy, formalin fixed, and paraffin embedded 

for histological processing. Sections of 3 µm were obtained from each sample using a cryostat 

microtome and then stained with hematoxylin and eosin (H&E) or with Toluidine blue. Subsequently, 

samples were visualized using a light microscope with a specific image analysis software. Skin 

fragments without membrane were used as control. Other tissue samples such as brain, lung, liver, 

spleen and kidney, were also obtained by necropsy and analyzed to check for any morphological. 
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4.6. In situ biological assays  

In chapter IX, we designed an in situ experimental methodology that allowed testing superficial 

cartilage under a more controlled environment than in vivo, but in the natural place.  

 

4.6.1. Preparation of the damaged cartilage plug chips 

Damaged cartilage plug chips were prepared of human samples and using with the approval of 

the Ethics Committee of General Hospital of Vienna and the guidelines set forth in the National Institute 

for Health. Human hip joints were used as the source for cartilage plug chips. Just hip joint samples with 

visible signs of damaging were considered for this study; therefore, parameters like color, roughness and 

redness were taken in account. Firstly, the cartilage areas of interest were cut from the hip joint with the 

help of a scalper. With the careful of maintaining always the sample hydrated, 8 mm chip diameter were 

then made using an appropriate manual biopsy punch. Subsequently the chips were kept into a sterile 

solution of DPBS containing 10% of antibiotics at 4°C and used in the day after. The representative 

scheme of the procedure is presented in Figure III-7. 

 

Figure III-7. Schematic representation and photographs of the system created to test the potentiality of the material to delivery 
ASCs, to treat damaged articular cartilage: A) human femoral head sample; B) Removal of the damaged cartilage layer to make 
8 mm discs; C) Overnight incubation of the prepared discs in a DPBS solution containing 10% of antibiotics at 4°C.  

 

 

4.6.2. System composed of RFP-ASC/TERT1 seeded membranes and damaged cartilage 

plug chip in basal medium 

To test the membranes with the damaged human cartilage plug, a very similar procedure used 

for adhesion and viability tests was used. Briefly, the sterile membranes were cut in circles of 8 mm put 

inside each well of the sterile poly-HEMA coated 48-well culture plates. A cell suspension of RFP-ASCs 

was dropped gently and right above the membrane surface. The cells were then incubated at 37°C, 
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overnight. In the day after, RFP-ASC/TERT1 seeded-membranes were put directly above the damaged 

surface of the human cartilage chips, with the RFP-ASC/TERT1 side facing the cartilage surface. Then 

this system was transferred in one-piece to the poly-HEMA coated 48-well culture plates, upside down 

(membrane in contact with the bottom and the chip right above). Each well/system was cultured in basal 

ASC differentiation medium, supplemented with 100 mM of dexamethasone. The medium was changed 

every 2-3 days and the culture was maintained for 3 weeks.  

 

Live imaging of the interaction between RFP-ASC/TER1 seeded membranes and the 

damaged cartilage chip. The interaction between RFP-ASC/TERT1 seeded membranes and the 

damaged cartilage chip was live recorded after 3 days, 1 week and 2 weeks of culture, using a confocal 

microscopy equipment. 

  

Cross-section observation of the RFP-ASC/TERT1 seeded membranes and the damaged 

cartilage chip. After 2 weeks of culture, the samples were fixed with paraformaldehyde 4% solution 

during overnight, under automatic agitation. In the day after, the samples were washed with DPBS 3 

times and then transversally cut in 2 sections. These sections were placed in a glass slide with the cross 

section turned down; fluorescence images of the cross-section were using the confocal microscopy.  

 

Histological sections preparation: Azan staining analysis. After 3 weeks of culture, other 

samples were fixed with formalin 4% solution during overnight, under automatic agitation. Next day, the 

samples were washed under continuous tap water for 1 hour and then put in ethanol 30% for another 

hour under automatic agitation. In the end the samples were kept in ethanol 70% until use. To evaluate 

histologically the impact of the ASCs-seeded membranes on the structure of cartilage, sections of the 

formalin-fixed samples were prepared for Azan trichrome staining. Briefly, the formalin-fixed sections 

dehydrated with ascending alcohol series. Samples were fixed in 4% neutral buffered formalin, washed 

in PBS and dehydrated with a graded series of alcohol. Then, samples were embedded in paraffin and 

sectioned with 3-4 µm thickness with a rotatory microtome. Sections were stained with Azan. 

Subsequently, samples were visualized using a light microscope with a specific image analysis software. 

Cartilage fragments without membrane were used as control. Other tissue samples such as brain, lung, 

liver, spleen and kidney, were also obtained by necropsy and analyzed to check for any morphological. 

 

4.6.3. System composed of RFP-ASC/TERT1 seeded membranes and damaged cartilage 

plug chip in differentiation medium.  

To test the differentiation potential of these membranes when implemented above the cartilage 

superficial defect, we culture the system ASCs-seeded membranes and damaged cartilage plug chip in 

differentiation medium. Briefly, the sterile membranes were cut in circles of 8 mm put inside each well. A 

cell suspension of RFP-ASC/TERT1 was seeded above the membranes and incubated at 37°C, 

overnight. In the day after, RFP-ASC/TERT1 seeded-membranes were put directly above the damaged 

surface of the human cartilage chips, with the RFP-ASC/TERT1 side facing the cartilage surface. Then 
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this system was transferred in one-piece to the well plate, upside down (membrane in contact with the 

bottom and the chip right above). Each well/system was cultured in ASC differentiation medium, 

supplemented with 100 mM of dexamethasone and low-dose of transforming growth factor- beta 3 (TGF-

β3) and bone morphogenetic protein 6 (BMP-6). The medium was changed every 2 days and the culture 

was maintained for 5 weeks.  

To evaluate the chondrogenic potential of these cells when in contact with the damaged cartilage 

chips and incubated in a TGF-β3/BMP-6 supplemented medium, immunohistochemistry and histological 

analysis were done. Therefore, sections of the formalin-fixed samples were prepared. Briefly, the 

formalin-fixed sections dehydrated with ascending alcohol series. Thereafter, they were embedded in 

paraffin and sectioned with 3-4 µm thickness with a rotatory microtome. Sections were immunolabelled 

against collagen type II. Subsequently, samples were visualized using a light microscope with a specific 

image analysis software. Cartilage fragments without membrane were used as control. Other tissue 

samples such as brain, lung, liver, spleen and kidney, were also obtained by necropsy and analyzed to 

check for any morphological. 
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IV. Biomimetic click assembled multilayer coatings exhibiting 
responsive properties* 

 

 

 

 

 

Abstract  

 

 Stimuli-responsive polymers can change their physico-chemical properties in a dynamic way, to 

respond to variations on the surrounding environment. These materials have gained increasingly 

importance for different areas, such as drug delivery, biosensors, microelectronic systems and also for 

the design and modification of biomaterials to apply on tissue engineering field. In the last years, 

different strategies have been envisaged for the development of stimuli-responsive biomaterials. Layer-

by-layer (LbL) is a promising and versatile technique to modify biomaterials’ surfaces and has allowed 

tailoring interactions with cells. In this study, LbL is used to construct biomimetic stimuli-responsive 

coatings using elastin-like recombinamers (ELRs). The recombinant nature of ELRs provides the ability 

to introduce specific bioactive sequences and to tune their physicochemical properties, making them 

attractive for biomedical and biological applications. By using complementary clickable ELRs, we were 

able to construct multilayer coatings stabilized by covalent bonds, resulting from the Huisgen 1,3-dipolar 

cycloaddition of azides and alkynes. Herein, we exploited the switchable properties of the ELRs-based 

coatings which are dependent on lower critical solution temperature (LCST) transition. Above LCST, the 

polymers collapsed, and nanostructured precipitates were observed on the surface´s morphology, 

increasing the water contact angle. Also, the influence of pH on prompting reversible responses on 

coatings was evaluated. Finally, in vitro cell studies using a C2C12 myoblastic cell line were performed 

to perceive the importance of having bioactive domains within these coatings. The effect of RGD 

incorporation is clearly noted not only in terms of adhesion and proliferation but also in terms of myoblast 

differentiation. 

 

Keywords: elastin-like recombinamers; click chemistry; layer-by-layer; stimuli-responsive; myogenic 

differentiation. 

 

                                                        

 
* This Chapter is based on the following publication: Sousa, M. P.; Gonzalez de Torre, I.; Oliveira, M. B.; 
Rodríguez-Cabello, J. C.; Mano, J. F., Biomimetic click assembled multilayer coatings exhibiting responsive 
properties. Materials Today Chemistry 2017, 4, 150-163. 
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1. Introduction 

Scientists have been increasingly applying efforts to imitate materials, systems or elements present in 

Nature, in the pursue of solutions for some healthcare concerns. Particular focus has been given to 

bioinspired systems; for instance, a basic process of living systems is the ability to respond or adapt to 

different stimuli 1. In these adaptation processes, different length scales can be considered; from 

molecular interactions triggering a cascade of cellular events like cell signaling, endocytosis and 

exocytosis, to macroscopic interactions with external stimuli like temperature, prompting cascades of 

nervous signals transmitted to the brain and causing a physiological response 2. 

Therefore, developing polymeric materials capable of responding to environmental changes 

represents a challenge with high impact. Different stimuli, such as temperature, pH, chemical 

composition, mechanical forces or even light or magnetic abilities, can trigger morphological, chemical 

and physical changes on polymeric materials, 2-3. A diversity of architectures, from 2-dimensional to 3-

dimensional, has been suggested to develop stimuli-responsive systems. Examples include thin films 4, 

membranes 5, nanoparticles 6, gels or even capsules 6a.A wide-range of techniques has been employed 

to produce such kind of architectures, and LbL appeared as one of the strongest candidates to fabricate 

structures with distinct geometries 7. It is an inexpensive and versatile tool for biomaterials surface 

modification and has allowed tailoring cell-material interactions 8. Intermolecular interactions are in the 

base of LbL methodology, with electrostatic forces assuming a major role 9; typical LbL is mainly based 

on the deposition of oppositely charged polyelectrolytes. However, also non-electrostatic forces can be 

involved 10; van der Waals, hydrogen, coordination and covalent bonds are some of them. In recent 

years, significant increase of stability has been reported when considering covalent bonds as the major 

player on the LbL construction 11. For instance, Seo J. et al. 12 developed multifunctional polymer 

multilayer thin films with good physicochemical stability using the LbL deposition based on covalent 

bonds between activated esters and amine groups. Other strategies based on covalent interactions have 

been suggested. Click chemistry based LbL was reported to produce ultrathin films on silica particles, 

developing pH-responsive click capsules 13. Herein, we take advantage of a catalyst-free click 

technology, in which specific interactions are a result from Huisgen 1,3-dipolar cycloaddition of azides 

and alkynes 14.  

Nowadays, polymeric materials have been the most studied class to produce LbL nanostructured 

assemblies, either being of synthetic or natural origin 7. Polysaccharides 15, proteins 16 and even DNA 17 

have been explored. Using LbL methodology, Costa R. et al. 16a produced responsive thin multilayer 

coatings based on electrostatic interactions assembly of chitosan and elastin-like recombinamers 

(ELRs). Recombinant elastin has been reported as biocompatible, with mechanical properties 

comparable to those of native human elastin and with a thermosensitive behavior dependent of their 

lower critical solution temperature (LCST) 16a, 18.  

In this study, we propose the production of stable thin coatings to be used in biomedicine, combining 

ELRs with LbL technology and click chemistry. Taking advantage of recombinant technologies, different 
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ELRs were synthetized. This technology allows to introduce specific bioactive moieties and tailor 

physicochemical and bioactive properties of the polymers, making them attractive for biomedical and 

tissue engineering proposes. Therefore, we investigate the responsive abilities of these coatings and the 

influence of having the arginine-glycine-aspartic acid (RGD) motif on the chemical structure of the 

coatings. The presence of RGD tripeptide has gained particular interesting due to its well-known support 

to cellular adhesion 16a, 19.  

We hypothesize that the presence of RGD motifs on the surface of the films can be of extreme relevance 

to apply those kinds of films towards tissue engineering strategies or in the design of new 

microenvironments for cell culture. 

 

2.  Experimental section 

 

2.1.  Materials 

The bioproduction, purification and chemical modification of the different clickable ELRs (cyclooctyne- 

and azide-modified ELRs) can be found elsewhere 20. Low glucose Dulbecco’s modified Eagle’s medium 

(DMEM) without phenol red and sodium bicarbonate and DMEM with phenol red were purchased as 

powder from Sigma-Aldrich, as well as the sodium bicarbonate, sodium acetate trihydrate, PBS tablets, 

4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI), Phalloidin–Tetramethylrhodamine B 

isothiocyanate, Triton x100 and bovine serum albumin (BSA). Sodium hydroxide (NaOH) was purchased 

from Fisher Scientific and glacial acetic acid from VWR. The glass coverslips (13 mm diameter) were 

provided by Agar Scientific (UK). Fetal bovine serum (FBS), penicillin-streptomycin, Alexa Fluor 488, and 

DPBS (PBS without calcium and magnesium) were supplied by Life Technologies. CellTiter 96® 

Aqueous One Solution was purchased from Promega, horse serum (New Zealand origin) from Invitrogen 

and skeletal muscle troponin T antibody from Acris Antibodies.  

 

2.2. Bioproduction of the ELRs 

Genetic engineering techniques were used to synthetize the ELRs of interest, following a 

procedure already described elsewhere 20. The obtained ELRs were purified, dialyzed and then 

lyophilized. In the end, two ELRs were used: the ELR HRGD6, which contains the adhesion sequence 

RGD and the ELR VKVx24, which contains a similar structure to the first one but without the bioactive 

sequence. To allow the click chemistry reaction, reactive groups were required; for that, the bio-

produced ELRs were chemically modified at their lysine amino acids by transformation of the ε-amine 

group present in the lateral chain of the lysine residue. This process was achieved with a relatively mild 

and easy-to-perform reactions. A diazo transfer reaction to amines was performed on the two different 

ELRs, in order to introduce azides directly at the lysine positions of proteins, following a methodology 

described before 20. The resulting azide conversion was in the order of 70-90% of substitution and the 

two working ELRs were, thus, chemically modified: VKV-N3 and RGD-N3. Also alkyne cyclooctyne 

groups were introduced at the lysine positions of proteins with a substitution degree in the order of 60%, 
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following a procedure already described 20. From cyclooctyne modification we obtained the clickable 

ELRs: VKV-cyclo.  

 

2.3. Size distribution and Zeta potential measurement of the polymeric solutions 

The modified ELRs solutions were prepared in serum-free DMEM without phenol red at 0.5 mg.mL-

1. After that, the solutions were maintained overnight at different temperatures: 4°C, room temperature 

(RT, 20°C) and 37°C. The single size distribution of the prepared solutions was then measured through 

dynamic light scattering (DLS), using a Nano-ZS equipment from Malvern (United Kingdom). The 

measurements were made in the equipment at 4°C, RT and 37°C, accordingly to the different overnight 

incubations.  

ELR solutions were prepared at same concentrations, and their pH was adjusted to 6.5, 7.0 or 7.5 

using NaOH 1 M and acetic acid 1% (v/v). The zeta (ζ)-potential of the different solutions were also 

determined using a Nano-ZS equipment from Malvern.  

 

2.4. Build-up kinetics construction 

A quartz crystal microbalance with dissipation monitoring system (QCM-D, Q-Sense, Sweden) was 

used to follow up the absorption of the ELRs above crystal gold-coated crystals. ELRs solutions were 

prepared at concentrations of 0.5 mg.mL-1 in serum-free DMEM without phenol red, pH of 7. This water-

based solvent was used as washing solution. The multilayer construction of combinations of (i) VKV-

cyclo with RGD-N3 and (ii) VKV-cyclo with VKV-N3 was investigated for the deposition of 4 bilayers. Each 

polymer solution was pumped during 20 minutes with washing steps between each layer (15 minutes). 

The working temperature was defined as RT and the flow rate as 50 µl.min -1. The thickness of the 

multilayer films was estimated based on the Voigt model 21, using the Q-tools software (Q-Sense, 

Sweden). 

 

2.5. Assembly of ELRs clickable multilayers 

Glass coverslips were cleaned with 5-minute cycles of acetone, ethanol and isopropanol (all from 

Sigma-Aldrich) in a ultrasonication bath and activated using an UV-Ozone Cleaner (ProCleaner 220, 

Bioforce Nanoscience) for 10 minutes. The polymer solutions were prepared at concentrations of 0.5 

mg.mL-1 in serum-free DMEM without phenol red and sodium bicarbonate, pH of 7. Different formulations 

were produced; the combination of VKV-cyclo with RGD-N3 and VKV-cyclo with VKV-N3. For both, we 

started adsorbing the cyclooctyne-modified ELR for 20 minutes, followed by a washing step with serum-

free DMEM. Then the click reaction was completed introducing the azide-modified polymers, through the 

immersion of the surfaces in the RGD-N3 or VKV-N3, again for 20 minutes and then a quick washing 

step. The process was repeated four times, at RT, in order to form a 4-bilayer elastin-based film. Note 

that, in between each incubation time, the solutions were maintained at 4°C. In the end, two click 

assembled multilayer coatings were obtained: i) ((VKV- cyclo/RGD- N3)4 and ii) (VKV-cyclo/VKV- N3)4. 

2.5.1. Fluorescence microscopy 
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Fluorescence microscopy was used to investigate the effectiveness of the coating process. The 

addition of fluorescent probes to ELRs was described elsewhere 20. Acetylene Fluor 488 was added to 

azide modified ELRs, providing them with fluorescence. Labelled ELRs were used to construct the ELR-

based multilayers at RT, instead of using the non-fluorescent forms. After 4 bilayers, the (VKV- 

cyclo/RGD- N3)4 and (VKV-cyclo/VKV- N3)4 films were dried at RT, protected from light and visualized 

under transmitted and reflected light microscope with apotome 2 (Axio Imager Z1m, Zeiss, Germany).  

 

2.5.2. AFM 

Atomic force microscopy (AFM) was used to investigate the topography of the multilayer-coated 

surfaces. These studies were performed using AFM equipment (Dimension Icon, Bruker, USA) operated 

in a tapping mode at a frequency of 1 Hz. The samples were immersed in PBS for 30 minutes and their 

topography was evaluated at RT, with an analyzed area of 5 x 5 µm2. Coatings performed with 1 bilayer 

and 4 bilayers of (VKV- cyclo/RGD- N3) and (VKV-cyclo/VKV- N3) coatings were imaged. Values of 

arithmetic averaged roughness (Ra) surface were determined analyzing 5 samples of each condition.  

 

2.6. Stimuli-responsive properties investigation 

2.6.1. SEM 

Scanning electron microscopy (SEM) was used to investigate the morphology of the resulting 

multilayer-coated surfaces. Surface micrographs were obtained using a high-resolution field emission 

SEM with focused ion beam (Auriga Compact, Zeiss, Germany). (VKV-cyclo/RGD-N3)4 and (VKV-

cyclo/VKV-N3)4 coatings, produced at RT, were observed after overnight incubations at different 

temperatures: 4°C, RT and 37°C. Prior to observation the samples were dried and coated with platinum 

using a sputter coater (EM ACE 600, Leica, Austria).  

 

2.6.2.  WCA 

The water contact angle (WCA) of the elastin-coated surfaces was investigated to study the 

influence of the temperature and the pH on their wettability. The WCA values were measured using a 

OCA20 system (DataPhysics, Germany). WCA of cleaned glass coverslips, (VKV-cyclo/RGD-N3)4 and 

(VKV-cyclo/VKV-N3)4 coatings, obtained at RT, were investigated firstly at RT and then for repeating 

cycles of temperatures of 37°C and 4°C. This was possible using a liquid temperature control unit (TFC 

100, DataPhysics, Germany), which could be coupled with OCA20 system and linked to a temperature-

controlled bath system. This system allowed a protective atmosphere to surround the sample working 

area, maintaining temperature and humidity homogeneously distributed over working area. The cycle 

temperatures were continuously repeated 10 times to evaluate the reversibility of the temperature 

responsiveness of elastin-coated surfaces.  

The pH responsiveness of the surfaces was also investigated. WCA measurements were made 

after sample immersion at working pH 7. Then, the elastin-based surfaces were submitted to sequential 

immersions on different pH solutions, wherein after each 60-minute immersion the samples were withdraw 
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and the WCA measured. Basically, acid and alkaline sodium acetate solutions were prepared at a 150mM 

concentration; the samples were sequentially and continuously immersed in solutions with pH values of 4, 

10, 3, 11, 2 and 12.  

 

2.6.3. Cascade of pH effect after film construction 

QCM-D analysis was performed to investigate the influence in situ of acidic and alkaline cascades 

after the film construction. The procedure described for the build-up kinetics construction was repeated. 

After the film build-up, the elastin multilayers were flushed with acidic or alkaline sodium acetate 

solutions, where the pH was adjusted using appropriated volumes of NaOH (0.5M) and acetic acid 

(2%(v/v)). These solutions were injected into the system for 30 minutes, followed by a short injection with 

a sodium acetate solution at pH 7 to evaluate the reversibility of the process. The influence of the pH on 

the elastin multilayers was evaluated by varying the pH in a cyclic way in an acidic range (pH 4, pH 3 

and pH 2) and, also, in an alkaline range (pH 10, pH 11 and pH 12). The respective frequency and 

dissipation changes were recorded in real time.  

 

2.7. Cellular in vitro studies 

 Cell studies were performed onto elastin-coated surfaces (surface area around 133 mm2) using 

C2C12 myoblast cell line (ATCC, CRL-1772). This cell line is a mouse myoblast cell line which has 

already been well-characterized on literature 22, presenting some interesting features; these cells can 

rapidly differentiate into myotubes, expressing different characteristic muscle proteins and being a well-

known model to study in vitro cell differentiation. Tissue culture polystyrene surfaces (TCPS) were used 

as positive control and clean and activated glass coverslips as reference control. The cells were cultured 

at passages 5, 6 and 7 on 150 cm3 flasks and maintained in culture with DMEM with phenol red 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, until achieving 65/70% 

confluence. Then, the cells were enzymatically detached from the flasks using TrypleExpress (Life 

Technologies ™) and seeded on the surfaces at a density of 2.0 x 104 cells per sample, by dropping 200 

µl of the cell suspension right above the samples. The samples were incubated at 37°C and 5% CO2. 

After 3 hours, 1 mL of culture medium was added to each sample. The cells coated on the samples were 

analyzed at different time points, using the methodologies described below. 

 

2.7.1.  Cellular metabolic activity 

C2C12 were seeded on 13 mm diameter circular glass coverslips uncoated and coated with 

modified ELRs and incubated for 1, 2 and 5 days. The respective metabolic activity was evaluated using 

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent 

(Promega), according with the manufacturer’s instructions. The cells adhered to the elastin-based 

coatings were washed with sterile DPBS and incubated with 500 µl of a 4:1 mixture of serum-free DMEM 

and MTS reagent. The samples were incubated at 37°C and 5% CO2 for 3 hours and, after this time, the 

absorbance was read at 490 nm using a microplate reader (Synergy HT, BioTek). The blank values of 
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absorbance for the materials incubated without cells were subtracted to the absorbance values when in 

presence of the cells.  

 

2.7.2. Cellular proliferation  

 Cell proliferation assay was performed using a double stranded DNA (dsDNA) quantification kit 

(Picogreen®, Invitrogen). C2C12 cells seeded above the elastin-coated surfaces and incubated for 1, 2 

and 5 days of culture were washed twice with DPBS and transferred into Eppendorf tubes containing 1 

mL of ultra-pure water. The samples were left to incubate for 1 h at 37ºC and 5% CO2 humidified 

atmosphere and then frozen at -80ºC until analysis. For the DNA quantification, the samples were 

thawed and sonicated for 20 min. The DNA standards were prepared at concentrations 0 l.mL-1, 0.2 

l.mL-1, 0.5 l.mL-1, 1 l.mL-1 and 1.5 l.mL-1. The reacting reagent, TE buffer and the samples were 

added in triplicate to a 96-well opaque plate (Falcon). The fluorescence was measured using a 

microplate reader, with an excitation wavelength of 480 nm and an emission wavelength of 528 nm. For 

each sample, the DNA concentration was calculated using a standard curve that relates DNA 

concentration with fluorescence intensity. 

 

2.7.3. Cellular Morphology 

At 1, 2 and 5 days of cell culture, C2C12 cells seeded on the elastin-coated and TCPS were washed 

with DPBS and then fixed with formalin 10% ((v/v) in DPBS) during 30 minutes at 4°C. The fixed 

samples were then stained with rhodamine phalloidin (1:200 in DPBS) for cellular F-actin, and DAPI 

(1:1000 in DPBS) for cell nuclei. A transmitted and reflected light microscope with apotome 2 (Axio 

Imager Z1m, Zeiss, Germany) was used to image the stained cells.  

 

2.7.4. Myogenic Differentiation 

To evaluate the potential of the developed coatings to allow myogenic differentiation, C2C12 cells 

were seeded at 1.5 x 104 cells per sample on the ELR-coated and uncoated glass coverslips, following 

the same procedure described before. The cells were maintained at 37°C and 5% CO2 in DMEM culture 

medium. When 90% of confluence was achieved, the culture medium was exchanged by differentiation 

medium, composed of DMEM supplemented with 2% of horse serum and 1% of antibiotics/antimicotics, 

to induce cell differentiation. After one week, the cells were stained by an immunocytochemistry protocol 

to identify troponin T-positive cells. After fixing the cells with formalin 10% (v/v), the samples were 

washed and permeabilized with 1% Triton x100 ((v/v) in DPBS) and blocked with 0.1% of BSA. After 

washing with DPBS, the samples were incubated overnight at 4 °C with the mouse troponin T antibody 

(1:100 in DPBS) and after this time the samples were washed and incubated with the secondary 

antibody anti-mouse Alexa Fluor 488 (1:800 in DPBS) during 1 hour at RT. Then the cells were 

incubated with DAPI (1:1000 in DPBS) to counterstain the nuclei. The samples were then extensively 

washed with DPBS to remove the excess of fluorescence probes. A transmitted and reflected light 

microscope with apotome 2 was used to image the stained cells.  
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2.7.5. Morphometric parameters 

Different morphometric parameters can be determined from the immunofluorescence images; 

fusion index and average number of troponin T-positive myotubes per area were determined using 

ImageJ (National Institute of Health, USA) tools. A cell containing 3 or more nuclei was considered a 

myotube. The fusion index was calculated, as the ratio of the nuclei number within the troponin T-

positive myotubes versus the total number of nuclei in the same area. Also, the average of myotubes 

area, perimeter, length and elongation factor were determined using ImageJ tools. The elongation factor 

describes to what extent the equimomental ellipse is lengthened or stretched out 23. 

 

2.8. Statistical analysis 

Unless referred, all quantitative results were obtained in triplicated and considered as mean ± 

standard deviation (SD). Statistical analysis was done with the help of GraphPad 6.0 software, using the 

one –way analysis of variance (ANOVA) with Bonferroni post-test multiple comparison; differences were 

considered statistically significant with a p value less than 0.05, 0.01 and 0.001. 

 

3. Results and Discussion 

 

3.1. Size distribution and zeta potential measurements 

ELRs have been explored for biomedical applications 24 due, not only to the ability of tailoring 

amino acid contents, mechanical stiffness and degradation ratio, but also its thermoresponsive 

properties. The proposed ELRs were obtained using genetic engineering in E. choli; whose 

bioproduction, purification and modification are well established 25; the proton nuclear magnetic 

resonance (NMR), the Fourier transform infrared spectroscopy (FTIR) and the differential scanning 

calorimetry (DSC) spectra were collected for each modified ELR (VKV-cyclo, RGD-N3 and VKV-N3) 20. 

For the present investigation, DCS results had particular interest since these materials could present 

different behaviors below and above LCST This important parameter was already investigated for these 

modified ELRs, using water as solvent 20. The cyclooctyne modified VKV (VKV-cyclo) presented LCST 

around 15°C; the azide modified RGD (RGD-N3) and VKV (VKV-N3) showed LCST around 21°C and 

24°C, respectively 20. Besides we used a water-based solvent, DMEM is composed of salts, which can 

slightly change the LCST values. Nonetheless we used these values as reference. Size and zeta 

potential measurements were carried out to perceive if some changes in ELR aggregates size or net 

charge happen with temperature or pH variation. 

Size measurements of the structures in solution were carried out for each ELR – see Figure IV-1A. 

These measurements were made at 4°C, which is far below the reported LCST, RT, which is close to 

LCST, and 37°C, which is far above LCST. At 4°C, moderate polydispersity was found for VKV-cyclo 

(Pdi=0.5±0.05), RGD-N3 (Pdi=0.5±0.06) and VKV-N3 (Pdi=0.6±0.15). The size distribution of VKV-cyclo 

was about 128 ± 59.6 nm; similar size distributions were obtained for RGD-N3 and VKV-N3 (150 ± 80.1 
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nm and 208 ± 15.9 nm, respectively). At RT, ELRs polydispersion slightly increased (Pdi=0.6±0.18 for 

VKV-cyclo). The single size distribution of the different ELRs also increased; the single size distribution 

for VKV-cyclo was about 320±125.6 nm while for azide-modified ELRs was about 425±82.8 nm for RGD-

N3 and 258±45.4 nm for VKV-N3. At 37°C, we observed a significant increase on the size distribution of 

the different ELRs, with heterogeneous diameters found (Pdi=0.5±0.04 for VKV-cyclo). VKV-cyclo 

presents a single size distribution of 938±61.8 nm and a little bit lower values were obtained for azide-

modified ELRs (671±144.4 nm for RGD-N3 and 610±40.6 nm for VKV-N3). The obtained results are 

consistent with the solubility in water-based solvents of the ELRs below LCST and their precipitation 

above the LCST. As described above, modified ELRs have a LCST close to RT. We believe that at RT 

occurs the transition phenomenon and the polymers start to collapse. Even so, and as we were working 

in the transition temperature range, the phase separation was not clearly visible yet and there was no 

significant differences on the size distribution results when compared with the ones obtained at 4°C. 

Below LCST, at 4 °C, the ELRs solutions are hydrated and dispersed in the solvent, mainly in a linear 

form, while above LCST (37 °C) the polymer solutions started to precipitate in a folded globular 

organization with higher diameters 20, 26.  

To perceive the best pH to construct the clickable elastin-based coatings, the ζ-potentials of the 

different ELRs in solution were determined for different pH values, at RT - see Figure IV-1B. For RGD-N3 

and VKV-N3 solutions, the decrease of pH implied the protonation of the solution. Besides the nature of 

ELRs being essentially hydrophobic, the proposed ELRs were designed to contain lysine residues, which 

have positively charged amine groups 16a, 27. At pH below 7.0, the RGD-N3 solution presented a ζ-

potential of 3.1±0.23 mV, being protonated and, naturally, positively charged. At higher pH values, the 

amine groups started to deprotonate, and the ζ-potential decreased to -2.0±0.15 mv. When pH was 

equal to 7.0, RGD-N3 solution charge was closer to 0 (ζ-potential= 0.7±0.13 mv). The ζ-potential of VKV-

N3 solutions presented similar behavior to RGD-N3 solutions, at the different pH. Although the solutions 

were differently charged at pH 6.5 and 7.5, the differences between the respective ζ-potentials were not 

significant. Overall, at pH 7.0 the ζ-potentials of the different azide solutions were closer to 0 and we 

hypothesize that the different ELRs were almost discharged. For this reason, we decided to construct the 

coatings at pH 7.0 to minimize the effect of electrostatic interactions on the construction of the LbL-

based coatings. 
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Figure IV-1. Effect of temperature on A) zeta sizer and B) zeta potential of VKV-cyclo, RGD-N3 and VKV-N3 solutions 
(0.05%(w/v)). 

 

3.2. Build-up kinetics construction 

 After optimizing the working pH and temperature, the build-up of the elastin-based multilayers was 

assessed using QCM-D monitoring. Figure IV-2A and IV-2B represents the frequency (Δfn) and 

dissipation (ΔDn) variations at third overtone (n=3) above a gold crystal, when flushed by the different 

ELRs solutions. These variations were monitored accordingly to the time of depositions. Two 

constructions were evaluated: the one containing the VKV-cyclo and the RGD-N3 (see Figure IV-2A) and 

the other one containing the VKV-cyclo and the VKV-N3 (see Figure IV-2B). The first six minutes 

correspond to the establishment of the baseline. In both graphs, the next 20 minutes show the deposition 

of the VKV-cyclo and the subsequent washing until removing the excess of polymer, which was not 

adsorbed at the surface. The following 20 minutes correspond to the RGD-N3 or the VKV-N3 adsorptions. 

For both cases, Δf3 decreased with time; this observation can be related with the time of 

deposition/adsorption of the polymers above the surface of the gold crystal. On the other hand, ΔD3 

increased with time indicating that elastin-based films did not present a rigid behavior and started to 

dissipate energy. In fact, this non-rigid/viscoelastic behavior is common for macromolecular systems 28. 

The subsequent steps show the same trend: the ELRs deposition was strong for the first layers but it 

decreased for the next ones. Within the multilayer’s construction, Δf3 resultant of washing steps became 

smaller, showing that ELRs were strongly linked and formed a stable coating for the LbL build-up. As 

already referred above, at pH 7.0 both azide ELRs showed close to neutral zeta potential, and we 

hypothesize that there is no surface charge overcompensation by the formation of polycation–polyanion 

pairs. Therefore, we can consider the covalent bonding resulting from the click reaction (azide-alkyne 

cycloaddition) as the main force involved in the LbL construction. Four bilayers were constructed, with 

good indications of the effectiveness of the click chemistry reaction. A chemical scheme of this reaction 

is presented in Figure IV-2C, where alkyne group links to azide group by means of a cycloaddition 

reaction, being the basis of the ELR-based film build-up. The first layer of VKV-cyclo was adsorbed to 

the substrates, allowing the further construction of the remaining layers through covalent linkage 

between cyclooctyne and azide groups, under mild aqueous conditions. Caruso’s research group 29 used 

cycloaddition chemistry to build-up LbL multilayer systems by dipping different inert substrates into 
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poly(acrylic acid) copolymerized with azide or alkyne groups. They further took advantage of this 

technology to fabricate pH responsive capsules that can serve as a versatile platform for further 

functionalization 13. Other advantages were reported using such technology: producing high stable films, 

with no need of post cross-linking processes and with the possibility of incorporation of a wide range of 

functionalized materials 11b, 30. 

 Other information could be attained from the QCM-D data. The estimated thickness of the elastin-

based coatings was calculated based on the Voigt Model, using an appropriated software. The estimated 

thickness after each deposition was plotted over the number of layers. For both constructions (VKV-

cyclo/RDG-N3)n and (VKV-cyclo/VKV-N3)n (where n represents the number of bilayers), the film growth 

showed a non-linear behavior - see Figure IV-2D and IV-2E, respectively. We used a non-linear 

regression to generate a mathematical model which fits both (VKV-cyclo/RDG- N3)n and (VKV-

cyclo/VKV- N3)n thickness growth. After 4 bilayers, the (VKV-cyclo/RDG-N3)4 has an estimated thickness 

of 598±8.5 nm, while the [VKV-cyclo/VKV- N3]4 presented an estimated thickness of 586±91.2 nm. Taken 

a hyperbolic model as base, we hypothesize that after reaching the double of bilayers (16 layers), (VKV-

cyclo/RDG- N3)4 will present an estimated thickness around 739 nm while (VKV-cyclo/VKV- N3)4 will 

exhibit an estimated thickness of approximately 636 nm. Interestingly, after 16 bilayers we will observe a 

decrease of the rate of the thickness growth. Therefore, we assume that after a certain number of layers 

the film growth achieved a plateau. Comparing the proposed modified ELR-based films with other ELR-

based systems already reported in literature based on electrostatic interactions 16a, we believe that 

covalent interactions allow the deposition of higher amounts of polymer and, thus, the construction of 

thicker films with less number of bilayers. Moreover, comparing our clickable based multilayer system 

with other covalent-driven systems 13, 31 we are able to produce thicker films, which means that we can 

control more precisely the final thickness of the system. 

 

3.3. Elastin-based films production and characterization 

 The same procedure as the one described for QCM-D build-up was implemented over cleaned and 

activated glass coverslips, at RT. The solutions were maintained at 4°C, until use, as well as during the 

incubation steps, to avoid the collapse process of ELRs in solution 

 The fluorescence images of the 4 bilayers coatings are presented in Figure IV-3A. Following the 

intensity of the fluorescence of Acetylene Fluor 488 (absorption at 501 nm and emission at 525 nm), it 

could be observed quite uniform distribution of the intensity on (VKV-cyclo/RGD-N3)4 films, in red, and 

(VKV-cyclo/VKV-N3)4 films, in blue. The surfaces of the glass coverslips were visibly covered by a thin 

film. This observation was shared for both (VKV-cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 coatings. This 

result is in accordance with the observations retained from QCM-D monitoring, where 4 bilayer systems 

were constructed with success. 

 Additionally, the topography of 1 bilayer and 4 bilayers of (VKV-cyclo/RDG-N3) and (VKV-

cyclo/VKV-N3) systems processed and maintained at RT were evaluated under AFM observation- see 

Figure IV-3B. 
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 As we worked at a temperature close to LCST nano-sized polymer agglomerates can be clearly 

observed on the surface of the coatings, resulting from the collapse of adjacent ELRs chains. For both 1 

bilayer systems, a high density of irregularities was perceived and the films presented higher values of 

roughness (Ra=22±5.0 nm for (VKV-cyclo/RDG-N3) and Ra=22±9.8 nm for (VKV-cyclo/VKV-N3)) when 

compared with other related reported systems 29, 32. No significant differences were detected between 

the roughness of (VKV-cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 films. Moreover, the roughness 

significantly increased with the increasing number of bilayers with Ra=72±55.5 nm for (VKV-cyclo/RDG-

N3)4, which could be a result of an increasing of mass adsorbed on the surface of the glass coverslips. 

This observation was already reported in literature for other LbL systems 33. Nonetheless, this increase 

of roughness was smaller for (VKV-cyclo/VKV-N3)4, with Ra=25.4±14.0 nm. QCM-D results are in 

accordance with AFM observation since rough surfaces induce larger hydrodynamic thicknesses 33a, as 

the ones estimated based on the Voigt Model. 

 
Figure IV-2. Build-up assessment of ELR-based films. QCM-D monitoring of normalized frequency (Δfn) and dissipation (ΔDn) 
obtained at the third overtone, to assess the build-up of A) (VKV-cyclo /RGD-N3)4 and B) (VKV-cyclo/VKV-N3)4 films. C) 
Chemical scheme representing the click chemistry reaction, that results from the Huisgen 1,3-dipolar cycloaddition of azides and 
alkynes. Cumulative thickness evolution and thickness increase for 4 bilayers, estimated using the Voigt model for D) (VKV-
cyclo/RGD-N3)4 film and E) (VKV-cyclo/VKV-N3)4 films. The cumulative thicknesses follow non-linear growth model. 

 

  

3.4.  Stimuli-responsiveness properties 

 We investigated the ability of the (VKV-cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 coatings to 

respond to changes in the medium such as pH and temperature, which are parameters that influence the 

adsorption of proteins at solid/liquid interface 34, among other physicochemical processes. This ability 
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has been gaining importance and different works have been reported towards tissue engineering 35, 

sensors 36 and drug release systems 37. 

After drying, (VKV-cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 surfaces were maintained at RT. SEM 

images were used to evaluate the morphology of the coatings- see Figure IV-4. At RT, both coatings 

seem to be well distributed over the glass coverslips, even though with some small precipitated polymer. 

This result was already expected since we constructed and maintained the coatings at a temperature 

close to LCST. Other conditions were evaluated to study the response to temperature. For that, after 

constructing the films, at RT, onto glass coverslips the drying process was made at different 

temperatures: 4°C, RT and 37°C. Some morphological differences are noticed on SEM images; with the 

significant increase of the temperature above LCST (37°C) the morphology of (VKV-cyclo/RDG-N3)4 and 

(VKV-cyclo/VKV-N3)4 films seem less homogeneous with small aggregated polymer precipitates adhered 

all over the glass surfaces and even some salt precipitation. Working at 4°C, below LCST , the 

morphology of the coatings seems to be uniformly distributed on the surfaces, with less rough 

topography. These morphological changes are related with the thermosensitive behavior of these 

polymers, which are dependent of their LCST 4b, 38, even after the film construction. 

 

 
Figure IV-3. A) Fluorescence images of (VKV-N3/RGD-cyclo)4 and (VKV-N3/VKV-cyclo)4 coatings (azide-modified ELRS were 
labelled with Acetylene Fluor 488, before LbL construction). The coatings were produced and dried at RT. The scale bar is 
representative for both images. B) AFM images of (VKV-N3/RGD-cyclo)1 and (VKV-N3/VKV-cyclo)1 and (VKV-N3/RGD-cyclo)4 

and (VKV-N3/VKV-cyclo)4 coatings.  



Chapter IV Universidade de Aveiro 
 

Page | 94 
 

 

  WCA measurements assess the effect of temperature and pH on the wettability of the (VKV-

cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 coatings. To investigate the temperature effect, the WCA 

measurements were made under controlled temperature and humidity - see Figure IV-5A. At RT, (VKV-

cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 coatings presented WCA values of 94±8.1° and 84±7.3°, 

respectively. These values are closed to the threshold of hydrophobicity (WCA>90°). Therefore, we 

assumed that at RT the coatings have a moderate hydrophobic nature. The WCA of the uncoated glass 

slides is 59±1.6°. The effectiveness of the coatings was also confirmed by the differences in the WCA, 

comparing the pre- and the post-coating values. By varying the temperature from 37°C to 4°C in 

repeating cycles, we observed switchable values of WCA. Higher values of WCA were observed when 

the samples were incubated at 37°C (above the LCST); on the contrary, at temperature below LCST  

(4°C) the WCA values were consistently lower. For instance, in the last cycle, the WCA at 37°C was 

110±11.5° for (VKV-cyclo/RDG-N3) films and 110±12.5° for (VKV-cyclo/VKV-N3)4. On the other hand, for 

the last cycle at 4°C the WCA value was about 59±14.1° for (VKV-cyclo/RDG-N3)4 films and 69±6.7° for 

(VKV-cyclo/VKV-N3)4. The images acquired for the calculation of WCA during these temperature cycles 

are also depicted – see Figure IV-5B. These observations can be a result of temperature and individual 

properties of the modified ELRs. The three ELRs employed in the film’s construction showed similar 

physicochemical characteristics; the competition between intra and intermolecular hydrogen bonding 

above and below the LCST confers a thermosensitive nature to each individual ELR. When temperature 

was above LCST, the conformation of the ELRs chains started to collapse excluding water and adopting 

a type-II β-turns stabilized by intramolecular electrostatics forces between different groups within the 

polymer chains. Two consequences could derive from this phenomenon: the interaction between 

hydrophilic carboxyl and amine groups and water molecules became more difficult and rounded polymer 

nano-precipitates were observed all over the surface. The presence of the nano-precipitates impelled the 

increase of the roughness of the coatings. Based on Cassie and Baxter model 39, which describes the 

entrapment of air-pockets between the grooves and the liquid droplet, we could extrapolate what 

happens to WCA with the presence of rougher surfaces. With the polymer collapse process, ELRs 

chains fold and the coatings became rougher; when a droplet is dispensed in a rough surface, the 

volume of water infiltrated in the nanostructure decrease and the volume of water on the surface 

increase; this phenomenon resulted in the increase of WCA values. While working at temperatures 

below LCST, the hydrophilic groups could easily interact with the water molecules, forming water 

clathrates surrounding the backbone of the ELR. Besides that, as already observed, at 4°C the surfaces 

became smoother, with the absence of collapse structures on their surface morphology. The 

combination of these two effects results on more hydrophilic films. Moreover, playing with temperature 

below and above LCST could also promote the reconfiguration of the hydrophobic domains: above LCST 

the hydrophobic chains could be exposed to the outside of the films, decreasing the surface affinity to 

water. The results exposed a strong dependency on temperature indicating the ability to produce smart 

coatings with switchable wettability using these recombinant materials 3b. Both (VKV-cyclo /RDG-N3)4 

and (VKV-cyclo/VKV-N3)4 coatings presented an apparent WCA switchability upon temperature 
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fluctuations. ELRs are well-known as protein-based polymers which present a phase transition in 

solution above a critical temperature 40. Responsive polyelectrolyte coatings including ELRs were 

reported before 4b. However, contrasting with these results, we obtained elastin-based coatings that 

present a hydrophobic behavior above LCST and a hydrophilic behavior below LCST. Our thermo-

responsive system can be interesting for tissue engineering field where, for example, modified surfaces 

with PNIPAAm have been broadly reported 35, 41 to produce cell sheets based on similar hydrophilic-to-

hydrophobic reversible effect of temperature on wettability.   

 To investigate the effect of the pH, ELRs-coated surfaces were immersed in sodium acetate 

solutions at different extreme acidic and alkaline pH values, fixing temperature the temperature at RT. 

WCA measurements – see Figure IV-5C - were performed after incubations of at least 1 hour and a 

small step for drying of 30 seconds. The representative images of the WCA for the different conditions is 

shown in Figure IV-5D. At pH 7, (VKV-cyclo/RDG-N3)4 presented a WCA value of 94±8.1° and (VKV-

cyclo/VKV-N3)4 coatings presented a WCA of 84±7.3°. Some deviations from the initial WCA were 

obtained; for (VKV-cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 films, both acidic and alkaline pathways 

meant a more hydrophilic behavior. This could be understood by the isoelectric point; as already 

suggested by the ζ-potential measurements; close to pH 7, the electrostatic charges were almost 

neutralized. For (VKV-cyclo/RGD-N3)4 coatings on acidic or alkaline environments no significant 

differences were found in the WCA presented at acidic or alkaline routes, but a slightly increase on 

hydrophilicity was detected at acidic pH. Indeed, at pH 2, (VKV-cyclo/RDG-N3)4 films exhibited a 

significantly more hydrophilic behavior. At extreme acidic pH, amine groups were protonated, and 

positive electrostatic forces came to be dominant: the ELRs chains expanded and the films became 

more hydrophilic. Despite that, for (VKV-cyclo/VKV-N3)4 coatings on acidic or alkaline environments, 

slightly higher WCA values were obtained at acidic pH values. This could be related to the balance 

between charged amine and acids being different from (VKV-cyclo/RDG-N3)4 films; probably, for (VKV-

cyclo/VKV-N3)4 there was a higher content of charged acid groups at lower pH.  

Overall, results can be explained by the balance between hydrophobic interactions and charged 

repulsion 42, and the respective competition between protonation and deprotonation at alkaline and 

acidic pH value. When environment conditions like pH change, the ELR-based films, which contain 

ionizable amine and acid groups, are capable of accepting or donating protons. Therefore, altering the 

pH can lead to changes on the degree of ionization and, subsequently, on the hydrodynamic volume of 

the ELRs chains 43. In literature, different wettable behaviors of ELRs-modified surfaces can be found 4b, 

16a, 44. This variability is linked with the ability to introduce different genetically modified sequences, 

charges and molecular weight, that can alter the folding behavior at the surfaces 45.  

 To a better understanding of the pH effect on the stability of the systems immediately after the films 

construction, we also performed QCM-D monitoring studies. After the construction of both (VKV-

cyclo/RDG-N3)4 and (VKV-cyclo/VKV-N3)4 systems, the resulting multilayers were flushed with a cyclic 

cascade of acidic and alkaline sodium acetate solutions, separately. QCM-D results show the build-up of 

four bilayers and their response to changes in pH in terms of Δf and ΔD - see Figure IV-6. For all cases, 

we took as reference the initial working pH 7. QCM-D data showing (VKV-cyclo/RDG-N3)4 and (VKV-
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cyclo/VKV-N3)4 multilayers flushed with cyclic alkaline cascade of solutions is presented in Figure IV-6A 

and IV-6B, respectively. For both cases, a decrease of Δf3 upon flushing the film with a solution at pH 10 

was observed; the decrease in Δf3 was reversible when the pH returned to 7. Naturally, ΔD3 increased 

and Δf3 decreased when the coating was flushed with the alkaline solutions. When (VKV-cyclo/RGD-N3)4 

multilayers were flushed with pH 11 and pH 12, Δf3 decreased with partially reversibility when pH 

returned to 7. On the other hand, when (VKV-cyclo/VKV-N3)4 multilayers were flushed with the solution 

with pH 11 and pH 12, the Δf3 abruptly decreased with no reversibility. The same happened to ΔD3, 

which showed a great increase. Therefore, at the pH 11 and 12, the changes in Δf3 and ΔD3 seemed to 

be irreversible and could indicate that (VKV-cyclo/VKV-N3)4  multilayers started to loose structural 

integrity 46.  

 Figure IV-6C shows the QCM-D data of the (VKV-cyclo/RDG-N3)4 multilayers when flushed with a 

cyclic acidic cascade of solutions. It can be observed an abrupt decrease of Δf3 when the film is flushed 

with solutions at pH 4; the decrease in Δf3 was irreversible when the pH returned to 7. At pH 3 and pH 2, 

there was no changes on Δf3. Figure IV-6D presents the QCM-D results for (VKV-cyclo/VKV-N3)4 

multilayers when flushed with an acidic cascade of solutions. For solutions with pHs 4 and 3, the 

behavior of the film was similar to the one obtained for (VKV-cyclo/RDG-N3)4 multilayers at pH 4. 

Notwithstanding, when (VKV-cyclo/VKV-N3)4 films were flushed with the solution at pH 2, the decrease 

on the Δf3 was very abrupt and higher than the others. The same happens with ΔD3, which exhibited a 

sudden increase. At this extreme acidic pH, the changes in Δf3 and ΔD3 seemed to be irreversible and 

could indicate some loss of multilayer’s structural integrity. The stability and integrity of these smart 

coatings seemed to be maintained in a wide-range of pH values, being (VKV-cyclo/VKV-N3)4 films more 

susceptible at extreme pH (2 and 12).   

 Overall, properties like morphology, topography, wettability and degradability of the produced ELR-

based films can be modulated through different stimuli, including temperature and pH.  

 

 

 
Figure IV-4. SEM images of (VKV-N3/RGD-cyclo)4 and (VKV-N3/VKV-cyclo)4, subjected to incubation at different temperatures. 
The coatings were produced at RT and then stored at 4°C, RT and 37°C, overnight. The scale bar is representative for all 
images. 
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Figure IV-5. A) Temperature dependences of WCA for the different ELR-based films and B) the respective representative 
pictures for temperature of 25°C, 37°C and 4°C. C) pH dependences of WCA for the different ELR-based films and D) the 
respective representative photographs for pH=7, 12 and 2. Each WCA shown on A) and C) were statistical significant from the 
previous one, for p < 0.05 (*), p < 0.01 (**) and p < 0.001. 

 

 

Figure IV-6.  Build-up assessment of the effect of a cascade of pHs on ELR-based films. QCM-D monitoring of normalized 
frequency (Δfn) and dissipation (ΔDn) obtained at the third overtone of A) (VKV-cyclo /RGD-N3)4 film flushed with alkaline pH, B) 
(VKV-cyclo/VKV-N3)4 film flushed with alkaline pHs, C) (VKV-cyclo /RGD-N3)4 film flushed with acidic pHs and D) (VKV-
cyclo/VKV-N3)4 film flushed with acidic pH. 
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3.5. In vitro cellular response 

 ELR-coated films were cultured with C2C12 cells, in order to evaluate their biomedical and tissue 

engineering potential. Adhesion, viability and proliferation are important parameters that depend on the 

interaction between material and cells 47; MTS assay was used to determine the metabolic activity of 

C2C12 adhered on the samples - see Figure IV-7A. After 2 days of culture some differences started to 

be noticed, with C2C12 cultured on (VKV-cyclo/RDG-N3)4 films presenting significantly higher values of 

absorbance and, thus, higher metabolic activity. This trend was maintained and even amplified after 5 

days of culture. The total amount of dsDNA on the samples was also investigated- see Figure IV-7B. In 

the first day of culture significant differences were found between the (VKV-cyclo/RDG-N3)4 and (VKV-

cyclo/VKV-N3)4 coatings, with significant higher C2C12 density above the surfaces coated with (VKV-

cyclo/RDG-N3)4 films. This result was also observed after 2 and 5 days of culture, being in accordance 

with the results obtained for metabolic activity. As expected, the presence of the RGD motif seemed to 

influence positively the cellular performance, including adhesion and proliferation, on the ELRs-coated 

film 16a, 19b, 48. For instance, Picart, C. et al. 48 previously suggested the functionalization of polyelectrolyte 

multilayer films with RGD motifs in order to enhance primary human osteoblasts adhesion. We also 

investigated the morphology of C2C12, analyzing the F-actin expression of cells adhered to the (VKV-

cyclo/RGD-N3)4 and (VKV-cyclo/VKV-N3)4 coatings (see Figure IV-7C). Some differences were observed 

on C2C12 morphology and density as a function of culturing time. As observed in Figure IV-7C, cell 

density on (VKV-cyclo/RGD-N3)4 films increased with the time of culture; these results match the DNA 

quantification and MTS results. In the first day of culture, adhered myoblasts already acquired the star-

like shape, which is characteristic of C2C12 cells 22. This phenotype could be observed more clearly on 

cells adhered to (VKV-cyclo/RGD-N3)4 surfaces. At 2 days of culture, myoblasts continued to proliferate 

and, naturally, started to fuse one with each other, creating a kind of cellular network 49. This 

phenomenon was observed for both (VKV-cyclo/RGD-N3)4 and (VKV-cyclo/VKV-N3)4 surfaces, with cells 

being better distributed for (VKV-cyclo/RGD-N3)4 coatings and more clustered in (VKV-cyclo/VKV-N3)4 

surfaces. At 5 days of culture, the cells occupied the entire area, forming an organized cellular 

monolayer above the (VKV-cyclo/RGD-N3)4 surface. The cells adhered to (VKV-cyclo/VKV-N3)4 films had 

a similar behavior but, as the rate of proliferation was visibly slower, after 5 days of culture cell-free 

areas could still be found on the (VKV-cyclo/VKV-N3)4 coatings. TCPS were used as positive control and, 

in fact, cell morphology on (VKV-cyclo/RGD-N3)4 coatings was comparable to cell morphology on TCPS 

surfaces. 

 C2C12 differentiation was investigated by the expression of the skeletal muscle protein Troponin T. 

For that, we performed an immunocytochemistry assay after culturing cells above the ELRs-coated 

surfaces during 5 days in differentiation medium- see Figure IV-8A. Some differences were observed 

between Troponin-T positive cells adhered to (VKV-cyclo /RGD- N3)4 and (VKV-cyclo/VKV-N3)4 films. 

Visually, it is possible to observe more troponin T expression on the cells adhered to (VKV-cyclo/RGD-

N3)4 films, with more multinucleated myotubes than on (VKV-cyclo/VKV-N3)4 films or even on TCPS. To 

conclude quantitatively about the myogenic differentiation on the ELR-based films, some parameters 
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were calculated. Significant differences were observed between the fusion index of C2C12 adhered to 

the different films. The cells seeded on (VKV-cyclo/RGD-N3)4 films presented higher fusion index 

percentage than the cells seeded on (VKV-cyclo/VKV-N3)4 - see Figure IV-8B. Also, the number of 

myotubes per area was significantly higher for (VKV-cyclo/RGD-N3)4 films - see Figure IV-8C. These 

results together could be an evidence that myogenic differentiation of C2C12 cells was stimulated by the 

presence of RGD motifs on material’s surface. This fact is supported by some examples found in the 

literature 50, which related the presence of the RGD sequence to the promotion cellular attachment and 

differentiation. Different morphometric parameters were also calculated from immunofluorescence 

images to assess the effect of RGD on myotube formation. The average area (Figure IV-8D), perimeter 

(Figure IV-8E) and length (Figure IV-8F) of myotubes were similar and very dispersed, either adhering 

on (VKV-cyclo/RGD-N3)4 or (VKV-cyclo/VKV-N3)4. No significant differences were found between the 

myotubes elongation factor of C2C12 adhered to (VKV-cyclo/RGD-N3)4 or (VKV-cyclo/VKV-N3)4 – see 

Figure IV-8G. Myogenic differentiation seemed to be favored by the presence of RGD motif, but the 

morphology of the formed myotubes was quite similar on (VKV-cyclo/RGD-N3)4 and (VKV-cyclo/VKV-N3)4 

coatings.  

 Independently of the surface energy and wettability changes of the coatings when subjected to 

different temperature and pH, cell seeding was performed and maintained at 37º C; at this temperature, 

the surfaces of both (VKV-cyclo/RGD-N3)4 and (VKV-cyclo/cyclo-N3)4 coatings were moderately 

hydrophobic. Therefore, we hypothesize that the enhanced cell adhesion, activity and even 

differentiation above the (VKV-cyclo/RGD-N3)4 was mainly related with chemistry of the surface by the 

presence of the bioactive sequence RGD and in this specific case was not related with parameters like 

surface energy, wettability and charge.  
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Figure IV-6. A) Metabolic activity results based on MTS test performed after 1, 2 and 5 days of culture with C2C12 cells. B) 
DNA content obtained from by DNA quantification of C2C12 seeded on ELR-based films and cultured for 5 days. Error bars 
represent means ± SD (n = 3). Differences on metabolic activity and DNA quantification between (VKV-cyclo/RGD-N3)4 and 
(VKV-cyclo/VKV-N3)4 were significant for p < 0.05 (*) and p < 0.001 (***). Statistically significant differences on metabolic activity 
and DNA quantification between (VKV-cyclo/RGD-N3)4 and TCPS, cover glass and latex were found for p < 0.05 (#) and p < 
0.001 (###). Statistically significant differences on metabolic activity and DNA quantification between (VKV-cyclo/VKV-N3)4 and 
TCPS, cover glass and latex were found for p < 0.05 (§), p < 0.01 (§§) and p < 0.001 (§§§).  C) Phalloidin labelled F-actin (red) 
and DAPI labelled nucleus (blue) merged fluorescent images for C2C12 cells seeded on (VKV-cyclo/RGD-N3)4 and (VKV-
cyclo/VKV-N3)4 coatings and TCPS. The scale bar is representative for all images. 
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Figure IV-7. A) Myogenic differentiation at day 7 of culture of the cells seeded above the (VKV-cyclo/RGD-N3)4, (VKV-
cyclo/VKV-N3)4 and TCPS. The images are the results of a fluorescence staining showing troponin T- positive cells (green) and 
cell nuclei (blue). Myogenic differentiation as determined by the B) fusion index (%) and the C) number of myotubes per area. 
Other parameters relatively to the formed myotubes were considered: D) area, E) perimeter, F) length and G) elongation factor. 
Statistically significant differences are indicated with p < 0.05 (*) and p< 0.001 (***). 
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4.  Conclusions 

 We reported the development of stimuli-responsive polymer multilayer coatings, based on a click-

chemistry system. We propose a simple click LbL methodology to fabricate these coatings, which 

consists in alternating cyclooctyne- and azide- modified ELRs, combined in a sequential multilayer 

mode. The build-up of the ELRs-based films was confirmed by QCM-D monitoring, following a non-linear 

growth. Herein, we show that both temperature and pH can act like stimuli to prompt independent 

responses by the developed ELRs-based films. Above LCST, ELRs formed folded and round structures. 

This phenomenon resulted in the increase of roughness of the coatings, and consequently in a more 

hydrophobic behavior, as compared to the ones found in the coating maintained at temperatures below 

LCST. Also, pH variations were responsible for changes in the coatings’ WCA values; generally, the 

balance between charged amine and acid groups could determine the wetting behavior of the surfaces. 

The high stability of the films, conferred by the covalent bonding, was confirmed by QCM-D monitoring; 

in fact, the films withstood harsh conditions of pH, and only (VKV-cyclo/VKV-N3)4 coatings showed 

integrity loss while exposed to the most extreme pH value. The ability to introduce specific bioactive 

sequences like RGD motif on the ELRs structure was relevant for this investigation and central for tissue 

engineering and biomedical applications. Cell proliferation was increased on (VKV-cyclo/RGD-N3)4 films, 

and myogenic differentiation was also favored by the presence of the RGD bioactive sequence.  

 Overall, we were able to produce temperature and pH- responsive multilayer films composed 

exclusively by modified elastin-like polypeptides that can be easily used to as coatings. Besides glass, 

we hypothesize that these films may find application on coating implants with more complex shapes and 

compositions, nano/microstructures, gels and membranes. These systems show a great potential to 

develop structures for tissue engineering purposes or as platforms to culture cells in controlled 

conditions. 
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V. Elastic chitosan/ chondroitin sulphate multilayer membranes* 
 

 

 
 

 

Abstract  

 

Freestanding multilayered films were obtained using the layer-by-layer (LbL) technology from the 

assembly of natural polyelectrolytes, namely chitosan (CHT) and chondroitin sulphate (CS). The 

morphology and the transparency of the membranes were evaluated. The influence of genipin (1 and 2 

mg/mL), a natural-derived crosslinker agent, was also investigated in the control of the mechanical 

properties of the CHT/CS membranes. The water uptake ability can be tailored by changing the 

crosslinker concentration that also control the young modulus and ultimate tensile strength. The 

maximum extension tends to decrease upon crosslinking with the highest genipin concentration, 

compromising the elastic properties of CHT/CS membranes: nevertheless, using the lower genipin 

concentration the ultimate tensile stress is similar to the no crosslinked one, but exhibiting a significant 

higher modulus. Moreover, the crosslinked multilayer membranes exhibited shape memory properties, 

through a simple hydration action. The in vitro biological assays showed better L929 cell adhesion and 

proliferation when using the crosslinked membranes and confirmed the non-cytotoxicity of the developed 

CHT/CS membranes. Within this research work, we were able to construct freestanding biomimetic 

multilayer structures with tailored swelling, mechanical and biological properties that could find 

applicability in a variety of biomedical applications. 

 

Keywords: chondroitin sulphate; chitosan; layer-by-layer; polyelectrolyte multilayers; elasticity; 

stretchable films; shape memory 

                                                        

 
* This chapter is based on the following publication: Sousa, M. P.; Cleymand, F.; Mano, J. F., Elastic 
chitosan/chondroitin sulfate multilayer membranes. Biomedical materials (Bristol, England) 2016, 11 (3), 035008. 
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1. Introduction 

Biomimetic systems play an important role in biomedical sciences. Native tissues follow a hierarchical 

conformation and organization, from the nano to macroscales, which are difficult to mimic using 

conventional methodologies, such as solvent casting, freeze-drying or melt-based technologies. The use 

of non-physiological processing conditions and also the inability to control spatial distribution over the 

material triggered the urgent investigation for multiscale-based devices for biomedical applications 1, 

based on both bottom-up and top-down methodologies. Layer-by-layer (LbL) has been exploited to 

produce such type of controllable sized-architectures and has been growing faster 2. This technique was 

firstly suggested by Decher and their co-workers 3, and follows a very simple foundation of consecutive 

and alternative deposition of oppositely charged polyelectrolyte solutions being usually described as an 

user-friendly way to prepare thin coatings. LbL promises the control over the architecture at both nano 

and microscales, mainly due to the possibility to use different adsorption conditions such as pH, ionic 

strength, charge density, polymer nature, functionality and concentration 4. Another advantages are the 

abilities to incorporate different biomolecules, from synthetic 4b  to natural polymers 5 and different 

bioactive agents like growth factors 6, polypeptides 7 and nuclei acids 8, to repeat the process of 

assembly a hundreds of times and to extend from planar substrates 9  to three dimensional (3D) ones 10 .  

LbL approaches have been mostly applied for surface modification of different substrates; for 

example,  Cai and his co-workers 11 improved the biocompatibility of titanium films by modifying its 

surface with the alternate deposition of chitosan and gelatin. The possibility of producing structural 3D 

systems using such technology has permitted to extend its applicability in the biomedical field 2a. In 

particular, efforts have been made to develop freestanding films from polyelectrolyte multilayers 11-12 

those are obtained by removing the multilayer assembly from a solid substrate, where they were 

absorbed, using different strategies like neutralization of charged layers, sacrificial layers, dissolution of 

initial layers or even by applying mechanical forces 9. Jiang et al 13 took advantage of a sacrificial layer of 

cellulose acetate to fabricate freely suspended nanocomposite polyelectrolyte membranes. Even so, the 

use of solvents or even mechanical forces can compromise the morphology and respective integrity of 

the membrane 9, 14. To overcome this drawback, the production of easily detachable freestanding 

membranes was obtained via spontaneous detachment from an underlying low surface energy substrate 

15. The studied membranes were based on the combination of chitosan and alginate. Upon crosslinking 

the biological properties of the membranes were improved, but their maximum tensile strain decreased 

significantly 16. For many biomedical applications it is required the use of more stretchable membranes, 

being elastic stretchability an important characteristic of the living tissues; thus other polyelectrolyte 

combinations should be explored. 

Chitosan (CHT) has been broadly studied with LbL approaches, with many prospective works 

revealing its high potential for biomedical and tissue engineering applications 17. Furthermore, CHT is a 

positively charged biopolymer, widely available from natural resources, biodegradable and is also a 

nontoxic compound 18. Besides alginate, other natural polymers have been combined with chitosan; 
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Schneider and her group 19 combined chitosan with hyaluronic acid to observe the improvements on cell 

viability, elasticity and biodegradability and Neto et al 20 functionalized hyaluronic acid with dopamine to 

obtain a bioactive LbL coating, with more adhesive properties. Chondroitin sulphate (CS) is a naturally-

derived polyanion and constituent of extracellular matrix, with an important role in the elasticity and 

function of cartilage and connective tissues 21 : we combined CHT and CS to produce reservoirs for 

calcium phosphate biomineralization 22 and to fabricate 3D highly porous scaffolds 23.  

Herein, we propose the production of freestanding and easily detachable chitosan/chondroitin 

sulphate CHT/CS polyelectrolyte multilayer (PEM) membranes, from a planar substrate, without 

damaging it. We hypothesized that such polysaccharides combination could exhibit characteristics to 

make the final multilayer membranes suitable for biomedical applications. Moreover, another main 

objective of this work is to investigate the possibility to crosslink the CHT/CS freestanding membranes 

using a natural crosslinking agent and evaluate the effect of crosslinking over elasticity, water uptake, 

shape memory ability and cytotoxicity.  

  

2. Materials and Methods 

 

2.1. Materials 

Chondroitin sulphate (CS) (Mw= 50-100kDa) and medium molecular weight Chitosan (CHT) 

(Mw=190-310 kDa, 75-85% degree of deacetylation) were purchased as a powder from Sigma Aldrich. 

This last one was subjected to a purification process, described elsewhere 24. The polypropylene (PP) 

substrates, using as supports for the film growth were purchased from Firmo- Papéis e Papelarias S.A 

as A4 sheets and cut into small rectangles (10x4cm2). Genipin was supplied by Waco Chemicals GmbH 

in Germany. Ethanol was supplied by Fisher Chemical, dimethyl sulfoxide (DMSO), sodium chloride 

(NaCl) and phosphate buffered saline (PBS) were purchased from Sigma Aldrich. 

 

2.2. Methods for production and characterization of the membranes 

2.2.1. QCM-D analysis and zeta potential measurements 

 Quartz crystal microbalance with dissipation monitoring (QCM-Dissipation, Q-Sense, Sweden) 

was used to monitor in situ the build-up process of CHT/CS multilayers and is based on the excitation 

of a gold coated crystal sensor, at a fundamental frequency of 5 MHz and eleventh overtone (55 

MHz). Adsorption was accessed with a constant flow rate of 50 µl/min and, before using, the crystals 

were cleaned in an ultrasound bath with sequential acetone, ethanol and isopropanol baths, at 30°C. 

The CHT (0.2% (w/v) in 1% acetic acid/ 0.15 M NaCl, pH = 5.5, room temperature (RT)) solution was 

pumped into the system for 10 min to allow the adsorption equilibrium at the crystal surface. After 

rinsing with 0.15 M NaCl (10 min), the same procedure was followed for the deposition of CS (0.2% 

(w/v) in 1% acetic acid/ 0.15 M NaCl, pH = 5.5, RT). The frequency and dissipation were monitored in 

real time until the number of desired layers was achieved.  
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To access the charge density of the solutions, their zeta potentials were measured using a 

Zetasizer (Malvern, United Kingdom). A disposable cell was filled with the CHT and CS solutions, in the 

same conditions, and the zeta potential was determined for each solution. The mean values were 

presented, considering triplicated measurements of 3 samples.  

 

2.2.2. Freestanding membranes production 

 CHT and CS solutions were adsorbed onto PP substrates, which were previously cleaned with 

water and ethanol and dried with nitrogen air. The substrates were placed in a dipping robot, a home-

made equipment 25 automatically programmed for consecutive and alternately 6 minutes immersions on 

CHT and CS solutions, between 4 minutes of rinsing immersions in 0.15 M NaCl. The process was 

repeated until 250 bilayers were accomplished. Finishing this time, the substrates were dried at RT until 

the (CHT/CS)250 membranes were detached and ready to use.  

 

2.2.3. Chemical crosslinking 

 To reinforce the mechanical properties, genipin was chemically incorporated in (CHT/CS)250 PEM 

membranes and compared with the original ones. Genipin solutions (1 and 2 mg/mL) were prepared in 

an optimized mixture of 1:4 DMSO/0.15 M NaCl. The (CHT/CS)250 membranes were immersed in those 

solutions for 12 hours at RT 16. In the end, the reaction was stopped using absolute ethanol a couple of 

times to remove the excess of genipin of the samples, and then dried at RT. 

 

2.2.4. Scanning Electron Microscopy (SEM) 

 The morphology of the membranes was assessed by SEM (JSM-6010LV, JEOL, Japan). All the 

samples were previously sputtered with a conductive gold layer, using a sputter coater. Besides 

morphology, also the thickness of the resulting membranes was evaluated. Three samples were 

considered, taken triplicated thickness values for each one.  

 

2.2.5. Fourier transform infrared spectroscopy (FTIR) 

  FTIR analysis of the different membranes (with and without crosslinking), and the respective 

natural polysaccharides was performed, using an IRPrestige-21 spectrophotometer. The samples 

were accessed using a membrane holder instrument, by the averaging 34 individual scans over the 

range 4400 cm-1 to 400 cm-1. Using the same parameters but preparing in potassium bromide (KBr) 

discs, we obtained the FTIR spectrums for pure CHT and CS.  

 

2.2.6. Water uptake ability 

  Water uptake ability of the membranes was determined by swelling film squares of 1 cm2 (with 

known weights) in phosphate buffered saline (PBS, Sigma) at pH=7.4 up to 3 days and 37°C. The 
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swollen membranes were removed at predetermined time points (10, 15, 30 minutes, 1, 2, 4, 6, 8 hours 

and 1, 2 and 3 days) and instantly weighted with an analytical balance (Scaltec, Germany), always after 

the removal of the water excess using filter paper (Whatman Pengamyn Paper). The water uptake was 

calculated using Equation V.1, where wd and ww represents the weights of dried and wetted membranes, 

respectively. For each condition, 5 samples were considered. 

 

       Equation V.1 

 

2.2.7. Mechanical tests 

  Tensile tests were performed using a universal mechanical testing machine (Instron 5540, USA). 

40×5mm2 rectangles of (CHT/CS)250 PEM membranes were tested in wet condition. A micrometer was 

used to measure both the thickness and the width of the samples. Before starting the test, the samples 

were immersed in PBS until equilibrium was reached, about 3 hours later. The tensile assays were made 

at a crosshead speed of 1mm.min-1 and room temperature, with a gauge length of 10 mm. The 

presented results are representative of at least five specimens and the Young’s Modulus values were 

determined from the initial slope of the stress-strain curves. 

 

2.2.8. Shape-memory properties  

All the produced freestanding films presented a flat shape, but due to the elastic behavior 

associated to (CHT/CS)250 membranes and their ability to uptake water, the initial shape can be 

deformed, through an external action. This can be described as a shape-memory phenomenon, 

triggered by hydration 26. The 1 mg/mL crosslinked (CHT/CS)250 membranes were cut in 40 mm x 8 mm 

rectangles and were then hydrated in PBS, until equilibrium was reached, about 3 hours after. With the 

help of a rod, the wetted membrane was rolled around, dehydrated with ethanol 100% to fix the shape, 

to induce the extraction of water molecules, and then allowed to dry. The membrane was carefully 

removed from the rod, to verify the maintenance of the resulting temporary shape. Rehydration was the 

next step, and the samples were again immersed in PBS to recover the initial and permanent flat shape. 

These transformations were observed and recorded by photography (Canon, G11 model, Japan). This 

test was repeated for different samples and all of them reveal the same tendency.  

 
2.3. In vitro cell culture studies 

A murine fibroblast cell line (L929, European Collection of Cell Cultures) was cultured in Dulbecco’s 

modified eagle medium (DMEM, Sigma Aldrich) supplemented with 10% of fetal bovine serum (FBS, 

Biochrom AG, Germany) and 1% of antibiotics/antimycotic (Gibco, USA). The cells were maintained in 

culture in a 5% CO2 atmosphere at 37°C until confluence. L929 cell suspensions were obtained from 

passages between 17 and 20. Previous to cell culture, the samples were immersed in ethanol 70% 

solution, for 2 hours.  
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In order to evaluate the biological performance and the cytotoxicity effects of the different (CHT/CS)250 

freestanding films we decided to use direct methods. After reaching 90% of confluence, the cells were 

detached using TrypLE Express (1x) (Alfagene) and seeded above the 1 cm2 films at 5 x 104 cells/well. 

After 3 hours we nourished the culture and incubated again at 37 °C, for specific time points.  

 

2.3.1. MTS assay – Cellular viability 

 Cellular viability and proliferation were evaluated using the colorimetric assay MTS [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)] (Cell Titer 96 

Aqueous One, Promega, USA). Briefly, the MTS reagent is biologically reduced into a brown formazan 

product by dehydrogenase enzymes presented in metabolically active cells. After 1, 3 and 7 days the 

culture medium was removed, and the cultured samples were incubated with MTS solution prepared in 

DMEM without phenol red and FBS in a 5:1 ratio, during 3 hours at 37 °C. Then the solution of each well 

was transferred to 96 well plates, in triplicate, and the absorbance was immediately recorded at 490 nm 

(BIO-TEK – Synergy HT). The results were expressed by the absorbance obtained for each condition as 

a function of the culturing time. 

 

2.3.2. Morphological observation 

To obtain fluorescence images, L929 fibroblasts were fixed in a solution of 10% of formalin (Termo 

Fisher Scientific), for 30 min at RT, after 1, 3 and 7 days. Then, the cells were permeabilized with 0.2% 

Triton X-100 (Sigma Aldrich) for 5 minutes and blocked with a 3% bovine serum albumin (BSA) (Sigma 

Aldrich) solution in PBS during 30 min. After this time, the cells were ready to be incubated with the 

phalloidin tetramethylrhodamine B (phalloidin, 50 µg/mL, Sigma Aldrich) solution in PBS (1:200), for 45 

minutes, for actin-staining. For nucleus observation, the cells were incubated with 4',6-diamidino-2-

phenylindole (DAPI, 20mg.mL-1, Sigma Aldrich) in PBS (1:1000) for 15 minutes. Between each step, 

intensive washing steps were needed. Finishing this process, the membranes were observed with a 

transmitted and reflected light microscope with apotome 2 (Axio Imager Z1m, Zeiss). The chosen images 

were representative for each condition and time point.  

 

2.4. Statistical analysis 

All experiments were performed in triplicate unless the mechanical tensile tests (5 samples for 

condition at least). The results are always presented as mean ± standard deviation. Statistical 

significance between the different formulations was assessed using the two-way analysis of variance 

(ANOVA) test with Bonferroni post-test and was signed as p<0.05, p<0.01 and p< 0.001, using the 

software GraphPad Prism 5.0 for Windows. 
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3. Results and Discussion 

 

3.1. Build-up CHT/CS multilayers 

As already reported in literature, LbL approaches are mainly based on electrostatic interactions 4e. 

Having this in mind, we measured the zeta potential of our polyelectrolytes: CHT and CS solutions 

presented a zeta potential of + 22.9 ± 1.6 mV and – 31.9 ± 2.3 mV, respectively. These results confirmed 

the cationic nature of chitosan solution and the anionic nature of chondroitin sulphate solution, at RT and 

at pH=5.5. This allowed our extrapolation, where the balance between the charges can reflect the similar 

deposition of CHT and CS. 

The construction of the multilayer film was monitored in situ, using QCM-D. The results from QCM-D 

are represented in Figure V-1, representing the variations on normalized frequency (Δfn, where n is the 

frequency overtone) and dissipation (ΔD) with time of deposition. We followed the growth of 8 bilayers of 

CHT/CS and as predictable, every time we introduced either CHT or CS the normalized frequency 

decreased while dissipation increased. The decrease on normalized frequency is related with the 

increasing mass over the gold crystal and the increase of dissipation evidences the non-rigid and 

viscoelastic nature of the adsorbed polyelectrolytes. Another assumption taken from QCM-D results is 

the strong interaction between the polyelectrolyte layers: during the washing steps the changes on 

frequency and dissipation was clearly shorter than during the polyelectrolyte solution steps 27. During the 

8 bilayers we assisted at a kind of plateau on the frequency variations, suggesting the formation of a 

homogeneous film. We assumed that this happens for the other 242 bilayers deposition.  

 

 
Figure V-1. Build-up monitoring of the (CHT/CS)250 PEM construction, using QCM-D equipment: normalized frequency Δf/3 
(blue) and dissipation ΔD (red) changes correspondent to the (1) CHT deposition, (2) and (4) the washing steps and (3) the CS 
deposition, obtained at third overtone.  

 

3.2. Production of freestanding films and physico-chemical characterization 

(CHT/CS)250 freestanding PEMs films were constructed over low surface free energy PP substrates, 

through consecutive and sequential adsorption of CHT and CS, by immersing them in the respective 
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polyelectrolyte solutions. Different number of bilayers could be tested and, in the end of the cycles, after 

drying at RT, the (CHT/CS)250 PEMs membranes were easily detached from the underlying PP 

substrates (see Figure V-2). The facility of the detachment should be a consequence of the weak nature 

of the interactions between the first layers of the film and the PP substrate. Even though 50 bilayers 

were enough to obtain a consistent PEM membrane, with 250 bilayers we obtain more robust structures. 

The morphology of the constructed freestanding PEM films was visualized using SEM. The surface of 

the (CHT/CS)250 freestanding membrane, in the CS side (Figure V-3A), was homogeneous with rough 

structures with sizes of the order of 1-2 μm. Despite being the sacrificial layer, the other side of the 

membrane (Figure V-3B), corresponding to CHT, presented itself rougher than the top layer. This 

morphology is characteristic for CHT based membranes, as already reported in literature 16, and can be 

seen as an evidence that any defect resulted from the detachment step. From the cross-section SEM 

image (Figure V-3C) of the (CHT/CS)250 PEM membranes we were able to conclude on their internal 

homogeneous morphology and to measure the averaged thickness. After 250 bilayers of (CHT/CS)250 

the thickness of the resulting freestanding membrane was about 48.7 ± 7.92 µm. Microscopic (Figure V-

3B) and macroscopic (figure 2) observations did not reveal any defects or fractures derived from the 

detachment step. Another characteristic to note was the transparency of the PEM membranes, 

demonstrated in Figure V-2 and V-3D (i). 

To increase the stability of the membranes in the wet state, we evaluated the possibility to fabricate 

more robust PEM membranes by crosslinking with genipin. Two different concentrations (1mg/mL and 

2mg/mL) were tested. Figure V-3D shows the image of 1 cm2 squares of (i) unmodified (CHT/CS)250 

PEM, (ii) (CHT/CS)250 PEM crosslinked with 1mg/mL and (iii) (CHT/CS)250 PEM crosslinked with 2mg/mL 

membranes. Genipin is a natural crosslinking agent extracted from Gardenia, that when reacts with 

amino groups forms blue pigments 28. As expected, the higher the concentration of genipin, the more 

blue pigmentation was acquired by the membrane – see Figure V-3D. This qualitative colorimetric test 

proved that the crosslinking took place.  

 

 
Figure V-2. Detachment of the (CHT/CS)250 multilayer assembled onto a low surface energy PP substrate: just by pushing 

through the dry membrane using tweezers, we obtain the freestanding film. 

 

 

We performed FTIR tests on (CHT/CS)250 PEM membranes and on the respective individual 

polysaccharides, CHT and CS powders, so that we could detect the presence of the two polymers in the 

final sample. The results are illustrated in Figure V-4. As expected by its closeness in terms of chemical 

structure, the spectra of CHT and CS were alike, sharing some characteristic peaks: the peak represents 

the bond stretching vibrations corresponding to -OH and N-H at about 3400 cm-1,at about 2900 cm-1 the 
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band is assigned to the stretching of C-H, the peak of stretching of amide groups appears around 1648 

cm-1 and between 1080 and 1020 cm-1 the peaks match the stretching of C-O functional bounds.  

 
Figure V-3. SEM micrograph of the (CHT/CS)250 PEM membranes (A) on the CS side, at different magnifications, (B) on the 
CHT side and (C) the cross-section; (D) Photographs of the membranes over a paper sheet printed with a dotted line: (i) 
unmodified (CHT/CS)250 PEM, (ii) (CHT/CS)250 PEM crosslinked with 1mg/mL of genipin and (iii) (CHT/CS)250 PEM crosslinked 
with 2mg/mL of genipin membranes.  

 

Despite their similarities, CHT and CS have unique fingerprint regions: around 1570 cm-1 29 we 

observed the peak corresponding to amine groups of CHT and for CS there is a representative peak of 

the stretching of the S=O bond at 1250 cm-1 30. The spectrum of the (CHT/CS)250 film revealed the 

absorption peaks of both CHT and CS, pinpointing the presence of both polysaccharides. When genipin 

were incorporated to the (CHT/CS)250 PEM membrane, some differences were noted on the FTIR 

spectra. As already reported elsewhere 31, genipin reacts with the amino groups of chitosan, establishing 

amide linkage. Their C=O stretching band overlapped with the amide I adsorption band characteristic of 

chitosan, at 1650 cm-1, making this one broader 31b. Moreover, the C-N linkage of the amide III, 

characteristic of chitosan at 1233cm-1 was shifted to 1260 cm-1, after the crosslinking with genipin 31a. 

Any significant difference was noted on the FTIR spectra of both crosslinked membranes (with 1 or 2 

mg/mL of genipin).  

Figure V-5 displays the water uptake ability of the developed membranes. This phenomenon has 

particular interest since the nutrients and gas diffusion processes as well as both the mechanical and 

biological behavior depend on it 16, 32. Polysaccharides present hydrophilic groups in their backbone, 

making them capable of being highly hydrated 33. We immersed the samples in PBS and measured the 

changes on weight, up to 3 days: for all conditions, the trend of the water uptake profile was similar. Most 

of the water was uptake in the first hour: the presence of hydrophilic functional groups like carboxyl, 

hydroxyl, amino and sulphate is the main reason for its water uptake ability. When comparing the 

crosslinked membranes with the original one, we observed a discrepancy in the water uptake 

percentages, with statistical differences (*** meaning p<0.001): genipin acted at coupling chitosan free 

amines in the membrane network reducing the available space in hydrophilic chains and preventing the 

membranes to uptake large quantity of water 16, 32, 34.On the other hand, the 2 mg/mL crosslinked 

membrane was the one with the lowest values of water uptake, with statistical differences up to 10 

minutes  and then after 3 hours (## meaning p<0.01 and # meaning p<0.05). This behavior can be 

explained by the fact that the membrane with lower amount of genipin had naturally more hydrophilic 

groups not crosslinked, presenting higher water uptake ability.  



Chapter V Universidade de Aveiro 
 

Page | 116 
 

 
Figure V-4. FTIR spectra of the unmodified and crosslinked (with 1mg/ml of genipin) (CHT/CS)250 PEM membranes and the 
pure polysaccharides, CHT and CS.  

 

 

Figure V-5. Water uptake profile of the unmodified and crosslinked (CHT/CS)250 PEM membranes, up to 3 days. The inset 
represents the water uptake for the first hour of immersion in PBS. Statistical differences were marked in the figure, with *** 
meaning p<0.001 between the unmodified membrane and both crosslinked and with # and ## meaning p<0.01 and p<0.05, 
respectively, between the crosslinked membranes. 

 

3.3. Mechanical tests 

Differences in the mechanical performance can be found between the dry and the wet state of the 

(CHT/CS)250 PEM membranes. Following the physiological environment, we performed tensile tests in a 

hydrated environment, immersing the samples in PBS until equilibrium. The representative conventional 

stress-strain curves for each type of membrane are presented in Figure V-6A, and the respective values 
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of Young’s modulus (Ε), ultimate tensile strength (σ máx) and maximum extension (ε máx) are shown in 

figure 6B. An increase in the Young’s modulus was observed within the crosslinked membranes. 

Otherwise, the maximum extension decreased with the increase of the crosslinker concentration. This is 

in accordance with the results of water uptake, where unmodified (CHT/CS)250 membranes presented 

more ability to retain water molecules and be highly hydrated: literature 16, 24, 32, 35 already reported a kind 

of plasticization effect of water molecules in natural polymers that makes molecular mobility increases 

and stiffness decreases. Furthermore, ultimate strength presented a non-monotonic trend: with 1mg/ mL 

crosslinked membranes, the ultimate strength increased but above this concentration the value of this 

parameter decreased. We assumed that using higher genipin concentration than 1mg/mL, the film 

became too brittle and the yield point is much faster to achieve. Accordingly, with these results we can 

overtake the handling difficulty of the (CHT/CS)250 PEMs membranes using the 1 mg/mL of genipin 

condition; the maximum extension is not far from the non-crosslinked one. Comparing with related 

literature 16, we are able to produce more extensible membranes; for 1 mg/mL crosslinked condition, the 

membrane extended up to the double of  its original size, with an Young’s modulus of 6.8± 0.80 MPa. 

Therefore, we fabricated more stretchable and elastic membranes than, for example, using alginate 

instead of CS; for the same concentration of genipin, crosslinked CHT/alginate membranes presented an 

Young’s modulus of 12.8± 2 MPa with a maximum extension around 10 % of its original size 16. The 

maximum strain of the obtained membranes are also higher than other chitosan-based membranes 

reported in literature 36.  

 
3.4. Shape memory properties 

Many biomedical applications can benefit with the possibility of flat and flexible substrates acquiring 

temporary shapes, under some external action 37. In the case of our product, it could be interesting that 

the original flat membrane can be maintained in a temporary shape until inserted in the targeted body 

location. This can be important, for example, to maintain minimal the invasive surgery.  Different stimuli 

have been reported in literature 38 but at our point of view the hydration action seemed to be an 

interesting option, with some good examples previously reported 26, 39. The shape memory effect of the 

developed membranes, triggered by hydration/dehydration action is shown in Figure V-7, with a scheme 

of the process and a sequence of optical photographs representing each step. Crosslinked (CHT/CS)250 

membranes, at 1mg/mL, were immersed in a PBS solution, increasing the hydration level of the film; this 

stage was maintained until the temporary deformation of the film was requested.  Then, a helicoidal 

shape was achieved by twisting the hydrated film around a rod: a dehydration step was fundamental to 

fix this geometry, upon which the membrane became rigid and undeformable. When the material is 

implantable, the membranes have to return for the original flat shape: through the action of a rehydration, 

the crosslinked (CHT/CS)250 membranes deformed and easily recovered the flat configuration. The 

hydration action strongly influences the molecular motility and the glass transition dynamics of the 

polysaccharides, promoting this phenomenon 24, 26, 39c.  
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Figure V-6. (A) Representative conventional tensile strain-stress curves for the freestanding films with and without crosslinking, 
taken in the wet state. (B) Young’s Modulus (E), ultimate tensile strength (σ max) and maximum extension (ε max) for each 
condition. Differences in data were considered statistically significant, with p < 0.001: (***) indicates significant differences. 

 

 
Figure V-7. Schematic representation of the methodology to monitor the shape-memory capability of CHI/CS membranes 
crosslinked with 1mg/mL of genipin (H2O – ultrapure water; EtOH – 100% ethanol) (left image). Optical photographs that 
demonstrate the shape memory capability of (CHT/CS)250 crosslinked with 1mg/mL of genipin freestanding multilayered films, 
induced by hydration (right image). These are the real images relative to the scheme. 

 

3.5. In vitro cell culture 

L929 were seeded on unmodified and crosslinked (CHT/CS)250 membranes. Differences were 

observed between cellular adherence, proliferation and morphology - see Figure V-8. In literature there 

are several studies reporting the genipin effect on cellular behavior, from adherence to proliferation, 

morphology and differentiation for different cell types 28, 40. Previous to this study, we already showed a 

trend on chitosan/ alginate multilayer membranes, where genipin has a positive effect on cell adhesion 

16. Beyond 3 days of cell culture, MTS assay results revealed significant statistical differences between 

the three conditions, with better cellular viability and proliferation in the crosslinked (CHT/CS)250 

membranes than in the unmodified ones. MTS absorbance increased along the time, for all formulations, 

which means that cells are alive and proliferating. Furthermore, there was clearly an indication that when 

modified with genipin the membranes shown better cellular performance, at least using up to 2 mg/mL of   

genipin (see Figure V-8). The cells seeded on unmodified (CHT/CS)250 membranes shown a round 

morphology, creating weak anchors with the surface; this can be related with the higher water content of 
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these films 16, 41- see Figure V-9. On the other hand, when the membranes were crosslinked, they 

retained less volume of water molecules and created stronger bounds with cells, which evidenced a 

stretched morphology 16, 34, 41-42. At day 7 of culture, the area of the membranes was almost covered by 

adhered cells on the modified membranes L929 proliferated in a dense layer but the same was not 

clearly observed for unmodified one. In this case, cells tended to form clusters.  

 

 
Figure V-8. Cell viability at 1, 3 and 7 days of culture on (CHT/CS)250 PEM films with and without crosslinking with genipin, 
using the MTS assay. Statistical analysis between each time point were performed and the data relative to proliferation was 
considered statistical different, with (###) p< 0.001 and (#) p <0.05. Also, the differences between conditions were considered, 
having statistical differences with (***) p< 0.001 and (*) p <0.05. 

 
Figure V-9. DAPI-phalloidin fluorescence assay of L929 cells seeded on the unmodified and crosslinked (CHT/CS)250 PEM 
membranes: at day 1, day 3 and day 7. Cells nuclei were stained blue using DAPI and the F-actin filaments (cytoskeleton) in red 
using phalloidin. Scale bar for day 1 and 3 represents 100 µm and for day 7 represents 200 µm. 
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Overall, we confirmed the positive genipin effect in the biological performance of (CHT/CS)250 

membranes. In conclusion, better viability and proliferation evidences and a stretched morphology was 

observed for crosslinked films.  

Having in mind the combination of the physicochemical, mechanical and biological performance, the 

(CHT/CS)250 freestanding PEM membranes crosslinked with 1 mg/mL of genipin seem to present the 

best result for the possible applicability in the biomedical field. 

 

4. Conclusions 

Easily detachable membranes made of CHT and CS were successfully obtained by LbL technology, 

in combination with the use of a low surface energy material as underlying substrate. The multilayers 

were crosslinked with genipin with the objective of enhancing the handling of the freestanding films. The 

results confirmed the ability of tailoring important properties of PEMs membranes, including water 

uptake, Young’s modulus, ultimate tensile strength, maximum extension and biological performance, just 

playing with genipin concentration. It was possible to conclude that the crosslinking step was relevant to 

achieve better mechanical and biological performances: an interesting balance was achieved when we 

used the lowest genipin concentration. Such membranes could have promising applications as skin, 

cartilage, cardiac, bone, nerve, guided and for other soft tissue regeneration, as platforms for drug or 

growth factors delivery or even as substrates for biosensors integration. 
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VI. Control of Cell Alignment and Morphology by Redesigning ECM-
mimetic Nanotopography on Multilayer Membranes* 

 

 

 

 

 

Abstract  
 

Inspired by native extracellular matrix (ECM) together with the multilevel architecture observed in 

nature, we engineer a material which topography recapitulates topographic features of the ECM and the 

internal architecture mimics the biological materials organization. The nanopatterned design along the 

XY plane is combined with a nanostructured organization along the Z axis on freestanding membranes 

prepared by layer-by-layer deposition of chitosan and chondroitin sulfate. Cellular behavior is monitored 

using two different mammalian cell lines, fibroblasts (L929) and myoblasts (C2C12), to perceive the 

response to topography. Viability, proliferation and morphology of L929 are sensitively controlled by 

topography; also, differentiation of C2C12 into myotubes is influenced by the presence of nanogrooves. 

This kind of nanopatterned structure has been also associated with strong cellular alignment. To the best 

of our knowledge, it is the first time that such a straightforward and inexpensive strategy is proposed to 

produce nanopatterned freestanding multilayer membranes. Controlling cellular alignment plays a critical 

role in many human tissues, such as muscles, nerves or blood vessels, so these membranes can be 

potentially useful in specific tissue regeneration strategies.  

 

Keywords: layer-by-layer, polysaccharides, nanogrooved freestanding membranes, cell alignment, 

C2C12 differentiation 

                                                        

 
* This chapter is based on the following publication: Sousa, M. P.; Caridade, S. G.; Mano, J. F., Control of Cell 
Alignment and Morphology by Redesigning ECM-Mimetic Nanotopography on Multilayer Membranes. Advanced 
Healthcare Materials 2017, 6 (15), 1601462. 
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1. Introduction 

Directing cellular behavior is essential for different physiological processes and a very important stage 

of tissue-material interactions. The design of a surface capable of recapitulating features occurring in 

vivo may benefit the development of promising tissue engineering strategies.1 Native extracellular matrix 

(ECM) has a unique and complex structure, displaying well-defined features on its topography such as 

protein fibers, pores, ridges, grooves that can be found at both micro and nanoscale levels.1b, 2 Tissues 

like bone or muscle present highly aligned multiscale structures that have inspired the development of 

nanoengineered material for tissue regeneration applications;2a for instance, well-aligned, long and 

parallel cylinders of collagen type-I are part of the cortical bone structure, being important for its 

mechanical properties.3 

Both chemical and topographical surface patterning play a recognized role in the regulation of the 

cellular behavior, at both micro and nanoscale levels.4 The mechanisms behind cell response to 

nanotopographical features are more complex than the ones behind cellular response to 

microtopography, where cells are of comparable size to the features. In fact, the connection established 

between each cell and their environment is even observed at the nanoscale length.1b The cell surface 

receptors, particularly integrins, bind to the extracellular ligands and react to extracellular stimuli, 

including pattern motifs on the material’s surface, inducing an intracellular cascade of physical and 

chemical events, conditioning cell response.5 In particular, the geometry of topographical nanofeatures 

direct cells to react in terms of adhesion 6, formation of focal adhesions (FAs) 7, proliferation 8, migration 

9, alignment 4a, 10 and differentiation 11. For example, the surface topography of human cornea basement 

membrane was reproduced using lithography, inducing elongation and alignment of cells along the 

grooves.12 Curiously when changing cell environment parameters like the growth medium, the cells 

reacted totally differently, suggesting that the patterning effect is also dependent of other environmental 

factors.13 It was also found that both shape and alignment of mesenchymal stem cells is dependent on 

the nanotopographical density of the surface, regulating their function and even osteo- or 

neurogenesis.14 

Distinct technologies have permitted the introduction of nanofeatures over the surface of biomaterials, 

allowing an additional cellular control in medical devices and substrates for cell culturing. Among 

conventional techniques are colloidal lithography 15, polymer demixing 16 or even phase separation 17, 

which are usually easier, faster and cheaper than other technologies, but with less control over the 

geometry.18 In order to increase this control, techniques such as electron-bean and photolithography 4c, 19 

have been extensively reported; however, the high costs associated with the limitation in the chosen raw 

materials prompt the need of finding alternative nanofabrication technologies. 

There exists a present need for a single step process that could surpass some of the drawbacks of 

the existing technologies. We propose a simple layer-by-layer (LbL) methodology that presents high 

versatility, precise control over the film construction and ability to process under physiological and 

ambient conditions.20 Lithographic techniques were already combined with LbL strategies to generate 
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patterned surfaces 21; however, the inability to detach the LbL film from the anchored substrate and to 

create asymmetric membranes increased the need of substrate-free LbL patterned films. Immersing a 

low-surface free energy substrate sequentially and continuously into polyelectrolytes of opposite charges 

is possible to obtain a multilayer film that can be easily detached from the underlying substrate. This 

method was employed before to produce smooth freestanding (FS) membranes.22  

Unlike other nanofabrication methodologies, LbL allows the incorporation of a wide range of materials, 

since synthetic to natural polymers 22-23, proteins 24, or even other bioactive molecules 25. We 

hypothesize that the sequential deposition of nanolayers of polyelectrolytes during the LbL buildup could 

adapt to the nanoscale the geometrical features of textured templates, generating multilayer membranes 

with the replica of the patterns upon detachment. As polysaccharides present structural similarities with 

natural ECM, have biodegradable properties and are biocompatible 26, chitosan (CHT) and chondroitin 

sulfate (CS) were chosen in this work as polycation and polyanion, respectively, to produce natural-

based nanopatterned FS membranes. 

The effect of the nanogrooves on cellular function was investigated by assessing the morphology, 

elongation, alignment of fibroblasts and myoblasts and differentiation in the case of myoblasts. 

 

2. Materials and Methods 

2.1. Materials 

Medium molecular weight CHT (Mw = 190-310 kDa; degree of deacetylation between 75% and 85%; 

viscosity between 200 and 800 cps) and CS were purchased as powder from Sigma Aldrich (St Louis, 

MO, USA). A purification process was applied to CHT, following a recrystallization approach already 

described elsewhere.27 Flat FS membranes were obtained using an underlying PP substrate obtained as 

A4 sheets, at Firmo Papéis e Papelarias S.A. (Portugal), and were used as controls. Compact disks 

(CDs) were used as the underlying polycarbonate substrate for the nanopatterned FS membranes and 

were supplied from MITSAI®. Genipin was supplied from Waco Chemicals GmbH (Germany), ethanol 

from Fisher Chemical (USA) and sodium chloride (NaCl), PBS and dimethyl sulfoxide (DMSO) were 

purchased from Sigma Aldrich. Lysozyme from chicken egg white (dialyzed, lyophilized, powder, 

≈100000 units.mg-1), hyaluronidase from bovine tests (isoelectric point ≈ 5.4), (Type I−S, lyophilized 

powder, 400− 1000 units.mg-1 solid) and sodium azide (NaN3) were purchased from Sigma-Aldrich. The 

suppliers of the missing materials and reagents were further indicated.  

 

2.2. Construction of the CHT/CS polyelectrolyte multilayer 

QCM-D monitoring (Q-Sense E4 system, Q-Sense AB, Sweden) was used to follow up the formation 

of the polyelectrolyte multilayer, composed of CHT and CS. Through the excitation of a piezoelectric 

quartz crystal, the variations of frequency (Δf) and dissipation (ΔD) were monitored during the multilayer 

construction.28 The gold coated crystals were used as received, just rinsed several times with distilled 

water, acetone and ethanol and then dried prior to the experiments. Firstly, a sodium acetate buffer was 

injected to construct the baseline. Then, the CHT and CS solutions (0.2% (w.v-1) in a sodium acetate 
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buffer, pH=5.5, RT) were introduced into the measurement cell during 10 minutes at a constant flow of 

50 mL.min-1. A washing step of 10 minutes was performed between the adsorptions of polyelectrolyte 

solution, to remove the excess of polymer. Five bilayers composed of CHT and CS were assembled, at 

room temperature (RT). Besides allowing the measurement of frequency and dissipation changes in 

hydrated environments, the QCM-D data also enable the estimation of the viscoelastic properties. The 

Voight-based model was used to assess the thickness estimation.28 The QTools software (version 

3.0.6.213, Q-Sense AB) was chosen to analyze the data. The thickness, the viscosity and the shear 

modulus of the films were calculated by the best fitting of the QCM-D data regarding the 7th overtone. 

We assumed a fluid density of 1000 kg.m-3, a fluid viscosity of 0.001 kg.m-1.s-1 and a layer density of 

1200 kg.m-3. 

 

2.3. Fabrication of the nanopatterned CHT/CS FS membranes 

Nanopatterned CHT/CS FS membranes were produced using the LbL methodology. Different 

underlying substrates were used; flat FS membranes were made using PP substrates and 

nanopatterned FS membranes using optical media (CDs). The underlying substrate was immersed 

sequentially in CHT and CS solutions (0.2% (w.v-1) in a sodium acetate buffer, pH=5.5, RT), with 2 

washing steps (using sodium acetate buffer, pH=5.5, RT) between each deposition on polymers solution. 

These immersions were repeated 300 times with the time of immersions of 6 minutes for natural-based 

polymers and 3 minutes for each washing step. This process was automatized using a home-made 

dipping robot. Previous to the immersions, these substrates were cleaned with sonication in ethanol and 

distilled water (5 minutes each). To enhance the mechanical and biological behavior of the FS 

membranes, the multilayers were subjected to a crosslinking process. Based on previous studies 29, 

genipin (0.1% (w.v-1) in a 4:1 sodium acetate buffer/DMSO, pH=5.5) was chosen as the crosslinking 

agent and the FS membranes were immersed in this solution overnight at RT. Absolute ethanol was 

used to stop the crosslinking reaction. Then the membranes were washed with sodium acetate buffer to 

remove the excess of crosslinker and left to dry at RT. Finally, both crosslinked and no crosslinked FS 

membranes were easily detached from the respective underlying substrate, just by peeling off with the 

help of a tweezer.  

 

2.4. Morphological and physical characterization techniques   

2.4.1. SEM 

 The morphology of the FS membranes was characterized by SEM (NanoSEM, Nova200), at an 

accelerating voltage of 15kV. Prior to microscopy, the samples were sputter-coated (Cressington) with a 

conductive gold layer, for 40 seconds at 40 mA. Cross-sections of the FS membranes were obtained 

through immersion on liquid nitrogen followed by fracturing. 

 

2.4.2. AFM 

 AFM (Dimension Icon, Bruker, France) equipped with Nanoscope imaging software was used to 

evaluate in detail the topography of the surface of the membranes. Prior to microscopic observation the 
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samples were rinsed with distilled water and dried at RT. We used an AFM equipped with ScanAsystAir 

(Bruker, France) probes, with a resonance frequency of 320 kHz and a spring constant of 2 N.m -1. The 

topography of the membranes surface was acquired with a 512 × 512 pixel2 resolution at line rates of 1 

Hz, analyzing areas of 5 × 5 μm2 and 10 x 10 μm2 at line rates of 1 Hz and used to calculate the 

arithmetic mean and the average height (Ra and Hav, respectively). At least three measurements were 

performed on replica specimens (n = 3), with different areas on each sample being scanned. Moreover, 

the topography of the hydrated membranes was also evaluated. In this case we used probes from 

ScanAsystFluid (Bruker, France). 

 

2.4.3. WCA 

 Static WCA on the obtained membranes was assessed using an OCA 15+ goniometer (DataPhysics, 

Germany), under RT, using the sessile drop method. All experiments were carried out using triplicates, 

with nine areas on each sample being considered. The volume of each droplet was kept at 3 µl and the 

experiments were performed at RT. The pictures were taken after droplet stabilization.  

 

2.4.4. Mechanical properties – DMA 

The mechanical/viscoelastic properties of the FS membranes were evaluated by DMA. All 

measurements were performed using a Tritec2000B DMA (Triton Technology, UK), equipped with the 

tensile mode. The membranes were cut with ≈ 8 mm width. Prior to the DMA assays, samples were 

soaked overnight, in a PBS solution, to reach the swelling equilibrium. The geometry of the samples was 

then measured accurately for each sample where the thickness was determined in three different 

regions of each sample using a micrometer (Mitutoyo, Japan). The measurements were carried out at 

37°C during which the membranes were immersed in a PBS solution placed in a Teflon® reservoir. 

Membranes were clamped in the DMA apparatus with a gauge length of 10 mm and immersed in the 

PBS bath. After equilibration at 37°C, the DMA spectra were obtained during a frequency scan between 

0.2 and 20 Hz. The experiments were performed under constant strain amplitude (50 µm) and a static 

pre-load of 1 N was applied during the tests to keep the sample tight. At least three specimens were 

tested for each condition with the same experimental settings. 

 

2.4.5. Degradation studies 

[CHT/CS]300 membranes were placed in PBS, at pH=7.4 (control), and in an enzymatic solution 

composed by 0.13 mg.mL-1 of lysosome and 0.33 mg.mL-1 of hyaluronidase in PBS with NaN3, at 

pH=7.11; all experiments were put in a shaking water bath at 37 °C. The medium was replaced every 3 

days and at predetermined time points (3, 7, 14 and 30 days), the membranes were removed from the 

solutions and washed with distilled water to remove the excess of salts. Then, the membranes were 

dried at constant temperature and weighted. The percentage of weight loss (WL) of the membranes for 

the different conditions was determined following Equation VI.1, with Wi being the initial dry weight of the 

membrane and Wf being the weight of the dry membrane after each predetermined time point. Thus, the 
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percentage of weight retaining (WR) was calculated using Equation VI.2, with the values obtained in 

Equation VI.1. 

         Equation VI.1 

         Equation VI.2 

 

2.5. Cell seeding preparation and cell culture 

Two mammalian cell lines, L929 fibroblasts and C2C12 myoblasts (European Collection of Cell 

Cultures (ECCC), UK), were chosen to test the developed FS membranes, with and without patterning. 

Prior to cell culture, the membranes were subjected to a sterilization process with 70 % (v.v -1) ethanol, 

for 2 hours, and then removed and washed with sterile PBS. Three experiments were conducted for 

each condition and assay, with triplicates. 

 

2.5.1. L929 fibroblast line 

Murine L929 fibroblasts were chosen to investigate the differences between the obtained FS 

membranes in terms of cellular viability and metabolic activity, proliferation, morphology and alignment. 

L929 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) 

supplemented with 10% fetal bovine serum (FBS, Biochrom AG, Germany) and 1% of 

antibiotic/antimycotic (Sigma-Aldrich), at 37°C and 5% CO2. When the confluence was reached, the 

cells, at passage 15 to 18, were trypsinized, centrifuged and re-suspended in cell culture medium. Then 

the fibroblasts were seeded at 2.5 x 104 cells per cm2 under static conditions in aliquots of 200 µl, on the 

top of the FS membranes. After 4 hours, 800 µl of growth culture medium were added to each well. The 

fibroblast seeded membranes were nourished with fresh growth medium every 2 days and maintained at 

37°C and 5% CO2 until the end of each experiment. 

 

L929 viability and proliferation 

The metabolic activity and viability of the fibroblasts seeded on the FS membranes were assessed via 

a MTS assay. At each time point (1, 3 and 7 days) the culture medium was removed and replaced with 

500 µl of serum-free DMEM with 20% of MTS reagent (Promega, USA). Then the cell seeded samples 

were incubated during 3 hours, at 37°C and 5% CO2. The absorbance was measured with a microplate 

reader (BioTek, USA), at a wavelength of 490 nm. The negative control was considered as the 

background absorbance of serum-free medium and MTS reagent incubated with the FS membranes 

without cells. Fibroblasts relative viability was considered comparing the FS membranes results with 

TCPS (3D Biomatrix, USA). 

A fluorometric double strand DNA (dsDNA) quantification kit (PicoGreen®, Molecular Probes, 

Invitrogen, UK) was used to evaluate the proliferation of cells seeded on the FS membranes. After each 

predetermined time-point (1, 3 and 7 days) the samples were washed with sterile PBS, transferred into 

eppendorfs containing 1 mL of ultra-pure and put at 37 °C for 1 hour. Then, the samples were relocated 

in a -80 °C freezer until using; before testing, the membranes were thawed and sonicated during 15 
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minutes. DNA standards ranging from 0 to 1.5 mg.mL-1 were prepared. The PicoGreen® working solution 

was incubated with each sample and standard for 10 minutes, in the dark at RT. A microplate reader 

(BioTek, USA) was used to measure the fluorescence, with an excitation wavelength of 485/20 nm and 

an emission wavelength of 528/20 nm. The fluorescence values were corrected for the fluorescence of 

the reagent blanks. The concentration of DNA was calculated against a standard curve obtained by the 

prepared DNA standards. 

 

L929 Morphology  

Fluorescent microscopy was used to observe the morphology of the adherent cells on the FS 

membranes. For 1, 3 and 7 days the fibroblast seeded membranes were washed with PBS and fixed 

with 10% formalin (Termo Fisher Scientific, USA) in PBS solution; after 30 minutes the cells were 

permeabilized using 0.2 % (v.v-1) of Triton 100x (Sigma Aldrich) in PBS, for 5 minutes, and the non-

specific binding sites were blocked using 3%(w.v-1) BSA (Sigma Aldrich) in PBS, for 30 minutes. After 

this time fluorescein phalloidin (Sigma-Aldrich) at 1:150 in PBS, pH=7.4, was used to stain the F-actin of 

the cells and DAPI (Sigma-Aldrich) at 1:1000 in PBS, pH=7.4 to stain the nucleus of the cells. Between 

each stage three washing steps were performed using sterile PBS. Fluorescence microscopy were 

imaged using a transmitted and reflected light microscope with apotome 2 (Axio Imager Z1m, Zeiss, 

Germany). The photos were acquired and processed with the AxioVision software version: Zeiss2012 

(Zeiss). The chosen micrographs were representative for each time point and condition. 

SEM was also used to observe the morphology of the fibroblasts cultured on the FS membranes. 

After being cultured for 1, 3 and 7 days the adherent cells on the FS membranes were washed with 

sterile PBS and then fixed with 2.5% glutaraldehyde (Sigma Aldrich) in PBS at 4°C. After 30 minutes, the 

fixation solution was removed, and the cells were washed with sterile PBS three times; a dehydration 

process was applied to cell seeded membranes, following a series of graded ethanol solutions (20, 50, 

80, 90, 95, 100 % (v.v-1)). The samples were left to dry at constant temperature and then were gold 

sputter-coated in vacuum prior to observe at SEM (NanoSEM, Nova200); an accelerating voltage of 

15kV was used. 

 

Nuclei elongation and orientation  

The orientation analysis of the nucleus of individual cells adhered on CL FS membranes was 

assessed from fluorescent images. We used an image processing software (Image J®, National Institutes 

of Health, Bethesda, MD, USA) to define the boundary of the nuclei, in order to determine the orientation 

of the nucleus of the individual cells relative to the preferential direction (assumed as the patterning 

direction). Nuclei included for analysis had to be fully contained within the border of the image. The 

nuclei EF was obtained by dividing the longest nucleus axis by the maximal length perpendicular to this 

long axis. The orientation of the nuclei was based on the angle between the major axis of the object and 

the long axis of the underlying topography (defined as 0°). Nuclei were considered aligned for an 

orientation angle between 10° and -10°. Five images were analyzed for each condition. Representative 

fluorescent images of the nuclei of the cells were presented for each condition. 
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Morphometric parameters 

Cells area, perimeter and EF were parameters evaluated using the software Image J® and were 

determined after 3 days of culture. The cell EF corresponds to the longest cell axis divided by the 

maximal length perpendicular to this long axis. The alignment was determined using information 

obtained by SEM, where images shown both the cells adhered on the membranes and the 

nanopatterning; the patterning orientation was rotated to be equal to 0°. Additionally, also the cells angle 

distribution was determined using the Image J® software analyzing 5 images per condition, relatively to 

the day 3 of culture (where cells were suitably grown and dispersed to measure these parameters). 

 

2.5.2. C2C12 myoblast line 

Murine C2C12 myoblasts were chosen to investigate the influence of the patterning on cell 

differentiation. C2C12 cells were maintained in DMEM supplemented with 10% FBS and 1% of 

antibiotic/antimycotic (Sigma-Aldrich), at 37°C and 5% CO2. When the confluence was reached, the 

cells, at passage 6 to 8, were trypsinized, centrifuged and re-suspended in cell culture medium. Then the 

myoblasts were seeded at 2.0 x 104 cells per cm2 under static conditions in aliquots of 200 µl, on the top 

of the FS membranes. After 4 hours, 800 µl of growth culture medium were added to each well. The 

myoblasts seeded membranes were nourished with fresh growth medium every 2 days and maintained 

at 37°C and 5% CO2 until the end of each experiment. 

 

C2C12 Morphology 

Fluorescent microscopy was used, as already described for the case of studies involving L929 cells, 

to observe the morphology of the myoblasts seeded on the FS membranes. For 1, 3, 5 and 10 days the 

cell seeded membranes were washed with sterile PBS and fixed with 10% formalin in PBS solution; the 

same procedure described for phalloidin/DAPI staining of L929 cells was employed for imaging both 

C2C12 cytoskeleton and nucleus. The chosen micrographs were representative for each time point and 

condition. 

SEM was also used to observe the morphology of the myoblasts cultured on the FS membranes. 

Again, the protocol used for L929 cells observation was repeated, but for different time points (4 hours, 3 

days and 7 days). 

Additionally, after 5 days of culture adherent cells were labelled with an immunofluorescence antibody 

to vinculin (Abcam®, UK). Basically, cell seeded membranes were fixed with formalin 10%, 

permeabilized with 1% triton for 5 minutes and the non-specific binding sites were blocked with 3% of 

BSA for 1 hour. The samples were incubated at 4°C overnight with the primary antibody vinculin (1:400 

in PBS) and then incubated with secondary donkey antibody anti-mouse Alexa Fluor 488 (Invitrogen™, 

USA) (1:1000 in PBS) during 1 hour at RT, in the dark. Finally, the cells were incubated with DAPI 

(1:1000 in PBS) at RT for 15 minutes. Prior to fluorescence microscopy, the samples were washed 

several times, and left in PBS overnight. Microscopic images were obtained using the transmitted and 

reflected light microscope with apotome 2. 
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Myogenic Differentiation  

To induce differentiation, the growth medium was replaced by differentiation medium (DM), after 

achieving 60% to 80% of C2C12 confluence. This medium was composed by DMEM supplemented with 

2% of horse serum (Invitrogen ™) and 1% of antibiotic/antimycotic and was replaced every two days. 

Differentiation was also evaluated without using differentiation medium; instead the culture was 

maintained with growth medium (GM). Differentiation was evaluated for both conditions, using DM and 

GM, for 7 and 10 days of culture. At these time points, the samples were washed with sterile PBS and 

fixed with 10% of formalin. After 30 minutes, cell seeded FS membranes were washed 3 times and then 

permeabilized with 1% of triton in PBS for 5 minutes and the non-specific binding was blocked with 3% 

of BSA in PBS for 1 hour. Between each step the samples were washed 3 times with PBS. For 

immunofluorescence imaging the cells were incubated with the primary antibody troponin T (Acris 

Antibodies, Inc®, Germany), overnight at 4 °C, and then with the secondary goat antibody anti-mouse 

Alexa Fluor 488 (Invitrogen ™) for 1 hour at RT and in the dark. Finally, to stain the nuclei, the cells were 

incubated with DAPI for 15 minutes at RT and in the dark. Between each step, samples were extensively 

washed with PBS, with the help of an orbital shaker plate. 

 

Morphometric parameters 

Different differentiation parameters were also quantified using Image J®. The fusion index (in 

percentage) is defined as the relation between the number of nuclei within troponin T-positive myotubes 

and the total number of nuclei in a pre-established area. To complete this information, the average 

number of troponin T-positive myotubes for the same pre-established area was calculated.30 Also the 

averaged area of the troponin-myotubes were determined.31 At least five images were used for 

quantitative analysis.  

The alignment of the myotubes were quantified using Image J® software. We hypothesized that the 

visual and preferential orientation of the myotubes matched with the patterning direction; five images 

were analyzed for each condition at the third day of culture.  

 

2.6. Statistical analysis 

All values were expressed as mean ± standard deviation. Comparison between 2 groups were obtained 

using one-way analysis of variance (ANOVA). Multiple comparison of more than 2 groups were made 

using one-way ANOVA followed by Bonferroni’s multiple comparison test. Any exception to this 

procedure was referred on the appropriated section. A level of p≤ 0.05 was considered as statistically 

significant, being the statistical analysis performed through GraphPad Prism 6.0 (GraphPad Software 

Inc.).  
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3.  Results and discussion 

 

3.1. Polyelectrolyte multilayers construction 

Quartz Crystal Microbalance with Dissipation (QCM-D) was used to monitor the variations on the 

deposition of the polyelectrolytes and the thickness of the film along the time - see Figure S VI-1A. As 

expected, frequency variation (Δf) decreased with the injection of CHT and CS, and with the increasing 

number of layers; this confirmed that the polyelectrolytes mass was deposited on the surface of the gold 

piezoelectric crystal. A slight increase in Δf was observed for the washing steps, which corresponds to 

the desorption of the excess of polyelectrolyte mass. In the other hand, dissipation variation (ΔD) 

increased with the consecutive injections of CHT and CS, evidencing the viscoelastic nature of the 

deposited polymers. A Voigt model was used to fit the QCM-D data and to estimate the thickness 

variation as a function of the number of deposited layers - see Figure S VI-1B. The results showed a 

linear growth of the polyelectrolyte multilayer film (R2 = 0.974), composed by CHT and CS layers, being 

an indication that the polymers were adsorb along the multilayer during the depositions, contrarily to 

other systems already described in literature.32  

Based on the same model and parameters used to obtain the thickness, parameters like viscosity and 

shear modulus were also estimated - see Figure S VI-1C and S VI-1D, respectively. These two 

parameters increased along the buildup of the film, which can be related with the viscoelastic behavior of 

the film.28, 33 Fitting parameters like shear modulus, viscosity and thickness gave important continuous 

data on multilayer film construction.  

 

3.2. Fabrication of nanopatterned FS films  

Flat and nanopatterned membranes were produced by repeating 300 times the cyclic depositions on 

CHT and CS solutions, using appropriate templates. The underlying substrates selected to produce flat 

and nanopatterned membranes were polypropylene (PP) sheets and optical media material, 

respectively. The membranes were further crosslinked with genipin, to improve their mechanical and 

biological performance. After drying, both crosslinked and non-crosslinked membranes were easily 

detached from the underlying substrates, with the help of a tweezer. In the end, four formulations were 

designed: flat FS ([CHT/CS]300), flat crosslinked FS (CL [CHT/CS]300), nanopatterned FS (PAT 

[CHT/CS]300) and nanopatterned crosslinked FS (PAT CL [CHT/CS]300).  

 

3.3. Morphological, topographical and physical characterization of the FS membranes 

 

3.3.1. Morphology  

The FS [CHT/CS]300 films were detachable, without visible damages, from the respective underlying 

substrates. Figures VI-1A and VI-1B represent Scanning Electron Microscopy (SEM) micrographs of 

uncrosslinked and crosslinked flat FS membranes. Prior the crosslinking step, the membranes presented 

a homogeneous morphology with visible rough structures in the order of 1-2 µm. Crosslinked 
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membranes showed a non-homogeneous morphology, with large and lower roughness areas randomly 

dispersed along the surface. The recordable part of the optical media presents nanofeatures on their 

surface.34 We investigated the presence of this kind of topography on commercial blank optical media. 

The polycarbonate template used to create the nanotopography showed regular nanostructured stripes 

(width around 637 ± 36.1 nm) - see Figure VI-1C. The depth of the nanogrooves presented on the 

surface of the polycarbonate template was also calculated through SEM imaging - see Figure VI-1D; just 

by tilting the surface at 60° we were able to estimate the depth of the grooves (depth around 244 ± 16.2 

nm). The LbL methodology was applied above these substrates trying to mimic their topographical 

features. It was possible to confirm the presence of a nanogrooved topography on the surface of both 

uncrosslinked and crosslinked FS patterned CHT/CS membrane - see Figures VI-1E and VI-1F, 

respectively. The results prove that the geometrical features of the polycarbonate template were 

successfully replicated on the FS membranes. The existence of the groove in the Z axis was confirmed 

by leaning the samples to 60°; Figure VI-1G clearly shows a depth on the stripe structures. Therefore, by 

using daily-used objects, such as optical media, we propose a pioneering and unconventional 

nanofabrication strategy, by transposing the defined nanoscale geometries of such simple substrates 

onto FS membranes. Anene-Nzelu, C.G. 34 had previously described the use of optical media as 

substrates for cellular alignment, controlling cells morphology and differentiation through its ordered 

nanotopography; however, polycarbonate can promote some problems in bio-integration. So far, for the 

best of our knowledge is the first time that such multifaceted technology is used to fabricate, through the 

repetition of a single step, ordered nanopatterned membranes. 

Differences were found in the cross-section between flat and nanopatterned FS membranes – see 

Figures VI-1H and VI-1I, respectively. Flat membranes were considerably thicker (40.4 ± 0.93 µm) than 

nanopatterned membranes (9.9 ± 0.21 µm), with the same number of bilayers. Such differences can be 

related with the established interactions between the underlying substrate and the polyelectrolytes. 

Estimated thickness obtained using QCM-D data shows a linear growth of the film, so if a 300-bilayer 

film was constructed, it should be obtained a FS membrane with the thickness around 7.6 µm. 

Comparing the estimated thickness with real thicknesses, we can conclude that polyelectrolytes 

interactions with polycarbonate template is closest to those with the gold piezoelectric crystal. 
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Figure VI-1. Representative SEM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) top-view and D) tilted view (60°) of optical 
media used as the patterned substrate used to produce the patterned (PAT) membranes, E) PAT [CHT/CS]300, F) PAT CL 
[CHT/CS]300 and G) PAT CL [CHT/CS]300 tilted at 60°. SEM images of the cross-sections of H) [CHT/CS]300 and I) PAT 
[CHT/CS]300 membranes. The scale bars represent 5 µm unless for the image where it appears with the value. 

 

3.3.2. Topography  

The studies of the topography of different human tissues, like heart, nerve or muscle, have been 

useful for understanding the threshold of the patterns dimensions capable to influence the cellular 

response. For instance, materials nanoimprinted with depth of 200 nm and width of 500 nm were 

developed and the interactions between neuron cells and these nanograftings promoted both neurite 

alignment 35 and bipolarity 36. Nanogrooved substrates with 450 nm in groove/ridge width; 100 or even 

350 nm in depth regulated the orientation of cardiomyocytes and their contractile function.37 As 

discussed below, our methodology provided such kind of dimensions, but using a quite simple 

methodology, providing the ability to use natural based polymers, employing wet based fabrication 

technologies. 

Firstly, uncrosslinked and crosslinked flat FS membranes were analyzed with Atomic Force 

Microscopy (AFM) imaging - see Figure VI-2A and VI-2B respectively. Both presented some rough 

structures in the order of about 30 nm. Also, the topography of the uncrosslinked and crosslinked 

nanopatterned FS films was investigated. AFM imaging confirmed the good reproducibility of the 

nanopatterning, always with structures consistent with the patterning of the polycarbonate template - see 

Figure VI-2C and VI-2D, respectively. Besides the presence of the sub-micron patterning, the 

topography of these surfaces also presented rough areas, at the nanometer scale. AFM was also 

performed with wet samples, in order to conclude about the stability of the patterning in a hydrated 



Chapter VI Universidade de Aveiro 

Page | 137  
 

environment. As observed in Figure VI-2E and VI-2F, even after the incubation in phosphate buffered 

saline (PBS) overnight, the uncrosslinked and crosslinked nanopatterned surfaces maintained the 

nanogrooved topography. To conclude about the stability of patterning, we also left the membranes 

immersed in the PBS solution for longer times and even after 14 days we verify the maintenance of the 

patterning. This information will be further supported by the SEM images of the cells above the patterned 

freestanding membranes. 

Figure VI-2G shows the arithmetic roughness (Ra) and the average height (Hav) values for all type of 

developed FS membranes. No substantially changes were observed with the crosslinking step, but the 

Ra value was slightly lower for the PAT CL [CHT/CS]300 when comparing with the unmodified 

nanopatterned ones; this can be related with the swelling and contraction of the upper layer. Naturally, 

crosslinked and non-crosslinked PAT [CHT/CS]300 presented significantly higher values of Hav due to the 

presence of the nanogrooves on their surface; indeed, the uncrosslinked patterned membranes clearly 

exhibited the highest value and this fact also can be related with the swelling process. 

Some differences were expected when hydrating the membranes, due to their ability to retain water.38 

Figure VI-2H shows distinct relevant dimensions of the pattern features calculated through the AFM 

image data. The averaged ridge width (RWav) in the FS films was similar between the different 

conditions, being around 500 nm. The averaged groove width (GW av) was different, following what 

happened with the averaged depth (Dav) values: for PAT [CHT/CS]300 membranes, the GWav significantly 

decreased from 820.4 ± 40.7 nm (dry state) to 687.4 ± 64.1 nm (hydrated PAT [CHT/CS]300). No 

significant differences in the GWav were found between hydrated PAT CL [CHT/CS]300 membranes and 

dried PAT CL [CHT/CS]300; the crosslinking reaction allowed lower water contents in their composition 

and thus fewer differences were noticed in the GWav. The Dav of the crosslinked and uncrosslinked FS 

membranes significantly increased when the samples were hydrated; in the case of PAT CL [CHT/CS]300 

the Dav significantly increased from 208.3 ± 38.36 nm (dry state) to 449.4 ± 50.01 nm (wet state). 

Curiously, in the hydrated state, crosslinked membranes had higher values of depth than in the dry state. 

This is an indication that when hydrated, the topography of the PAT CL [CHT/CS]300 membranes did not 

deform significantly along the XY plane, but this changing essentially happened in the Z plane.  

 



Chapter VI Universidade de Aveiro 
 

Page | 138 
 

 
Figure VI-2. Representative AFM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) PAT [CHT/CS]300, D) PAT CL [CHT/CS]300 

topographies in air, E) PAT [CHT/CS]300 and F) PAT CL [CHT/CS]300 in fluid. G) Arithmetic roughness (Ra) and average height 
value (Hav) for flat and patterned surfaces. H) Averaged dimensions of the nanofeatures, with the values for groove (GWav) 
and ridge (RWav) widths and the depth (Dav) for the different membranes in both dry (air) or wet (PBS) states. Significant 
differences for the patterning effect were found for (++) p<0.01 and (+++) p<0.001 and for the crosslink effect were found for (*) 
p<0.01 and (***) p<0.001. Significant differences between dry and wet states were found for (§§) p<0.01 and (§§§) p<0.001. 

 

3.3.3. Water Contact Angle (WCA) 

Wettability plays an important role in material-cell interactions;39 it can depend on both chemical 

composition and topography of the surface. The WCA of the produced films are shown in Figure S VI-2A 

and VI-S2B. The crosslinking effect on the WCA was evident on flat CHT/CS membranes, with a 
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significant increase on the hydrophilicity. The derivate of the crosslinking reaction is rich in hydrophilic 

groups, like amines, amides and hydroxyl groups;40 indeed this result was consistent with some works in 

literature which reported the effect of genipin crosslinking in the decrease of the WCA, for hydrogels 41, 

capsules 40a and also for multilayer films 42. Significant differences were observed between flat and 

patterned membranes, for non-CL membranes (WCA = 107 ± 7.7°and WCA= 119 ± 3.1°, respectively) 

and for CL membranes (WCA = 74 ± 7.9°and WCA= 111 ± 1.3°, respectively). Therefore, the presence 

of a nanopatterned topography on the CHT/CS membranes enhanced the hydrophobicity of the surface, 

comparing with the flat ones. The explanation of this phenomenon is based on the Cassie-Baxter 43 

regime that assumes that there is no penetration of the water droplets into the grooves, establishing a 

composite interface between the solid/air and the liquid droplet. In this case, if roughness increases, also 

the hydrophobicity of the surface will be higher, with higher WCA values. The effect of crosslinking was 

not significant in the case of patterned membranes, and we hypothesized that the crosslinking effect was 

masked by the patterning effect. Our results indicate that at this stage, surface topography prevented the 

decrease on WCA, that would be expectable by the introduction of hydrophilic groups. Similar 

competitive forces between hydrophilic surface groups and surface topography were already reported 

elsewhere. 44 

These results indicate that after an initial increase in hydrophobicity of glass surface with zeolite 

coverage, hydrophilic groups prevent the continuous increase in water contact angle with increasing 

zeolite density. In other words, the reason of the difference in the water contact angle values along the 

gradient surface can be attributed to the competitive effects between hydrophilic surface groups on 

zeolites and surface roughness. 

 

3.3.4. Mechanical characterization of FS membranes 

Dynamic Mechanical Analysis (DMA) experiments were performed to evaluate the 

mechanical/viscoelastic properties of the FS membranes. Mechanical studies are a vital part of the 

membranes characterization, as literature has been reported their determinant role on cellular phenotype 

and differentiation 45. The variation of the storage (elastic) modulus (E’) along the frequency is presented 

in Figure S VI-3A. Overall, for all the studied FS membranes, E’ slightly increases with frequency as 

already reported by other works.46 Comparing the uncrosslinked membranes, it was observed that the 

curves of the graph were superimposed; thus, there are not significant differences in their E’ values: 1.1 

± 0.40 MPa and 1.3 ± 0.32 MPa at 1 Hz, for unpatterned and patterned FS membranes, respectively. 

The same behavior was observed in the case of the crosslinked membranes where no significant 

differences could be found. However, significant differences were found between crosslinked and 

uncrosslinked membranes, with E’ values of the crosslinked FS membranes (4.3 ± 0.84 MPa and 4.4 ± 

0.67 MPa at 1 Hz, for unpatterned and patterned crosslinked FS membranes, respectively) being higher 

than E’ values of the uncrosslinked ones. Such results are consistent with previous works that reported 

an increase in stiffness when membranes were submitted to a crosslinked reaction.29, 42, 46a These results 

also indicate that the presence of the patterning or the polymeric nature of the template on both 

uncrosslinked and crosslinked FS membranes have not influence on the stiffness of the samples.  



Chapter VI Universidade de Aveiro 
 

Page | 140 
 

The variation of the loss factor (tan δ) along the frequency is presented in Figure S VI-3B. The tan δ is 

the ratio of the amount of energy dissipated by viscous mechanisms relative to energy stored in the 

elastic component providing information about the damping properties of the membranes. For all 

membranes, it was observed that tan δ slightly increased with the frequency, but no signs of the 

presence of relaxation processes could be detected. Moreover, the uncrosslinked FS membranes 

presented higher dissipative properties, mainly at the higher frequencies.47 

 

3.3.5. Degradation behaviour monitoring of FS membranes 

Both degradability and stability are important parameters in implantable scaffolds. Among other 

components, human serum presents enzymes capable to degrade biopolymers;48 thus our developed 

membranes composed by CHT and CS can have interesting biodegradable properties. To understand 

the degradability of flat and nanopatterned CHT/CS, non-crosslinked and crosslinked, their weight loss 

was investigated, by immersing them in suitable enzymatic solutions. Lysozyme 49 and hyaluronidase 50 

are enzymes capable to degrade natural polymers as CHT and CS once they are presented in the 

human serum at different concentrations. The degradation phenomenon could be noted through the 

decrease in the film thickness, as already reported in literature for comparable systems.51 No substantial 

differences were observed in the weight loss profile between flat and patterned membranes - see Figure 

S VI-4; nevertheless, the crosslink effect on the degradability and stability of the FS films was evident. 

The enzymatic degradation is retarded when the FS films were crosslinked. In fact, there are already 

some studies indicating the decrease of degradation rates for CL films and consequently the capability to 

use this strategy to control the material degradation.51a, 52 Note that weight loss is also observed using 

just PBS solution, but it was accelerated with the presence of the enzymes. Looking deeper at Figure S 

VI-4, it is possible to observe that most degradation occurs within the first 3 days of immersion; water 

molecules diffused into the bulk of the FS membranes, weakening their structure and thus enhancing the 

degradation. After 7 days of immersion the rate of degradation decreases significantly for FS 

membranes. The crosslinking effect can be used to control the degradation and thus the FS membranes 

characteristics may be adapted to the therapeutic specifications. 

 

3.4. L929 cellular response 

 

3.4.1. L929 viability and proliferation 

We investigated the influence of the crosslinking and patterning in the FS membranes on the behavior 

of L929 cells. Figure VI-3A shows the results of a (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay, used to assess the 

mitochondrial redox activity. One assumes that higher values of metabolic activity correspond to higher 

cellular viability. Differences between the non-crosslinked and crosslinked membranes became evident 

for day 3 and even more for day 7 of culture. In those time points, it was clearly observed higher values 

of cellular metabolic activity on crosslinked membranes. DNA quantification assay was used to 

complement these results and to have a measure of cell proliferation (see Figure VI-3B). Regarding the 
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differences between non-crosslinked and crosslinked membranes, DNA quantification supported the 

results of MTS assay: in day 3 and day 7 of culture the crosslinked membranes induced significantly 

more proliferation. This fact matched with literature that has reported the positive effect of genipin on 

enhancing the cellular adhesion, viability and proliferation.29, 38, 41 These works suggested that substrate 

stiffness increases when crosslinked with genipin, decreasing the water content and increasing the 

protein adsorption and resulting in improved cellular behavior. In fact, the mechanical properties of the 

membranes are also an important parameter to tailor the cellular behavior, and the crosslinking step with 

genipin seemed essential to increase the stiffness of the polysaccharide multilayer membranes and thus 

to enhance their biological performance, without compromising the non-cytotoxicity of the material. It can 

be said that the crosslinking effect on cell viability and proliferation followed the same trend along the 

days of culture but the same cannot be said for the effect of the topography. For day 7 of culture, the 

PAT CL [CHT/CS]300 presented slightly higher DNA content and metabolic activity than flat CL 

[CHT/CS]300 membranes while for uncrosslinked PAT [CHT/CS]300 the DNA content and metabolic 

activity were slightly lower than for flat [CHT/CS]300. We hypothesized that for CL membranes, the effect 

of genipin crosslinking overlapped the effect of topography. Literature 6, 53 reported the increasing 

number of filapodia and elongated cells when in presence of a nanogrooved surface, but this may not 

necessarily correspond to an increase in proliferation; other properties of the nanopatterned membranes 

can also play a role, such as surface chemistry, wettability or even stiffness. The influence of the 

presence of topography at nanoscale length on cellular proliferation can also depend on the cell type.6, 54  

 

 

Figure VI-3. A) cellular viability through the absorbance of the metabolic activity of L929 cells (MTS assay) in function of 
culturing time and B) cellular proliferation through the determination of the DNA content (DNA quantification assay) in function of 
culturing time. Significant differences for the crosslink effect were found for (***) p < 0.001, (**) p < 0.01 and (*) p < 0.05. 
Significant differences for the patterning effect were found for (###) p<0.001 and (#) p<0.05. Significant differences were found 
for (***) p < 0.001 and (**) p < 0.01 with TCPS and for (§§§) p < 0.001 with latex. 

 

3.4.2. L929 morphology 

A sparser density was chosen to culture fibroblasts, to avoid cell-cell contacts and to evidence the 

effect of topography on the morphology of individual cells. Fibroblasts were fixed and then stained to 

observe their nucleus and cytoskeleton variances on fluorescence microscopy - see Figure VI-4A. Cell 
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morphology differed between flat and nanogrooved substrates. Overall, F-actin structure was different 

between fibroblasts adhered on flat and nanopatterned [CHT/CS]300 membranes and fibroblasts were 

more elongated on the patterned ones, even for the first day of culture. On the other hand, differences 

on L929 morphology between non-CL and CL was also noted, mostly from the third day of culture; well-

spread fibroblasts were observed on CL FS membranes. The effect of crosslinking on cell morphology 

was previously investigated in multilayers using high-throughput approaches, where the area occupied 

by L929 or SaOs-2 cells increased, as compared with uncrosslinked membranes.55 Nevertheless, the 

topography seemed to have more impact on morphology and cytoskeleton organization than crosslink 

and stiffness. These findings are in accordance with previous studies; Yim et al. 7 stated that while both 

material nanotopography and stiffness are crucial properties to modulate mechanical properties of cells, 

nanotopography is the main property involved in cytoskeletal organization and focal adhesions (FAs) 

formation. As observed for nanopatterned membranes, the cellular contact guidance followed a trend of 

orientation that was not observed for the flat ones. The first steps in the cellular contact guidance on 

nanogrooved surfaces is adhesion and guided spreading, with the cell usually assuming an elongated 

morphology parallel to the groove long axis;56 the response changes according to parameters like 

geometry and respective dimensions of the nanotopographical features.  

SEM analysis depicted the cells distribution over the flat and nanopatterned FS membranes - see 

representative images in Figure VI-4B for crosslinked membranes. The results obtained by fluorescence 

images (Figure VI-4A) were confirmed by SEM (Figure VI-4B); cell cultured over PAT CL [CHT/CS]300 

membranes presented predominantly a highly stretched morphology, aligned along the nanogrooves 

direction. As observed in Figure VI-4B, lamellipodia seemed to extend mostly towards the grooves and 

ridges direction (horizontally). However, when FAs were perpendicular to grooves direction, their limited 

width can be responsible for limiting the length of actin fibers and the random direction of lamellipodia. It 

was already reported that when lamellipodia are placed perpendicular to nanotopography direction, 

mesenchymal stem cells retract rapidly and become more round with dispersed filopodia.57 Moreover, 

from Figure VI-4B we could also confirm the stability of the patterning on the surface of the membranes, 

even after 7 days of cell culture. 

As already mentioned, there are different studies reporting the fabrication of nanopatterned materials 

and their respective topography-cells interactions but, for the best of our knowledge, this was the first 

time that nanopatterned FS membranes with ability to control cellular alignment, was fabricated by 

means of a single step process and using just natural-polymers.  
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Figure VI-4. Representative images of L929 cells over the different membranes. (A) DAPI−phalloidin fluorescence assay at 1, 3 
and 7 days of culture on flat and nanopatterned [CHT/CS]300 membranes, with or without crosslinking. Cells nuclei are stained in 
blue by DAPI and F-actin filaments are stained in red by phalloidin. The scale bar is representative for all images. B) SEM 
observation at 3 and 7 days of culture above crosslinked flat and nanopatterned CL [CHT/CS]300 membranes. 

 

3.4.3. Nuclei morphology  

Although different investigations have already reported changes in the cytoskeleton morphology as a 

result of using a nanostructured topography, few studies have explored the differences in nuclear shape. 

Comparing the nuclei of the fibroblasts adhered on CL [CHT/CS]300 and PAT CL [CHT/CS]300 

membranes, significant differences were found in terms of the nuclei elongation factor (EF) - see 

graphics in Figure S VI-5A. When cultured on the patterned surface the nuclei of the cells predominantly 

showed an elliptical shape, while for unpatterned surfaces they preferred to display a circular shape, with 

no defined direction - see the representative images also presented in Figure S VI-5A. Graphical 

distributions of the nucleus orientation of the individual cells cultured on unpatterned and patterned 
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membranes during 1, 3 and 7 days of culture days are presented on Figure S VI-5B. All the images were 

representative for each condition. On PAT CL [CHT/CS]300 membranes, the larger part of nuclei was 

aligned in the same direction, with higher percentages of the cells between -10° and 10°, in opposite of 

what happened for CL [CHT/CS]300 membranes. For unpatterned membranes, no significant differences 

were found in the range between -90° and 90°. These observations were according  literature.58 

 

3.4.4. Morphometric parameters 

To have a quantitative idea of the nanotopography effect on cell (cytoskeleton) shape, we determined 

parameters like fibroblasts area, perimeter, circularity and alignment, regarding the third day of culture. 

Phalloidin-DAPI (4',6-diamidino-2-phenylindole) stained images provided the ability to calculate 

parameters like area and perimeter of the cells adhered on crosslinked flat and patterned [CHT/CS]300 

membranes - see Figure VI-5A. Flat surfaces exhibited a significantly larger cell area than patterned 

ones. If we assume that the volume of the cells will not change, differences in the cell area should be 

accompanied by opposite trends in their height. The same trend was obtained in terms of perimeter, yet 

with no significant differences. 

Circularity and cell elongation factor (EF) were also calculated. Circularity is a quantitative parameter 

used to evaluate cell morphology, as well as cell EF. Significantly higher circularity values were obtained 

for flat CL [CHT/CS]300, comparing with those obtained for PAT CL [CHT/CS]300. These results indicate 

that fibroblasts grown on flat surfaces acquire more rounded morphologies than when grown in the 

nanopatterned surfaces, clearly consistent with the images of Figure VI5A. Cell EF is defined as the ratio 

between the longest axis of the cell (length) and the longest axis perpendicular to it. Contrarily to area, 

perimeter and circularity, the EF of cells cultured on nanopatterned substrates was significantly higher 

than for cell cultured above flat surfaces. As it was higher than 2 for PAT CL [CHT/CS]300) it is possible to 

say that the majority of cells were elongated.12 

Fibroblasts were cultured on substrates patterned with sub-micron wide stripes and, as already 

discussed, they elongated along the ridges and grooves direction. Flat substrates did not seem to have 

this ability. The angle between the topography direction and the longest axis of the cell was determined. 

Figure VI-5B shows the cell angle orientation distribution on flat CL [CHT/CS]300 membranes, where the 

cell distribution seemed to be uniform in the range -90° to 90° and an indicative of a random orientation. 

On the other hand, as observed in Figure VI-5C, fibroblasts cultured on PAT CL [CHT/CS]300 were 

distributed in the range -30° to 20° and approximately 71% of cells were aligned with the pattern 

direction (angle between -10° and 10°).59 The phenomenon by which the matrix offers directional 

features to the cells and directs the motility response via anisotropy in the microenvironment has been 

designated as contact guidance.4d, 60 This fact is based on the theory that cells make a projection in one 

direction depending on the shape and type of features it encountered; for nanopatterned surfaces, the 

alignment phenomenon will be expected in the direction with less topographic and mechanic 

obstruction.61 The parameter that has been mostly correlated with cellular alignment are the groove 

depth, at sub-micro and nano-scales.19, 62 The depth of the grooves should be smaller enough for cells 

run down into the grooves and form FAs and bigger enough for cells sense, with filapodia being able to 
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adhere to the grooves and make cell aligning. Additionally, we also correlated the alignment of the 

cytoskeleton with the alignment of the nucleus and, in fact, they deformed in the same direction. This 

result is consistent with literature63 that suggests that the cytoskeleton network mediates the nucleus 

deformation. 

 

 

Figure VI-5. Morphometric parameters of L929 cell adhered on crosslinked flat and nanopatterned membranes: A) cell area, 
perimeter, circularity and elongation factor (EF). Polar graphical representation of cellular alignment for B) CL [CHT/CS]300 and 
for C) PAT CL [CHT/CS]300. For each parameter, significant differences were found for (#) p < 0.05, (##) p < 0.01 and for (###) p 
< 0.001. 

 

3.5. C2C12 cellular response 

 

3.5.1. C2C12 morphology and FAs formation 

C2C12 myoblasts were chosen to study the influence of topography in cell differentiation, since it is a 

well-known and characterized model that has been reported in literature to study the influence of surface 

distinct properties.64 Proliferating mononucleated myoblasts differentiate and fuse to multinucleated 

myotubes. Prior to evaluate the C2C12 differentiation towards myotubes, the morphology of the cells 

cultured above CL [CHT/CS]300 and PAT CL [CHT/CS]300 were investigated for 1, 3, 5 and 10 days of 

culture. Figure VI-6A shows the fluorescence microscopic images of C2C12 stained with phalloidin 

(cytoskeleton) and DAPI (nucleus). No significant differences in imaged cell density seem to exist 

between cells cultured above flat and nanopatterned surfaces. C2C12 adhered above CL [CHT/CS]300 

and PAT CL [CHT/CS]300 presented well-organized F-actin on their cytoskeleton and spread on all over 

the surfaces with extended filapodia. The key of the influence of nanogrooved topography on myoblast 

morphology is related with the cellular alignment and the formed FAs. In the case of CL [CHT/CS]300 

membranes, the elongated myoblasts appeared to be random oriented on the surface, while, for the PAT 

CL [CHT/CS]300 films, the elongated cells seemed to follow a specific orientation. In fact, the C2C12 
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cultured on nanopatterned surfaces seemed to be elongated within the nanotopography direction, 

starting from day one of culture. In day 3 and day 5 of culture, myoblasts were proliferative and started to 

form a C2C12 network; the cells extended their filapodia and started to communicate with neighboring 

cells. A higher cell density was imaged with 10 days of culture for both flat and patterned FS 

membranes.  

SEM observations were also performed to follow up the morphology of C2C12 on the FS [CHT/CS]300 

membranes, during the first week of culture. Microscopic images reinforced the results of 

immunofluorescence with phalloidin and DAPI - see Figure VI-6B. Just with 4 hours of culture, myoblasts 

already started to elongate and acquired a spindle-shaped morphology, while for flat membranes they 

remained with a round morphology. In day 3 of culture, both patterned and unpatterned surfaces 

presented elongated cells with EF higher than 1.4. CL [CHT/CS]300 films presented random distributed 

and oriented cells but PAT CL [CHT/CS]300 exhibited a better control of cellular distribution and 

orientation, with the filapodia extended mainly along the groove’s direction. The patterned membranes 

induced cells fusion with a specific direction. Higher cellular densities were imaged for 7 days of culture 

and the alignment effect were maintained for the patterned surfaces. With increasing culture time, cells 

tended to elongate, with a decrease of the width and an increase of the length. These observations can 

be better understood by the formation of FA on the nanogrooved surface; as already reported in 

literature and discussed for L929, FAs were usually established on nanogrooved surfaces and they tend 

to extend protrusion in the direction without obstacles. The formation of FAs of the C2C12 adhered on 

flat and nanopatterned membranes were revealed using an immunofluorescent staining of vinculin after 

3 and 5 days of culture - see Figure VI-6C. The influence of the patterning was also observed at the FAs 

level, in terms of orientation and morphology. For both time points the FAs seemed to be more 

distributed around the cells for flat CL [CHT/CS]300, whereas for PAT CL [CHT/CS]300 the FAs seemed 

confined in a preferential direction, supporting the idea of FAs are deeply involved in the mechanism of 

cellular alignment. Note that for 3 days of culture, the immunofluorescence with vinculin allowed to 

identify by staining the direction of the patterning and effectively a bigger part of FAs was constrained 

into the preferential direction of the topography. 

 

3.5.2. Myogenic Differentiation 

Troponin T was used as a marker for the expression of myogenic differentiation, to investigate the 

effect of the nanopatterns on differentiation. To perceive this effect, two different media were tested for 

cell differentiation: DMEM supplemented with horse serum (DM), typically used to trigger the 

differentiation of C2C12 into myotubes, and DMEM medium supplemented with FBS (GM), used 

routinely as a growth medium. Figure 7 shows the results of the immunocytochemistry studies for 7 and 

10 days of culture. The process of VI-C2C12 differentiation comprises the fusion of myoblasts into 

multinucleated myotubes, expressing markers like troponin T.65  
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Figure VI--6. Representative images of C2C12 cells over the different CL membranes. (A) DAPI−phalloidin fluorescence assay 
at 1, 3, 5 and 10 days. Cells nuclei are stained in blue by DAPI and F-actin filaments are stained in red by phalloidin. The scale 
bar is representative for all images. B) SEM observation at 4 hours, 3 and 7 days, at different magnifications and C) 
Immunofluorescence with vinculin (orange focal adhesions) and DAPI (blue nuclei) at 3 and 5 days. The scale bar is 
representative for all images, at different magnifications. Images are representative of CL flat and nanopatterned [CHT/CS]300 
membranes. 

 

In the case of using DM, no significant differences on troponin T expression were observed between 

CL [CHT/CS]300 and PAT CL [CHT/CS]300 membranes. For 7 days of culture, myoblasts started to fuse 

and formed small myotubes; tissue culture polystyrene surfaces (TCPS) presented larger myotubes and 

this could be due to a faster differentiation process for plastic-treated substrates. At the 10th day of 

culture, other myoblasts started to fuse with the small myotubes and longer and mature myotubes were 

formed. These observations are consistent with the basis of mammalian myoblast fusion, which occurs 

into two phases: an early phase of forming nascent myotubes and a later phase of forming mature 

myotubes.66  

Contrarily, in the case of using GM, some differences were noted for unpatterned and patterned 

membranes. Visually, the amount of troponin T expression on the cells cultured on nanopatterned 

membranes using GM was considerably higher compared with flat membranes and TCPS; this can be a 
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clear indication that when using a medium capable of inducing differentiation by itself, the pattern effect 

was almost masked. After 10 days of culture, myotubes were formed and presented a long and thin 

morphology; however, the cells reached a stage where they were overgrown. Myoblasts change their 

triangular shape to an elongated one during the early stages of differentiation;67 this can support the 

results obtained in GM conditions. In the absence of DM, the presence of nanogrooved topography on 

PAT CL [CHT/CS]300 prompted cells to acquired predominantly an elongated shape and could promote 

myoblast differentiation by itself with no need of special exogenous factors. 

In Figure VI-7, it is also possible to perceive some indications of the effect of the nanogrooved 

topography, with myotubes oriented in a particular direction. The influence of topography on C2C12 

differentiation was consistent with previous works.64a, 68 In fact, the alignment step, which has been 

related with the cytoskeleton organization, has been suggested as a crucial process before cell fusion, 

and thus, an important step in differentiation;68-69 actin filaments were randomly distributed in flat 

membranes while in nanopatterned ones a big part of actin filaments were aligned along the grooves. 

Moreover, by immunofluorescence images, morphological differences are perceived between flat CL 

[CHT/CS]300 and PAT CL [CHT/CS]300, using either DM or GM: for the flat ones myotubes presented an 

arc structure while for the nanogrooved surfaces they presented an aligned structure. 

 

 

Figure VI-7. Immunofluorescence with troponin T (green myotubes) and DAPI (blue nuclei) at 7 and 10 days of culture. Images 
are representative of crosslinked flat and nanopatterned CHT/CS membranes and TCPS, using differentiation medium (DM) and 
normal growth medium (GM). The scale bar is representative for all images. 
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3.5.3.  Morphometric parameters 

The effect of the nanogrooves on myoblasts differentiation was also evaluated by exploring 

differentiation parameters: the fusion index, the number of troponin-positive myotubes, the area and the 

alignment of myotubes were determined for each condition after 10 days of culture. 

Cells cultured on PAT CL [CHT/CS]300 showed the highest percentage of fusion index, comparing with 

what happened with CL [CHT/CS]300 - see Figure VI-8A. The fusion index percentage is significantly 

higher for PAT CL [CHT/CS]300, either using DM or using GM. Otherwise, the number of troponin-positive 

myotubes is similar for flat CL [CHT/CS]300 and PAT CL [CHT/CS]300 when using DM, but significantly 

higher for PAT CL [CHT/CS]300 in case of using GM. All these results together indicate that the myogenic 

differentiation into myotubes was boosted on PAT CL [CHT/CS]300, mainly when using GM. Literature 

refers some different driving forces for myogenic differentiation but topography seemed to be one of the 

most significant.70  

Either using DM or GM, significant differences in the myotubes area were found between flat and 

patterned FS films. The PAT CL [CHT/CS]300 membranes presented myotubes with larger area than CL 

[CHT/CS]300 - see Figure VI-8B. Regarding PAT CL [CHT/CS]300 membranes, no significant differences 

were found in the myotubes area between DM or GM conditions.  

Also, myotubes alignment was evaluated for the different conditions, after 10 days of culture. Figure 

VI-8C displays the distribution of the myotubes orientation on the different membranes. For CL 

[CHT/CS]300, using DM or GM, the myotubes were distributed in a wide range of orientations. On the 

other hand, for PAT CL [CHT/CS]300 myotubes were distributed in a short range of orientation, presenting 

for both cases (DM or GM) a preferential orientation. These data are supported by related literature that 

described alignment as a driven force for myogenic differentiation.71 In the present study, it is possible to 

correlate these 3 important concepts: a nanogrooved topography seemed to have an interesting impact 

on cellular alignment, which in turn promote myogenic differentiation even in absence of some special 

culture media.  
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Figure VI-8. Morphometric parameters of C2C12 cell adhered on crosslinked flat and nanopatterned membranes: A) fusion 
index (%) and normalized number of myotubes and B) myotube area in an established area. For the effect of the culture 
medium, significant differences were found for (***) p < 0.001 and (**) p < 0.01 and for patterning effect the significant 
differences were found for (#) p < 0.05, (##) p < 0.01 and (###) p < 0.001. The statistical analysis for myotube area parameter 
was done using a nonparametric equivalent of one-way ANOVA (Kruskal–Wallis test) followed by Dunn’s multiple comparison 
test. C) Polar graphical representation of cellular alignment for CL [CHT/CS]300 and for PAT CL [CHT/CS]300. It is assumed that 
the preferential alignment corresponds to the groove’s orientation (arbitrary angle). 

 

4.  Conclusion 

Nanoengineered materials for biomedical applications have been showing remarkable advances in 

the last years. However, the complexity of the used methodologies and materials, the inability to create 

hierarchically organized and layered scaffolds, the time required and the short incorporation of non-

meltable natural-based polymers have been the major obstacles in such developments. In this study, we 

developed a pioneer strategy to produce nanogrooved freestanding multilayer biopolymer films capable 

to control the cellular behavior. Using LbL methodology it was possible to process polysaccharide-based 

films with well-defined patterned motifs engraved on the surface with a sub-micrometer resolution. 

Cellular behavior was investigated for two different type of mammalian cells. For mouse fibroblasts, 

parameters like viability and proliferation had generally higher values on flat membranes and the 

nanotopography could induce significantly cell orientation. Moreover, also the alignment and myogenic 

differentiation of C2C12 were observed on nanopatterned membranes, even in absence of special 

differentiation medium. We were able to develop freestanding membranes using wet and mild 
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processing routes, that depending on the post-processing steps (crosslinking) and the presence of 

topographic motifs could control cellular behavior, including orientation and differentiation without any 

external stimuli or exogenous factors. Such kind of versatile multilayer membranes could be valuable 

bio-instructive substrates to be used in a variety of biomedical applications, such as in tissue engineering 

strategies. 

 

5. Supporting Information  

The supplementary information includes figures that complement the main figures presented in 

the main text.  

 

 
Figure S VI-1. A) Normalized frequency (Δf7) and dissipation (ΔD7) changes measured by QCM-D during the construction of 
CHT/CS films, up to 5 bilayers. B) Thickness (the line represents a linear trend line with R2 = 0.974), C) Viscosity and D) Shear 
Modulus of the growing CHT/CS film as a function of the number of bilayers, calculated using the Voigt model. 
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Figure S VI-2. A) Water contact angle (WCA) on different membranes, for the down side (the one that contacts with the 
underlying substrate). Significant differences for the crosslink effect were found for (*) p<0.05 and (***) p<0.001. Significant 
differences related with the patterning effect were observed as (+++) p<0.001. B) Representative images of the contour of the 
water droplets over the different membranes. 

 

 

Figure S VI-3. Variation of the Storage modulus, E’ (A) and the loss factor, tan δ (B) along a frequency scan ranging from 0.2-
20 Hz, at 37ºC of the FS membranes while immersed in PBS. 
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Figure S VI-4. Weight retaining (%) of the different membrane formulations up to 30 days of incubation in PBS used as a control 
(square) and PBS+ lysozyme + hyaluronidase (circle). Data are a means ± SD, for three independent experiments. 
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Figure S VI-5. Morphometric nuclei parameters of L929 cell adhered on crosslinked flat and nanopatterned membranes: A) 
nucleus elongation factor (EF) and respective representative images of the DAPI-labelled nuclei and B) nuclei number 
distribution over the different orientations for 1, 3 and 7 days. For each condition, one representative fluorescent image of nuclei 
was also presented. For each parameter, significant differences were found for (#) p < 0.05, (##) p < 0.01 and for (###) p < 
0.001. 
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Figure S VI-6. Inside back cover of the Special Issue entitled Biomimetic Interfaces in Biomedical Devices, from Advanced 
healthcare Materials 72.  
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VII. Cell-Adhesive Bioinspired and Catechol-Based Multilayer 
Freestanding Membranes for Bone Tissue Engineering* 

 

 

 
 

 

Abstract  

 

Mussels are marine organisms that have been mimicked due to their exceptional adhesive 

properties to all kind of surfaces, including rocks, under wet conditions. The proteins present on the 

mussel’s foot contain 3,4-dihydroxy-L-alanine (DOPA), an amino acid from the catechol family that has 

been reported by their adhesive character. Therefore, we synthesized a mussel-inspired conjugated 

polymer, modifying the backbone of hyaluronic acid with dopamine by carbodiimide chemistry. 

Ultraviolet–visible (UV–vis) spectroscopy and nuclear magnetic resonance (NMR) techniques confirmed 

the success of this modification. Different techniques have been reported to produce two-dimensional 

(2D) or three-dimensional (3D) systems capable to support cells and tissue regeneration; among others, 

multilayer systems allow the construction of hierarchical structures from nano- to macroscales. In this 

study, the layer-by-layer (LbL) technique was used to produce freestanding multilayer membranes made 

uniquely of chitosan and dopamine-modified hyaluronic acid (HA-DN). The electrostatic interactions were 

found to be the main forces involved in the film construction. The surface morphology, chemistry, and 

mechanical properties of the freestanding membranes were characterized, confirming the enhancement 

of the adhesive properties in the presence of HA-DN. The MC3T3-E1 cell line was cultured on the 

surface of the membranes, demonstrating the potential of these freestanding multilayer systems to be 

used for bone tissue engineering. 

 

Keywords: mussel-inspired; biomimetic; dopamine; multilayer freestanding membranes; adhesiveness; 

osteogenic differentiation; bone tissue engineering 

                                                        
 
*This Chapter is based on the following publication: Sousa M. P.; Mano J. F., Cell adhesive bioinspired and 

catechol-based multilayer freestanding membranes for bone tissue engineering, Biomimetics, 2017, 2 (4). 
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1. Introduction 

Catechol-based materials have been investigated quite a bit in the last decade, presenting an 

interesting structural and chemical versatility capable of being applied in different fields such as food and 

agrochemical engineering, green technology, analytical, materials science, biomedicine, and 

biotechnology 1. In fact, catechols are aromatic derivatives with two contiguous (ortho-)hydroxyl groups 

that occur ubiquitously in nature, being a part of different biochemical processes and functions as simple 

molecular units or even as macromolecules 2. These interesting molecules occur in different systems 

such as fruits, tea, and insects, but it is on marine mussels that catechols were identified as being 

responsible for their extremely adhesive properties under wet conditions 2a, 3. This adhesiveness is 

mediated by a class of protein, the mussel adhesive proteins (MAPs), known for containing a high 

amount of the noncationic amino acid 3,4-dihydroxy-L-alanine (DOPA) 4. Intense research has been 

conducted in this field over the last few decades and it has been proven that the catechol element of 

DOPA is mainly responsible for the strong adhesion to different type of wet substrates, from inorganic to 

organic ones 4a, 5. To develop MAPs-based materials, different strategies have been employed 6. 

Recombinant DNA technology permits the engineering of MAPs precursors purified from Escherichia coli 

and converting into DOPA-containing mimetic by tyrosinase treatment 7. Another strategy is the chemical 

modification of polymer backbones with adhesive moieties; for instance, DOPA-modified poly(ethylene 

glycol) macromers were synthetized through standard peptide chemistry and suggested to produce 

catechol-based hydrogels 8. Also DOPA-modified poly(vinyl alcohol) hydrogels were produced with self-

healing and pH-responsiveness properties 9. The chemical modification with DOPA or its derivatives (like 

dopamine (DN)) of different natural polymers has also been investigated in recent years, from chitosan 10 

to alginate 11, or even dextran 12 or hyaluronic acid 13. For instance, DOPA-modified alginates with 

different substitution degrees were synthesized and used to produce membranes with enhanced 

adhesive and biocompatible properties 14. 

Natural-based polymers are generally recognized by their high biocompatibility when compared with 

synthetic ones, exhibiting some recognition domains for cell-binding or cell-mediated processes and 

making them very interesting materials for tissue engineering and biomedical applications 15. However, 

some challenges remain; mechanical properties and controlled biodegradability have been gaining 

increasing importance. Therefore, some strategies have been envisaged to enhance the potential of 

tissue engineering and biomedical products and their bioactivity, modifying the physico-chemistry or 

even the topography of the materials 16. To improve the adhesive properties of materials, mainly in a 

hydrated environment such as the human body, researchers have been investigating the marine mussel 

system and taking advantage of the chemical reactivity of catechol moieties 3, 17. 

In this study, a biomimetic approach was combined with the use of natural-based polymers to obtain 

a mussel-bioinspired system for tissue engineering purposes, focusing on bone tissue engineering. 

Nowadays, autologous or allogeneic bone transplantation are still the most employed strategies for bone 

defect treatment, but it entails some risks of causing secondary trauma or even immune system rejection 

18. To overcome these drawbacks, several efforts have been applied to find a bone substitute that is 
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ideally composed of three elements: cells, support material, and bioactive agents. An ideal tissue 

substitute must mimic the extracellular matrix (ECM) and different material parameters should be taken 

into account, such as the chemical groups, the biochemical properties, and the topography at the 

material–cell interface 19. To date, different processing methodologies have been suggested to produce 

bone substitutes where the support material mimics ECM; nano- and microscale control of different 

properties along with the deposition of hierarchical films have been suggested for this purpose 20. 

Layer-by-layer (LbL) is a versatile and inexpensive technique that has been widely applied in this 

context, being based on the sequential of complementary multivalent molecules on a substrate via 

electrostatic and/or nonelectrostatic interactions 21. Different authors have reported LbL strategies to mimic 

some aspect of ECM 22; Mhanna et al. 23 coated polydimethylsiloxane substrates with specific ECM 

macromolecules using LbL technology; they used collagen type I, chondroitin sulfate, and heparin and, 

depending on the composition of the film, they studied specific ECM–cell interactions. Layer-by-Layer-

based products have also been exploited for bone tissue engineering purposes, offering fine control over 

different parameters like film thickness, architecture, chemistry, and even mechanical and topographical 

properties 24. Oliveira et al. 25 assembled 10 tetralayers of human platelet lysates and marine-origin 

polysaccharides by LbL technology and then shaped them into fibrils by freeze-drying; the resulting 

scaffolds could induce the differentiation of human adipose stem cells into mature osteoblasts. In turn, 

Crouzier et al. 26 showed that cross-linked poly(L-lysine)/hyaluronic acid (HA) can serve as a reservoir for 

recombinant human bone morphogenetic protein-2 (rhBMP-2) delivery to myoblasts and induce their 

differentiation into osteoblasts in a dose-dependent manner. Overall, the LbL technique allows us to 

produce bioinspired and tunable materials to local deliver immobilized growth factors or other bioactive 

agents and even to instruct stem cells towards osteogenic phenotypes. Moreover, these films can be 

deposited on an extensive range of substrates of different composition, size, and shape. 

Herein, LbL methodology was used to produce bioinspired freestanding multilayer membranes 

containing catechol groups on the surface and the bulk to improve the adhesiveness properties of the 

material. In this sense, DN moieties were chemically grafted onto HA to develop multilayer membranes 

through electrostatic interactions with chitosan (CHT). The modification of HA was confirmed by nuclear 

magnetic resonance (NMR) and ultraviolet–visible (UV–vis) spectroscopy. The ability to construct 

multilayer films was monitored using quartz crystal microbalance with dissipation (QCM-D). Adhesion 

mechanical tests and in vitro adhesion assays assessed the effect of having DN on the performance of 

the freestanding multilayer membranes. 

Overall, the combination of the versatility of LbL methodology with the protein mussels’ inspiration 

prompted us to exploit catechol-containing multilayer membranes to enhance the interfacial interaction 

between cells and materials, which takes advantage of the adhesive properties conferred by DN 

moieties. The potential to induce in vitro bone tissue regeneration was investigated, using a pre-

differentiated MC3T3-E1 cell line. 
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2.  Materials and Methods 

2.1. Materials 

Chitosan with a N-deacetylation degree of 80% and a molecular weight in the range of 190–310 

kDa, HA as hyaluronic acid sodium salt from Streptococcus equi with a molecular weight in the range of 

1500–1800 kDa, DN as dopamine hydrochloride with a molecular weight of 189.64 g.mol−1 and N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (purum ≥ 98.0% (AT)) were purchased 

from Sigma (St. Louis, Missouri, United States of America). These materials were used as received, 

except CHT, which was purified afterwards, following a standard procedure reported elsewhere 27. 

 

2.2. Synthesis of Dopamine-Modified Hyaluronic Acid 

The conjugate of HA modified with DN was synthesized using EDC as an activation agent of the 

carboxyl groups on HA chains, based on the procedure proposed by Lee et al. 28. Basically, 1 g of HA 

was dissolved in 100 mL of phosphate-buffered saline (PBS, Sigma) solution and the pH was adjusted to 

5.5 with a hydrochloric acid (HCl, 37%, reagent grade, Sigma) aqueous solution. Then, this solution was 

purged with nitrogen for 30 min and mixed with EDC and DN and maintained in reaction at 4 °C for 3 h. 

The pH was maintained at 5.5. Extensive dialysis was performed to remove unreacted chemicals and 

urea byproducts. After this step, the resulting conjugate was lyophilized for one week and then stored at 

−20 °C, protected from the light, to avoid oxidation. 

 

2.2.1. Ultraviolet–Visible Spectrophotometry 

UV–Vis spectrophotometer (Jasco V-560 PC) was used to confirm the substitution of dopamine in 

the conjugate. A solution of 1 mg mL−1 in sodium acetate buffer (Scharlab, Barcelona, Spain) with 0.15 M 

sodium chloride (NaCl, LabChem, Pittsburgh, Pennsylvania, United States of America) at pH 5.5 was 

prepared for the UV–Vis analysis and placed in 1 cm quartz cells. The wavelength range used for this 

analysis was from 190 nm to 900 nm. Sodium acetate buffer with 0.15 M sodium chloride and at pH 5.5 

was used as the reference solution. 

 

2.2.2. Nuclear Magnetic Resonance  

1H-NMR analyses were made dissolving overnight the HA, DN and HA-DN in deuterated water 

(D2O, Cambridge Isotope Laboratories, Inc., Andover, Massachusetts, United States of America) at a 

concentration of 1 mg mL−1 (1H-NMR). The spectra were obtained using a spectrometer BioSpin 300 

MHz (Bruker, Billerica, Massachusetts, United States of America). The spectra were recorded at 298 K 

and 300 MHz for 1H. 

 

2.3.  Quartz Crystal Microbalance with Dissipation  

The formation of the multilayers of CHT and HA-DN was followed in situ by QCM-D (Q-Sense, Biolin 

Scientific, Göteborg, Sweden). The mass change results from the variation of the normalized resonant 

frequency (Δf/υ) of an oscillating quartz crystal when adsorption occurs on the surface and the 
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dissipation factor (ΔD) provides a measure of the energy loss in the system. The measurements can be 

conducted at the fundamental frequency and at several overtones number (υ = 1, 3, 5, …, 11). Chitosan 

was used as the polycation while HA or HA-DN acted as the polyanion. Fresh polyelectrolyte solutions 

were prepared by dissolution of HA-DN, HA, and CHT in sodium acetate buffer containing 0.15 M of 

NaCl to yield a final concentration of 1 mg mL−1, at pH 5.5. The sensor crystals used were AT-cut quartz 

(Q-Sense) with gold-plated polished electrodes. These crystals were excited at 5 MHz as well as at 15, 

25, 35, 45, and 55 MHz corresponding to the 3rd, 5th, 7th, 9th, and 11th overtones. The crystals were 

previously cleaned with a pre-exposition to UV ozone (BioForce Nanosciences, Salt Lake City, Utah, 

EUA) irradiation during 10 min followed by an immersion on a 5:1:1-mixture of mQ-water, ammonia 

(25%, Sigma), and hydrogen peroxide (30%, Sigma) at 75 °C, during 5 min. Then the crystals were 

exposed to a sequential sonication for 3 min in acetone, ethanol, and isopropanol (all from Sigma) and 

then dried with flowing nitrogen gas avoiding contamination prior to use. To ensure that the crystals are 

perfectly clean and therefore show a null frequency, all the experiments started with a buffer/solvent 

baseline. Then, the polyelectrolyte solutions were injected into the cell during 10 min at a flow rate of 20 

μl.min−1, starting with CHT. A rinsing step of 10 min with the solvent was included between the 

adsorptions of each polyelectrolyte. The multilayer systems were assembled at pH 5.5. The pH was 

adjusted with HCl or sodium hydroxide (NaOH, pellets, Fine Chemicals, Akzo Nobel Chemicals S.A., 

Mons, Belgium). Chitosan/HA films were prepared for comparison, to conclude about the DN effect onto 

the multilayer system. Films with eight bilayers were produced. All experiments were conducted at 25 °C. 

During the entire process Δf/υ and ΔD shifts were continuously recorded as a function of time. Thickness 

measurements were performed using the Voigt viscoelastic model implemented in the QTools software 

(Q-Sense, version 3.1.29.619). Changes in resonant frequency and dissipation of the fifth overtone were 

fitted. Based on the assumed growth models, the thickness of the multilayer films after 200 cycles was 

estimated for each system. 

 

2.4.  Freestanding Production and Characterization 

Multilayer CHT/HA and CHT/HA-DN were built on polypropylene (PP) substrates (Auchan, 

Villeneuve-d'Ascq, France). Prior to the depositions, these surfaces were cleaned with ethanol and 

rinsed thoroughly with water before being dried with a stream of nitrogen. The polyelectrolyte solutions 

were freshly prepared at 1 mg. l−1 in a sodium acetate solution containing 0.15 M NaCl, being the pH 

adjusted to 5.5. The PP substrates were firstly dipped in CHT solution for 6 min and then rinsed twice in 

the washing solution (acetate buffer, pH 5.5) for 2 min each. Then, they were immersed in the polyanion 

solution (HA or HA-DN) for 6 min and again twice in the washing solution. This procedure was repeated 

200 times with the help of a homemade dipping robot. After drying, the multilayer films were easily 

detached from the PP substrates without any damage resulting on the freestanding membranes 

[CHT/HA]200 and [CHT/HA-DN]200. After production, the membranes were characterized using different 

techniques and equipment. 
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2.4.1. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy 

The surface morphology of both sides of [CHT/HA]200 and [CHT/HA-DN]200 membranes was 

observed using a Hitachi SU-70 (Hitachi, Tokyo, Japan) scanning electron microscope. All samples were 

coated with a conductive layer of sputtered gold/palladium. The scanning electron microscopy (SEM) 

micrographs were taken at an accelerating voltage of 4 kV and at different magnifications. For the cross-

section observation, the detached freestandings were immersed in liquid nitrogen until free fracture. After 

that, the free fracture was placed at 45° and observed by SEM. Energy-dispersive X-ray spectroscopy 

(EDS, Hitachi) was also used to determine the elemental components of the top surface and in the 

cross-section of the membranes. The samples were also sputtered with gold/palladium and the analysis 

was made at an accelerating voltage of 15 kV. The ratio between the oxygen (O) and the nitrogen (N) 

presented on the top surfaces was quantified in a representative area of the membrane (A = 0.136 mm2). 

 

2.4.2. Adhesive Mechanical Tests 

The adhesion properties of the multilayer were firstly evaluated using a universal mechanical testing 

machine (Instron model 5966, High Wycombe, Buckinghamshire, United Kingdom), following the 

standard test method for shear strength of single-lap-joint adhesively bonded metal specimens by 

tension loading ASTM D1002 (ASTM International, West Conshohocken, Pennsylvania, United States of 

America) with slightly modifications. All the adhesion experiments were conducted at 25 °C, at a cross-

head speed of 5 mm.min−1 and using a 1.0 kN static load cell. The lap shear adhesion specimens were 

squares (20 mm × 20 mm) of freestanding membranes that were incubated at 37 °C and equilibrated in 

a 50% humidity atmosphere prior to testing. Briefly, the samples were put between two glass slides and 

left in contact overnight. Then, the systems were stressed until enough force was applied to trigger their 

detachment and pull them apart, using the Instron apparatus. The lap shear bonding strength was then 

determined from the maximum of the force–deformation curve obtained. The average and standard 

deviations were determined using the results from five samples. 

While lap shear strength gives a quantitative idea of the adhesive properties of the membranes, 

other nonconventional test was made to observe the bioadhesiveness potential of these systems. Briefly, 

the [CHT/HA]200 and [CHT/HA-DN]200 freestanding membranes were put in contact with a clean surface 

of porcine bone tissue in a 50% humidity-controlled environment at 37 °C. Then, the freestanding 

membranes were pulled out of the bone with tweezers. This process was recorded by a video camera 

(Canon EOS 1200D, Tokyo, Japan). 

 

2.5. In Vitro Cellular Tests 

The sub-clone 4 of MC3T3-E1 cell line was obtained from the American Type Culture Collection 

(ATCC)-Laboratory of the Government Chemist (LGC) standards (ATCC® CRL-2593™) 30. The cells 

were cultured with Minimum Essential Medium (MEM) Alpha Modification (1X), (α-MEM, Gibco, Thermo 

Fisher Scientific, Waltham, Massachusetts, United States of America) supplemented with sodium 
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bicarbonate suitable for cell culture (Sigma), 10% fetal bovine serum (FBS, Life Technologies™, Thermo 

Fisher Scientific, Waltham, Massachusetts, United States of America), and 1% antibiotic–antimycotic 

(Gibco) at pH 7.4. The cells were cultured in 75 cm2 tissue culture flasks and incubated at 37 °C in a 

humidified air atmosphere of 5% CO2. The medium was changed every three–four days. At 80–90% of 

confluence, cells grown in tissue culture flasks were washed with Dulbecco’s phosphate-buffered saline 

(DPBS, Corning, New York, United States of America) and then detached by a chemical procedure with 

trypLE™ express solution (Life Technologies™) for 5 min at 37 °C in a humidified air atmosphere of 5% 

CO2. To inactivate the trypLE™ express effect, cell culture medium was added. The cells were then 

centrifuged at 300 × g and 25 °C for 5 min and the medium was decanted. Cells between passage 12 

and 13 were used for this study. Prior to cell seeding, the samples were cut in small squares of 25 mm2 

or 1 cm2, treated with UV ozone for 10 min and immersed in ethanol for 2 h. Then, 150 μL or 300 μL 

(depending on the size of the sample) of supplemented α-MEM containing a cell suspension with a 

density of 2 × 104 cells.cm−2 was dropped above the surfaces of the [CHT/HA]200 and the [CHT/HA-

DN]200 freestanding membranes, and the positive control tissue culture polystyrene surface (TCPS, 

Sarstedt AG & Co., Nümbrecht, Germany) (in triplicate). Then, the samples were incubated at 37 °C in a 

humidified air atmosphere of 5% CO2. After 4 h, cells already started to adhere, and fresh basal culture 

medium was added. 

 

2.5.1. Metabolic Activity of MC3T3-E1 Cells 

The samples were tested for cytotoxicity by analyzing their metabolic activity using the alamarBlue® 

reduction assay (Invitrogen™, Thermo Fisher Scientific, Waltham, Massachusetts, United States of 

America). Briefly, the samples (small squares of 25 mm2) with adhered cells were placed in a nontreated 

surface 48-well cell culture plate (in triplicate) and incubated at 37 °C and 5% CO2. At one, three and 

seven days of culture, the assay was performed, always protecting from light. Briefly, the culture medium 

was removed and 500 μL of supplemented α-MEM containing 10% (v/v) of alamarBlue solution was 

added to each well. The samples were then incubated in the dark, overnight, at 37 °C and 5% CO2. After 

12 h, 100 μL of each well (in triplicate) was transferred to a 96-well plate. The absorbance was 

monitored at 570 nm and 600 nm, using a microplate reader Synergy HTX (BioTek Instruments, Inc., 

Winooski, Vermont, United States of America). 

 

2.5.2. DNA Quantification Assay 

A DNA quantification assay (Quant-iT™ PicoGreen® dsDNA Assay Kit, Invitrogen™, Thermo Fisher 

Scientific, Waltham, Massachusetts, United States of America) was also performed to evaluate cell 

proliferation when cultured on the samples’ surface. All seeding procedure was repeated for this assay. 

For each culture time, the samples were washed with DPBS, and then, transferred with 1 mL of ultrapure 

sterile water to an Eppendorf flask. These Eppendorf flasks were placed at 37 °C for 1 h and then 

immediately stored at −80 °C until use. The quantification of total DNA was determined after cell lysis, 

according with the manufacturer’s description. After transferring each solution to a 96-well white opaque 
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plate (in triplicate), the plate was incubated at 25 °C, protected from the light, for 10 min. The standard 

curve for DNA analysis was generated with provided DNA from the assay kit. Fluorescence was read at 

excitation of 485/20 nm and emission of 528/20 nm using a microplate reader Synergy HTX (BioTek 

Instruments, Inc.). 

 

2.5.3. Morphological Observation of MC3T3-E1 Cells 

MC3T3-E1 cell morphology was observed using a fluorescence microscope (Axio Imager 2, Zeiss, 

Oberkochen, Germany). Briefly, the cells were seeded above the samples (squares 1 cm2) at a density 

of 2 × 104 cells.cm−2 and cultured for three and seven days, using basal culture conditions. After each 

time-point, the samples were gently washed with sterile DPBS and fixed with 10% (v/v) of formalin 

(Sigma) in DPBS solution for 30 min. To obtain morphological fluorescence images, a rhodamine 

phalloidin (Thermo Fisher Scientific, Waltham, Massachusetts, United States of America) and 4',6-

diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, Waltham, Massachusetts, United States of 

America) fluorescent assay was performed at each time culture period; DAPI stains preferentially nuclei 

and phalloidin the actin fibers of the cell cytoskeleton. Firstly, the fixed samples were permeabilized with 

0.2% (v/v) of Triton X-100 (Sigma) in DPBS solution for 10 min and then blocked with 5% FBS (v/v) in 

DPBS solution for 30 min. Then, the samples were treated with rhodamine phalloidin for 45 min and 

consequently with DAPI for 15 min. Afterwards, the cell morphology was observed using the 

fluorescence microscope. 

 

2.5.4. Osteogenic Potential of Dopamine-Modified Hyaluronic Acid Membranes and 

Differentiation of MC3T3-E1 Cells by Immunocytochemistry 

To evaluate the osteogenic potential of these substrates, cells were cultured at 2 × 104 cells cm−2 in 

basal growth medium, at 37 °C and 5% of CO2. After five days in basal conditions, the medium was 

changed for osteogenic medium (α-MEM containing 10% FBS, 10 mM β-glycerolphosphate disodium 

salt hydrate (Sigma), and 50 μg.mL−1 L-ascorbic acid (Cayman Chemical, Ann Arbor, Michigan, United 

States of America)). The differentiation medium was changed every three days. 

Intracellular osteopontin expression has been reported as a marker for osteogenic differentiation 30. 

After 14 days in differentiation medium, the samples were fixed in 10% (v/v) formalin (Sigma) in DPBS. 

Following the fixation step, the fixed samples were permeabilized with 0.2% (v/v) of Triton X-100 in 

DPBS solution for 10 min and then blocked with 5% FBS (v/v) in DPBS solution for 60 min. Then, the 

samples were examined for protein expression visualization using a mouse antibody against osteopontin 

(BioLegend, San Diego, California, United States of America), by incubation overnight, at 4 °C. 

Subsequently, the samples were treated with the corresponding secondary antibody anti-mouse Alexa 

Fluor 647 (Invitrogen™) for 1 h at 25 °C and consequently with rhodamine phalloidin and DAPI for 45 

min and 15 min, respectively. Between each step the samples were extensively washed. Afterwards, the 

cell morphology was observed using fluorescence microscopy. 
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2.6. Statistical Analysis 

All the experiments were performed with at least three replicates and were independently performed 

three times. Results are expressed as mean ± standard deviation. Differences between the experimental 

results were analyzed using the one-factor or two-factor analysis of variance (ANOVA), with the 

Bonferroni’s multiple comparison test, defined with a statistical significance of p < 0.05. 

3. .Results 

The HA was functionalized with DN and the resulting conjugate was combined with CHT to produce 

multilayer biomimetic membranes by LbL. The chemical structures of each compound, including the 

resulting chemical structure of HA-DN are represented in Figure VII-1. We hypothesize that the presence 

of DN moieties along the thickness of the films, especially on the last layer and top surface of the 

membrane, could enhance the interaction between cell and material and improve the osteogenic 

potential of MC3T3-E1 cells. 

 

Figure VII-1. Chemical structure of hyaluronic acid (HA), dopamine (DN), and chitosan (CHT). Synthesis and chemical structure 

of dopamine-modified hyaluronic acid (HA-DN). ECM: extracellular matrix. 

 

3.1. . Synthesis and Characterization of Conjugated Dopamine-Modified Hyaluronic Acid 

The conjugation of DN on HA backbone was achieved by the standard carbodiimide coupling 

method. Using EDC chemistry, the carboxyl group of HA was activated to react with the amine group of 

DN. After lyophilizing, the resulting conjugated was characterized by UV–Vis and NMR for 1H. 

Figure VII-2A shows the UV–vis spectrum of each polymer solution, HA and HA-DN. The 

conjugation of DN onto the backbone of HA was confirmed by the presence of a typical peak around 280 

nm, characteristic of dopamine. As expected, this peak did not appear for HA, confirming the presence of 

DN moieties on the final conjugated HA-DN 31. 
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Figure VII-2. Characterization of conjugated dopamine-modified hyaluronic acid: (A) Ultraviolet–visible (UV–vis) spectra of the 
control (HA) and the catechol-based conjugate (HA-DN). 1H-nuclear magnetic resonance (NMR) spectra of (B) HA; (C) DN and 
(D) the synthesized conjugate HA-DN, all with an expanded view. a.u.: Arbitrary units. 

 

Figure VII-2B–D shows the NMR spectra of HA, DN, and HA-DN for 1H. Regarding the spectrum of 

HA, the peak at δ = 1.93 ppm is associated with the protons of the methyl group 32. The spectrum of DN 

was characterized by the triplets centered at δ = 2.76 ppm and at δ = 3.11 ppm that are associated with 

the protons of the aliphatic group 33. In turn, the multiplets between δ = 6.73 ppm and δ = 6.81 ppm are 

related with the protons in ortho- and meta-coupling position of the ring 13. The spectrum of HA-DN was 

consistent with the HA and DN 1H-NMR spectra, as observed in Figure VII-2D. Both the results of UV–vis 

spectroscopy and NMR confirmed that DN was successfully conjugated to HA. 

 

3.2. Multilayer Construction and Thickness Estimation 

The assembly of CHT and HA or HA-DN was first monitored on a gold quartz crystal by QCM-D. 

Figure VII-3A shows the LbL assembly of CHT and HA and Figure VII-3B shows the assembly of CHT 

and HA-DN. For both conditions, the first change in frequency happened when CHT was deposited on 

bare gold quartz. The second decrease in frequency corresponded to HA or HA-DN layers and this 

behavior was repeated during all the experiment (eight bilayers), indicating the successful of alternate 

adsorption of CHT and HA or HA-DN onto the quartz crystal surface. For both systems, the film seemed 

to have a stable growth for the first layers, but it appeared more unstable with the addition of further 

layers. We hypothesize that it could be due to the formation of soluble macromolecular complexes 

between the previous layer and the new polymer solution 34. Besides monitoring frequency variation (Δf), 

QCM-D technology also detects dissipation variation (ΔD), allowing to take assumptions of the multilayer 

hydration state. When the film is rigid, the Δf and ΔD for the fundamental frequency superpose with the 

signals recorded in the higher harmonic 35; in the case of CHT/HA and CHT/HA-DN systems the soft 
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nature of the layers adhering on the crystal leads to the dispersion of the different overtones. A more 

swollen multilayer film was achieved for polysaccharide-based films when compared with other LbL 

systems 36. The assembly of CHT and HA or HA-DN induced similar frequency changes but different 

dissipation variations, with a bigger dissipation shift when CHT was deposited. This could be related to 

the fact that more water molecules were entrapped in the CHT layer 29. 

Using the modeling tool Q-Tools 29, other parameters could be estimated like the thickness of the 

films. The Voigt model was chosen to estimate the film thickness of each system, requiring three 

parameters to be fixed: solvent density, solvent viscosity, and layer density. The solvent viscosity was 

fixed at 1 mPa.s-1 (the same as water) and the film density at 1100 kg.m−3 (frequently assumed to return 

the lowest calculation error). The solvent density was changed by trial and error between 1000 and 1080 

kg.m−3 until error was minimized. Figure VII-3C,D represents the thickness estimation along with the 

number of bilayers for CHT/HA and CHT/HA-DN systems, respectively. For the CHT/HA system, the 

thickness of the films seemed to increase exponentially with the number of bilayers. On the other hand, 

CHT/HA-DN seemed to increase linearly with the number of bilayers. These results are in accordance 

with the related literature 13; CHT/HA multilayer films are uniquely composed of polysaccharides and 

naturally more water-rich than the other system. In turn, the presence of DN on the CHT/HA-DN system 

seemed to change the growth regime to a linear model; this could indicate that DN conferred less water 

content on the films. After eight bilayers, the estimated thickness for the CHT/HA system is 157 nm and 

for the CHT/HA-DN it is 137 nm. Using the resulting linear model, after 200 bilayers we expected a 

thickness of the CHT/HA-DN system of about 4.0 µm. As HA-DN presents bigger chains, we expected 

that the thickness of the CHT/HA-DN could be higher than for the CHT/HA system. However, for the first 

eight bilayers, we observed the opposite trend. We hypothesize that it could be the result of the re-

arrangement of the polymer chains when LbL happens; the HA-DN chains seemed to compact more 

than HA chains, for the first layers of the film. 

 

Figure VII-3. Build-up assemblies of (A) CHT and HA, and (B) CHT and HA-DN, monitored by quartz crystal microbalance with 
dissipation (QCM-D). Data shows the normalized frequency (Δf) and dissipation (ΔD) variations at the fifth overtone as a 
function of the time. Cumulative thickness evolution of the (C) CHT/HA and (D) CHT/HA-DN multilayer systems as a function of 
the number of deposition bilayers (Voigt model). 
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3.3.  Production of the Freestanding Multilayer Membranes 

From QCM-D monitoring results, CHT and HA or CHT and HA-DN could be combined to produce 

multilayer systems, with times of deposition of about 10 min; although from QCM-D data, using 6 min of 

deposition would be enough to construct such multilayer films. This observation was valuable to reduce 

the times of processing. Therefore, to produce freestanding polyelectrolyte multilayered membranes, we 

dipped an inert substrate successively on CHT and HA or on CHT and HA-DN solutions, for 6 min each 

immersion. The chosen underlying substrates were simple PP sheets that are widely available, 

inexpensive, and can be cut into a large range of shapes and sizes 37. Between each dipping, we 

realized a washing step in the sodium acetate buffer (pH 5.5), to remove the excess of polymer. After 

200 bilayers, the resulting multilayer films were dried at 25 °C and then easily detached f rom the 

underlying substrate, without requiring any post-treatment to dissolve the underlying substrate or any 

kind of mechanical force that could damage the membrane (see in Supplementary Figure S VII-1A 

images representing the sequence of actions to detach the membrane from the PP substrate). The 

number of cycles has a direct influence on the thickness of the membranes and, indirectly, on their 

robustness and easiness to handle 37. These membranes were designed as a support material for cells 

to adhere and differentiate, allowing bone tissue regeneration; this means that we needed the smallest 

thickness possible, without compromising the stability in physiological medium and the handling. The 

LbL parameters were optimized, choosing for instance a different number of cycles, but 200 bilayers 

seemed to be the best compromise between thickness and stability/handling. 

The build-up of such LbL-based freestanding membranes has been reported in the literature 37-38, 

and even with polymers with a potentially adhesive character it was possible to detach the membranes; 

this may be due to the first layer being CHT. The photograph of both [CHT/HA]200 and [CHT/HA-DN]200 

membranes is presented in Figure S VII-1B, with some differences in color and transparency perceptible. 

 

3.4. Surface Morphology and Thickness of the Freestanding Membranes 

The morphologies of the surface of the freestanding membranes were investigated by SEM. Figure 

VII-4A shows the top view of upper side of the [CHT/HA]200 membrane (HA-ending layer); a closed 

network pore configuration and a smooth surface was observed. In contrast, the top-view of the upper 

side of the [CHT/HA-DN]200 membrane (HA-DN-ending layer) shows an interesting pore network, with 

bigger pore diameters and a rougher surface, as shown in Figure VII-4B. Therefore, some differences 

were noted between the morphologies of the upper layer of the two systems; we hypothesize that the 

presence of DN in the last layer of the freestanding membrane conferred a higher pore network system 

and rougher structures than HA alone. Figure VII-4C,D shows a SEM image of the down side of the 

[CHT/HA]200 and [CHT/HA-DN]200 membranes, respectively. Similar morphologies were observed on the 

CHT side of the membranes, highlighting the rough nature conferred by CHT. Figure VII-4E,F represents 

the cross-section of the [CHT/HA]200 and [CHT/HA-DN]200 freestanding membranes after free-fracture, 

respectively; [CHT/HA]200 cross-section shows a more homogeneous distribution of the polyelectrolytes 

layers along with the thickness of the membrane, being possible to observe a kind of LbL stratification. 
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The thickness of the [CHT/HA]200 membrane is around 5.5 ± 0.1 µm. A thickness of 7.7 ± 0.1 µm was 

achieved when DN is conjugated with HA and integrated in a multilayer system with CHT. The 

differences between the thickness of the membranes and the organization along the z-axis could be due 

to the arrangement of the polymer chains during the multilayer construction. Comparing the real 

thickness values with the ones estimated from QCM-D data, we obtained thicker [CHT/HA-DN]200 films 

than expected. This fact could be due to some accumulation phenomenon and chain arrangement along 

with the thickness, which could happen after the construction of the initial layers of the multilayer. 

Curiously, the thickness of the [CHT/HA]200 membranes was much lower than expected by the 

exponential growth. We hypothesize that for a higher number of bilayers, we cannot assume exponential 

growth but instead linear growth (R2 = 0.969); therefore, the estimated thickness would be about 4.4 µm, 

which is approximated to be the real thickness of the freestanding [CHT/HA]200 membrane. 

 

Figure VII-4. Representative scanning electron microscopy (SEM) images of the surfaces of (A) [CHT/HA]200 (HA-ending side); 
(B) [CHT/HA-DN]200 (HA-DN-ending side); (C) [CHT/HA]200 (CHT-ending side); (D) [CHT/HA-DN]200 (CHT-ending side). 
Representative SEM images of the cross-section of the (E) [CHT/HA]200 and the (F) [CHT/HA-DN]200 freestanding membranes. 

 

3.5. Chemical Analysis of the Surface of the Freestanding Membranes 

The surface chemical properties of the freestanding multilayer membranes were investigated by 

EDS analysis. Figure VII-5A,B shows EDS maps for [CHT/HA]200 and [CHT/HA-DN]200 membranes along 

the thickness (cross-section). Visually, both membranes revealed the presence of carbon, oxygen and 

nitrogen. All these elements are presented along with all the thickness of the membranes. In turn, Figure 

VII-5C,D shows EDS map images for the [CHT/HA]200 and [CHT/HA-DN]200 membranes’ top surface and 

the respective quantification for the same area (Figure VII-5E and VII-5F, respectively). Both membranes 

revealed the presence of carbon, oxygen, sodium, and nitrogen. In fact, the ration between oxygen and 

nitrogen is significant higher for [CHT/HA-DN]200 than for [CHT/HA]200 membranes. We hypothesize that 

the nitrogen quantity could be higher for the [CHT/HA-DN]200 due to the presence of DN in the last layer, 

which adds amine groups to the system. 
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Figure VII-5. Mixed element map for carbon (C), oxygen (O) and nitrogen (N) of the cross-section of (A) [CHT/HA]200 and (B) 
[CHT/HA-DN]200 freestanding membranes. Mixed element map for carbon (C), oxygen (O), and nitrogen (N) of upper surface of 
(C) [CHT/HA]200 and (D) [CHT/HA-DN]200 freestanding membranes. Energy-dispersive X-ray spectra and ration quantification of 
O/N of (E) [CHT/HA]200 and (F) [CHT/HA-DN]200 freestanding membranes. a.u.: Arbitrary units. 

 

3.6. Adhesive Properties of the Freestanding Membranes 

In this work, freestanding membranes were used to glue two pieces of glass and this system was 

used as a proof of the concept for the adhesive strength of the [CHT/HA]200 and [CHT/HA-DN]200 

membranes. The size of these membranes was around 20 mm × 20 mm, and the thickness was 

between 5 µm and 8 µm. Briefly, the freestanding membrane was sandwiched between two pieces of 

glass, in a controlled environment, trying to mimic the inner body conditions (37 °C in a moist 

environment), and incubated overnight. Most of the methods to determine the adhesive properties 

involve determination of the perpendicular force required to separate two surfaces. As biological tissues 

are more susceptible to shear stress than tensile stress, we decided to investigate the force that makes 

an adhesive slide on a surface in the direction parallel to the plane of contact 39. The ability of 

[CHT/HA]200 and [CHT/HA-DN]200 to glue two glass substrates together was evaluated using a universal 

mechanical testing machine according to the standard procedure ASTM D1002, with subtle 

modifications. A heavy load (1.0 kN) could be held on a small joint area (20 mm × 20 mm) until it caused 

the detachment of the glass slides (see the mounting scheme in Figure VII-6A). Figure VII-6B presents 

the values of adhesive strength for each condition. From the lap shear adhesion tests, higher load values 

were obtained for the same displacement for [CHT/HA-DN]200 membranes, indicating that more load is 

required to separate the glued glass slides. The calculation of lap shear adhesion strength was 
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performed for each case; the [CHT/HA]200 system presents an adhesion strength of 3.4 ± 0.6 MPa, while 

the [CHT/HA-DN]200 system presents an adhesion strength of 8.6 ± 2.2 MPa. Such a difference 

highlights the adhesive strength of the membrane containing DN compared with the control. We 

hypothesize that the presence of the catechol moieties in the [CHT/HA-DN]200 membranes increased the 

adhesion force between the two glass slides. The adhesive characteristics of catechol-based materials 

have been already investigated 13, 40. For instance, Ninan et al. 41 studied the adhesive properties of 

marine mussel adhesive extracts to bond porcine skin in controlled dry and humid conditions; the tissue 

joint strength was about 1 MPa for mussel extract joints under humid conditions. Also, Kim et al. 42 

reported the development of a water-immiscible mussel protein-based adhesive, composed of a complex 

coacervate of HA and DOPA with strong underwater adhesion; an adhesive strength of about 0.14 ± 

0.03 MPa was obtained, using rat bladder tissue as the contact substrate. Even using a different contact 

substrate, the guidelines for adhesive tests were the same as for the previous examples. Even so, we 

obtained significantly higher values of strength adhesion with [CHT/HA-DN]200 membranes. Well-known 

bioadhesiveness are fibrin and cyanoacrylate-based materials, which present a shear adhesive strength 

around 0.013 MPa and 0.068 MPa, respectively 43. Bioadhesive hydrogels have been reported mainly for 

topical wound dressings and sealants as their adhesive strength is still considered to be weak 43. For 

tissue engineering applications, bioadhesive films are of more interest. Layer-by-layer technology has 

been used for this purpose; Neto et al. 13, 44 already reported the ability to produce multilayer coatings 

composed of CHT and DOPA-modified HA with enhanced adhesive properties. The adhesive strength of 

the coating was about 2.3 ± 2.2 MPa, more than triple that of the control coating. Other LbL systems 

have been reported, but mostly in the form of coatings and not as freestanding membranes, which is 

more relevant for developing supports for tissue engineering purposes. To the best of our knowledge, 

there has already been one work on such adhesive freestanding multilayer membranes, but instead of 

dopamine they took advantage of the adhesive properties of levan derivatives 39. Another strategy was 

envisaged to evaluate the bioadhesiveness of this membrane. After putting the [CHT/HA]200 and 

[CHT/HA-DN]200 membranes in contact with a clean surface of porcine bone at 37 °C, at 50% humidity 

overnight, it was possible to observe that more force is required to pull out the [CHT/HA-DN]200 

membrane (see representative images in Figure VII-6C (i) before and (ii) after applying a detachment 

force with tweezers, and the video recording in Supplementary Figure S VII.2). The [CHT/HA]200 

membrane was easier to detach from the surface of porcine bone than the [CHT/HA-DN]200 membrane. 

This result is in accordance with the lap shear adhesion strength test, highlighting the adhesive potential 

of DN when incorporated in these multilayer freestanding systems. 
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Figure VII-6. Adhesive properties of the freestanding membranes: (A) Mounting scheme for testing the lap shear adhesion 
strength on the Instron equipment; (B) lap shear adhesions strength values for each system. Significant differences were found 
for p < 0.05. (C) Representative images of the adhesiveness potential of [CHT/HA]200 and [CHT/HA-DN]200 freestanding 
membranes on a clean surface of porcine bone: (i) before and (ii) after applying a detachment force with tweezers. 

 

3.7.  In Vitro Cell Studies 

MC3T3-E1 cells were seeded above [CHT/HA]200 and [CHT/HA-DN]200 freestanding membranes. The 

performance of such kind of adhesive substrates was evaluated for different cellular functions, namely the 

metabolic activity, cytotoxicity, proliferation, and morphology of MC3T3-E1. A preliminary 

immunofluorescent assay was performed to evaluate the osteogenic potential of these substrates. The 

MC3T3-E1 response for TCPS surfaces were used as reference and positive control. 

 

3.7.1. Metabolic Activity, Cytotoxicity, Proliferation, and Morphology of MC3T3-E1 Cells 

The metabolic activity of MC3T3-E1 cells and the cytotoxicity of [CHT/HA]200 and [CHT/HA-DN]200 

membranes were evaluated by the Alamar blue colorimetric test. Figure VII-7A shows the results for the 

resulting Alamar blue absorbance. After one day of culture in basal growth medium, the cells seemed to 

adhere to the different substrates with no significant differences. Nevertheless, the values of absorbance 

of cells seeded above the freestanding membranes were comparable to the values for TCPS surfaces. 

This observation, combined with the increase in absorbance along with the days of culture for each 

condition, is an indication of the non-cytotoxicity of the materials. After three and seven days of culture, 

significant differences in metabolic activity were noted between [CHT/HA]200 and [CHT/HA-DN]200 

freestanding membranes; higher absorbance values for cells seeded above [CHT/HA-DN]200 

freestanding membranes indicate enhanced metabolic activity and viability. Also, the proliferation of 

MC3T3-E1 was estimated using a standard DNA quantification assay. Figure VII-7B shows the content 

of DNA for each condition up to seven days of culture. After one day of culture the DNA content of 

MC3T3-E1 cells seeded above [CHT/HA]200, [CHT/HA-DN]200, and TCPS was quite similar, while for 

three and seven days of culture there were significant differences between these conditions. Following 

the same trend observed for Alamar blue results, the highest rates of proliferation were found for 

[CHT/HA-DN]200 freestanding membranes, indicating a better cell response to the catechol-containing 
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membranes. Additionally, the morphology of the cells was observed using a fluorescence assay (see 

Figure VII-7C). After three and seven days of culture in basal growth medium, the cells seeded above 

the different surfaces were fixed and stained with specific markers: phalloidin (in red) to label the actin 

cytoskeleton and DAPI (in blue) to label the nuclei of the cells. The representative images, presented in 

Figure VII-7C, corroborate the results of metabolic activity and DNA quantification: after three and seven 

days of culture, the density of cells adhered on the [CHT/HA-DN]200 membranes was significantly higher 

than for the [CHT/HA]200 membranes and close to the cell density on the TCPS surfaces. Moreover, the 

morphology of the MC3T3-E1 cells also differed; cells adhered above the [CHT/HA-DN]200 started to 

establish cell–cell contact with each other after just one day of culture, while for cells seeded on 

[CHT/HA]200 membranes this cell–cell contact was only perceptible after three days of culture; these 

observations reinforced the proliferation results as cell–cell contact promotes cell proliferation. We 

hypothesize that DN presence along the thickness of the multilayer membranes and concretely on the 

surface improved their biological performance at different stages: adhesion, viability, communication, 

and proliferation. These results could have potential applicability in the tissue engineering field, as 

adhesive and biocompatible substrates to support cells’ functions. There are other works 11, 45 reporting 

the positive effect of catechol-based materials in promoting cellular adhesion and good function. 

Polycaprolactone scaffolds were modified using a mussel-inspired approach; polydopamine coating and 

hyaluronic acid immobilization seemed to be an effective way to improve cellular performance 46. Zhang 

et al. 47 suggested LbL methodology to simply coat titanium implants with HA-DN and CHT, aiming to 

enhance the osteoblast proliferation. The greatest advantage of our system over the reported examples 

and the existing literature is related to the combination of a freestanding substrate composed of natural-

based materials with enhanced adhesive strength and improved cell response. Moreover, this kind of 

flexible substrate could be produced, handled, and applied in quite a simple and adaptable way. 
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Figure VII-7. In Vitro Cell Studies: (A) Metabolic activity of MC3T3- E1 cells seeded on the membranes (Alamar Blue assay). 
Significant differences were found between membranes and TCPS conditions (for * p < 0.05; *** p < 0.001) and between the 
two kinds of systems (### p < 0.001); (B) DNA content of MC3T3- E1 seeded above the membranes (PicoGreen Kit). 
Significant differences were found between membranes and tissue culture polystyrene surface (TCPS) conditions (*** p < 0.001) 
and between the two kinds of systems (### p< 0.001). (C) Fluorescence images of MC3T3- E1 cells stained with phalloidin (red) 
and 4',6-diamidino-2-phenylindole (DAPI) (blue), at three and seven days of culture on the [CHT/HA]200 and [CHT/HA-DN]200 
membranes and the TCPS (positive control). a.u.: Arbitrary units. 

 

3.7.2.  Differentiation of MC3T3-E1 Cells 

The differentiation of mouse MC3T3-E1 pre-osteoblasts toward the formation of a mineralized 

extracellular matrix was also evaluated. This cell line was chosen as the model for our system due to its 

usually compressed level of differentiation and the ability to form a mineralized bone-like extracellular 

matrix 48. Figure VII-8 shows the immunofluorescence images of cells seeded on the different materials, 

using osteopontin as the osteogenic marker. Typical osteogenic differentiation of MC3T3-E1 cells occurs 

in three phases: proliferation, extracellular matrix deposition and maturation, and finally mineralization. 

Each phase corresponds to higher expressions of certain genes; osteopontin is expressed near the later 

stages of osteogenic differentiation. Therefore, after 14 days in a differentiation medium containing 

ascorbic acid and β-glycerolphosphate, different behaviors could be observed for the freestanding 

systems. The cells cultured on [CHT/HA-DN]200 showed stronger immunofluorescence for osteopontin 

protein staining than the cells cultured on [CHT/HA]200 membranes, and very similar fluorescence to the 

TCPS positive control (see Figure VII-8A–C). We hypothesize that catechol-based moieties provided the 

multilayer films with important properties to improve their osteogenic potential. The characteristic  

chemical groups of [CHT/HA]200 and [CHT/HA-DN]200 membranes could be considered osteogenic 

differentiation promoters; besides CH2 and CH3 groups, these surfaces also present NH2 and OH groups 
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and for all of them a positive effect on endorsing osteogenic differentiation has been reported 49. Few 

works have investigated the potential of mussel-inspired adhesive proteins for in vitro bone formation. 

For instance, Yu et al. 50 coated titanium substrates with polydopamine to facilitate the homogeneous 

covalent immobilization of collagen on their surface and promote the osteogenic differentiation of 

MC3T3-E1 cells. Another group 51 synthesized a conjugate of alginate and dopamine and produced 

alginate–dopamine gels, which seemed to promote the osteogenic differentiation of mesenchymal stem 

cells. The adhesive character of DN allowed the author to coat the gel with silver, providing antibacterial 

properties. Moreover, there are some studies reporting that the polydopamine coating could enhance 

hydroxyapatite nucleation and then promote mineralization; Lee et al. 52 coated 3D-printed 

polycaprolactone scaffolds with polydopamine to easily graft rhBMP-2. In addition, a higher amount of 

BMP-2 resulted in better bone tissue formation; even with small doses of this protein, they could induce 

osteogenic differentiation. In contrast, even in the absence of any other grafted protein or growth factor, 

our multilayer system based on mussel-inspired catechol groups could enhance the potential to 

differentiate MC3T3-E1 cells into osteoblasts. Figure VII-8D is a merged image of the MC3T3-E1 cells 

cultured on the [CHT/HA-DN]200 membrane, overlaying osteopontin (green), phalloidin (red), and DAPI 

(blue) markers. As phalloidin stains the actin cytoskeleton of the cells and DAPI stains the nucleus, the 

appearance of osteopontin as an intracytoplasmic marker is clear from Figure VII-8D. We hypothesize 

that this positive intracellular activity could be related to the cellular calcification induced by the substrate 

and the culture conditions during the active stage of the differentiation of MC3T3-E1 cells in osteoblasts 

53. 

 

Figure VII-8. Osteopontin immunofluorescence images of MC3T3-E1 cells stained in green and with DAPI (in blue), after 14 
days in osteogenic medium and cultured on the (A) [CHT/HA]200 and (B) [CHT/HA-DN]200 membranes and (C) TCPS (positive 
control); (D) Merged image of MC3T3-E1 cells cultured on the [CHT/HA-DN]200 membrane is shown in the overlay with 
osteopontin (green), phalloidin (red) and DAPI (blue) markers.  

 

Note that even after 21 days immersed in a physiological medium, the membranes seemed to be 

stable, but presented some signs of degradation. 

Overall, the [CHT/HA-DN]200 freestanding membranes showed enhanced adhesive strength 

properties, as well as improved cell adhesion, proliferation, and differentiation, making them a good 

candidate to regenerate bone tissue. 

 

4.  Conclusions 

The notable ability of DOPA and its analogues to form strong interactions with both organic and 

inorganic surfaces was inspired by the process of wet adhesion in mussels and has been used to 
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produce materials with unique adhesion properties. Bioadhesive materials have started to gain 

importance in bone tissue engineering strategies, which have been appearing to overcome some issues, 

often related to implant failure, by creating a system that directly promotes bone ingrowth into the 

material’s structure and helps with tissue regeneration. Other features have been reported as significant 

for the success of the bone tissue engineering system. Using the LbL technique offers a unique vehicle 

to create a biomimetic environment due to the ability to incorporate materials that are presented in the 

ECM or have a bioactive role and assemble them into a functional tissue-like unit. 

In conclusion, we covalently bonded DN on the backbone of HA with success, conferring important 

properties to this glycosaminoglycan. Taking advantage of the conjugate HA-DN and their negative 

nature at pH 5.5, we produced thin multilayer freestanding membranes composed only of CHT and HA-

DN, using a simple LbL technology based on electrostatic interactions. Interestingly, when comparing 

membranes without DN with membranes where DN was conjugated with HA, we clearly enhanced the 

adhesive strength. MC3T3-E1 cell adhesion, viability, proliferation, and density were enhanced when 

cultured on [CHT/HA-DN]200. We hypothesize that the mechanical and morphological differences 

between the different multilayer systems had a positive impact on cellular behavior. Additionally, our 

preliminary results for MC3T3-E1 differentiation studies suggest that the presence of HA-DN on the 

multilayer membranes provided better differentiation signals. We assume that enhanced differentiation of 

MC3T3-E1 cells is related to the morphology, chemistry, and mechanical properties conferred by this 

catechol-based material. Therefore, our investigation suggests a cheap, scalable, and versatile 

technology to produce biocompatible and osteophilic [CHT/HA-DN]200 multilayer membranes with 

interesting adhesive properties that could potentially be applied in bone regeneration. 

 

5. Supplementary Materials 

 The following are available online at www.mdpi.com/link, Figure S VII-1: Production of the Freestanding 

Multilayer Membranes: images showing (A) the detachment process of the freestanding membranes and 

(B) both resulting [CHT/HA]200 and [CHT/HA-DN]200 freestanding membranes; Figure S VII-2: QR-code 

for a video confirming the adhesiveness of the freestanding membranes to a clean surface of porcine 

bone. 
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Figure S VII-1. Production of the freestanding multilayer membranes: images showing (A) the detachment process of the 
freestanding membranes and (B) both resulting [CHT/HA]200 and [CHT/HA-DN]200 freestanding membranes  

 

 

Figure S VII-2. QR-code for a video of. confirming the adhesiveness of the freestanding membranes to a clean surface of 
porcine bone. 
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VIII. Bioinspired multilayer membranes as potential adhesive patch 
for skin wound healing* 

 

 

 

 

 

Abstract  

 

Bioinspired and adhesive multilayer membranes are produced using the layer-by-layer (LbL) 

assembly of chitosan (CHT), alginate (ALG) and hyaluronic acid modified with dopamine (HA-DN). 

Freestanding multilayer membranes without DN are also produced as a control. The success of the 

synthesis of HA-DN was confirmed using UV-visible spectroscopy. Scanning electron microscopy 

images indicate that the surface of the DN-containing membranes is quite more porous than the control 

ones; they also present a higher average thickness value for the same number of CHT/ALG/CHT/HA(-

DN) tetralayers (n=100). Also, water uptake, mechanical strength and adhesion are enhanced with the 

introduction of DN moieties along the nano-layers. Besides, human dermal fibroblasts viability, enhanced 

adhesion and proliferation were confirmed by immunofluorescence assays and by measuring both 

metabolic activity and DNA content. Moreover, in vivo assays with such kind of DN-containing multilayer 

membranes were performed; the application of these membranes in the treatment of dermal wounds 

induced in Wistar rats results on the highest decreasing of inflammation of skin rat, compared with the 

control conditions. Overall, this investigation suggests that these mussel-inspired freestanding multilayer 

membranes may enhance either their mechanical performance as well as cellular adhesion and 

proliferation, leading to an improved wound healing process, being a promising material to restore the 

structural and functional properties of wounded skin.  

 

Keywords: layer-by-layer; catechol; bioinspired; freestanding membranes; adhesive; human dermal 

fibroblasts; wound healing. 

                                                        

 
* This chapter is based on the following publication: Sousa, M. P.; Neto, A. I.; Correia, T. R.; Miguel, S. P.; 
Matsusaki, M.; Correia, I. J.; Mano, J. F., Bioinspired multilayer membranes as potential adhesive patches for skin 
wound healing. Biomaterials Science 2018, 6 (7), 1962-1975. 
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1. Introduction 

Skin is the largest and most exposed organ in humans, serving as a protective barrier to the 

remaining organs against pathogens, virus, microorganisms as wells as certain environmental conditions 

(chemical, mechanical or thermal constrains) 1. Accordingly, skin can be always an open door to 

potentially harmful impairments or agents, resulting in non-healing wounds. Skin is a vascular tissue, 

with ability to regenerate; however, a skin’s injury with a diameter higher than 4 centimeter will be 

incapable to heal without an external support 2. For many years, donor skin grafting has been used as 

gold standard to treat such kind of skin defects, but the availability of donors is limited and restricted 1b. 

Therefore, skin tissue engineering field has been growing during the last decades to create substitutes 

that mimic skin, towards clinical solutions that promote wound healing 3. Ideally, tissue engineering 

combines the development of a support material with specific cells and bioactive agents to generate 

functional in vitro tissues that could be then transposed for the clinical practice 4.  

For wound dressing, there are important specificities to meet; besides being non-toxic and non-

allergic, these materials must be permeable to gas and provide a moist environment, protecting wounds 

from microbial action and absorbing resulting exudates5. Scientists have been pursuing materials that 

mimics the functional and structural features of the native extracellular matrix (ECM) of skin, serving as a 

barrier like epidermis and providing mechanical stability and elasticity like dermis 5b. There are already 

some commercially available products; for instance, a hyaluronic acid (HA) ester bilayer scaffold 

(Hyalograft3D®) can be combined with an epidermal replacement autograft (Laserskin®) to permit 

wound closure 6. However, commercially available products must overpass the high production costs, 

the need of an additional fixation strategy, the risk of infection as well as the surgical intervention times 7. 

Therefore, to overcome such limitations other strategies have been investigated to design scaffolds for 

skin wound dressing, such as fibrous membranes8, porous structures 9, hydrogels 10, composites 11 or 

microparticles 12. However, these strategies usually encompass also some drawbacks as immune 

rejection for acellular scaffolds, poor cell adhesion for composite materials, limited mechanical strength 

in the case of hydrogels or the lack of interconnectivity in the case of porous scaffolds 13. 

Layer-by-layer (LbL) technique is a quite simple technology to construct stable multilayer films by 

sequential adsorption of complementary multivalent molecules above a surface. The assembly of the 

different layers can be a result of covalent and/or noncovalent interactions, but, among the others, 

electrostatic driving forces have gained a key role 14. LbL stands out from other methodologies by its 

versatility, cost-effectiveness, robustness, ability to integrate a wide range of organic and inorganic 

materials and finely control the multiscale architecture 14-15. For instance, Guthrie K. M. et al. 16 

incorporated silver nanoparticles within polyelectrolyte multilayers, constructed above elastomeric 

poly(dimethylsiloxane) (PDMS) sheets, to apply to the wounds beds of normal and diabetic mice and 

proved the feasibility of LbL-based substrates to improve wound healing. LBL films can be assembled in 

any type of substrate (regardless of size, shape or even surface geometry) and in certain occasions the 

template can be removed to generate a multilayer film that may retain the shape of the underlying 

substrate without the need of their physical support when implanted 17. In this sense, more than coatings 
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LbL methodology can render free-template materials like capsules 18, compartmentalized 19 and tubular 

20 structures or even freestanding membranes 21. Mamedov A. A. et al. 22 suggested the LbL assembly of 

alternating layers of magnetite nanoparticles and poly(diallyldimethylammonium bromide) above a 

cellulose acetate substrate , that was further dissolved in acetone, to obtain freestanding multilayer films. 

Herein, LbL technique is used to fabricate a free-template multilayer patch to treat skin wounds, without 

the need of using any organic solvent or compromising the integrity, the composition and the mechanical 

properties of the membrane.  

To better control the physicochemical cell-material interactions and improve the biocompatibility, 

different strategies have been suggested; for instance, one can modify the chemistry of the surface with 

specific motifs23, increase the hydrophilicity of the surface 24 or even create a topography suitable to 

generate a cell response 25. In the last decades, biomimetic materials have boosted tissue engineering 

and regenerative medicine field 26, with different suitable properties of materials being inspired in natural 

systems. In particular, friendly bioadhesive systems have been proposed based on natural phenomena 

chasing their effectiveness 27. For instance, gecko’s ability to adhere temporary to surfaces has been 

caught the attention of many scientists, which have been trying to reproduce the nanoscale topography 

of their foot pads; Lee H. et al. 28 developed a hybrid biologically-inspired adhesive material composed of 

an array of nanofabricated polymer pillars to mimic the nanoarchitecture organization of the gecko’s foot 

pads. To improve the wet adhesion and durability, the authors coated the gecko-inspired pillars with a 

thin layer of a synthetic polymer, that mimics the wet adhesive proteins found in mussel holdfasts. In 

fact, mussels are other class of materials that has been nowadays very attracting to inspire bioadhesive 

systems. Mussels’ ability to bond to any type of organic and inorganic substrate relies on their byssal 

threads’ secretion of particular proteins, which amino acid content analysis showed the repetition of the 

3,4-dihydroxyphenyl-alanine (DOPA) residue29. Molecules containing catechols groups, such as DOPA 

or dopamine have been used to functionalize polymers, such as chitosan  (CHT) and HA; for instance, 

Ryu J. H. et al. 30 suggested a new thermo-sensitive and injectable DOPA modified CHT/pluronic 

hydrogels and showed that these hydrogels exhibit excellent tissue-adhesion properties with superior in 

vivo gel stability; Hong S. et al. 31 produced HA-dopamine hydrogels found to be highly compatible with 

neural stem cells, presenting better viability and cell adhesion compared to the existing HA hydrogels. 

We hypothesized that the development of adhesive materials could enhance the performance of our 

freestanding multilayer system, by adhering to the tissue with improved cell adhesive properties.  

In this investigation, CHT, a polycation derived from marine crustaceans, as well as alginate (ALG), a 

polyanion derived from algae, and hyaluronic acid (HA), a polyanion that is also part of the native ECM 

and plays an important role on mechanical and structural support, were electrostatically combined to 

produce multilayer polyelectrolyte films. Moreover, getting inspiration from marine mussels, HA was 

modified with dopamine by carbodiimide chemistry and combined with CHT and ALG to produce self -

supportive freestanding multilayer membrane, that could be readily applied for skin wound healing. Neto 

A. I. et al. 32 already developed a high-throughput screening platform to characterize arrays of multilayer 

films containing dopamine-modified HA in terms of mechanical adhesion and biological response. It was 

found that the introduction of the catechol groups in the multilayers clearly had a beneficial effect on 
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adhesion and on cell adhesion and spreading. We hypothesize that such kind of multilayers could be 

transposed into multilayered membranes to be used as skin wound dressings. In this work both in vitro 

(morphology, mechanical properties, biofilm bacterial formation, adhesiveness, dermal cellular behavior) 

and in vivo (full thickness wounds in rats) characterization will be performed to assess the potential of 

such polysaccharide-based and biomimetic freestanding multilayer membranes. 

 

2. Materials and Methods 

2.1. Materials 

CHT (Sigma, St. Louis, Missouri, United States of America(USA)) with a molecular weight in the 

range of 190–310 kDa, a N-deacetylation degree ranging from 75-85% and a viscosity of 0.2-0.8 Pa.s 

was purified following a standard procedure reported elsewhere 33. Sodium alginate (ALG) with a 

viscosity of 0.005-0.04 Pa.s and obtained from brown algae, hyaluronic acid (HA) with a molecular 

weight of 595 kDa as hyaluronic acid sodium salt from Streptococcus equi, dopamine hydrochloride (DN) 

and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (purum, ≥ 98.0% (AT)) were 

purchased from Sigma and used as received.  

 

2.2. Synthesis of HA-DN 

HA-DN conjugates were synthesized using EDC as an activation agent of the carboxyl groups on 

HA chains, based on an already reported procedure 32 (see Figure S VIII-1). To avoid oxidation, the 

conjugated was stored at -20 °C and protected from the light until using. 

 

2.2.1.  Ultraviolet-visible (UV) Spectrophotometry 

The degree of substitution of dopamine in the conjugate was determined using a UV-vis 

spectrophotometer (JascoV560 PC, Easton, Maryland, USA) and 1 cm quartz cells. Polymer solutions of 

0.5 mg. mL−1 in 0.15 M sodium chloride (NaCl, LabChem Inc, Zelienople, Pennsylvania, USA) were 

prepared for the UV-vis analyses.  

 

2.2.2. 1H-Nuclear Magnetic Resonance (NMR) 

 1H-NMR analyses were performed dissolving overnight the HA and the conjugated HA-DN in deuterated 

water (D2O, Cambridge Isotope Laboratories, Inc.) at a concentration of 1 mg. mL−1. The spectra were 

obtained using a spectrometer BRUKER BioSpin - 300 MHz, at 298 K and 300 MHz for 1H. 
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2.3. Zeta (ζ)-potential measurements of polysaccharide solutions 

 Solutions of CHI (0.5 mg mL-1), ALG (0.5 mg mL-1), HA and HA-DN (0.25 mg mL-1) containing 

NaCl (0.15 M) were prepared. The pH of the solutions was adjusted to 5.5. The ζ -potential of each 

solution was determined using a Nano range equipment from Malvern (United Kingdom), at 25 ° C. 

 

2.4. Quartz Crystal Microbalance with dissipation (QCM-D) monitoring 

The formation of the multilayers of CHT/ALG/CHT/HA-DN was followed in situ by QCM-D (Q-Sense, 

Biolin Scientific, Göteborg, Sweden). The mass change results from the variation of the normalized 

resonant frequency (Δf/υ) of an oscillating quartz crystal when adsorption occurs on the surface and the 

dissipation factor (ΔD) provides a measure of the energy loss in the system. If a rigid mass is adsorbed 

onto the surface of the piezoelectric crystal, there will be a decrease in the oscillation frequency. For 

viscoelastic materials, the adsorbed mass does not fully couple to the oscillation of the crystal, damping 

the oscillation. QCM-D allows simultaneously measuring the changes in the resonant frequency and in 

the viscoelastic properties (dissipation) when a film is adsorbed at the crystal surface. The 

measurements can be conducted at the fundamental frequency and at several overtones number (υ = 

1,3,5,7,9,11). CHT was used as the polycation while ALG and HA-DN acted as interspersed polyanions. 

Fresh polyelectrolyte solutions were prepared by dissolution of HA-DN, ALG and CHT in 0.15 M of NaCl 

to yield a final concentration of 0.25, 0.5 and 0.5 mg.mL −1, respectively. The sensor crystals used were 

AT-cut quartz (Q-Sense) with gold plated polished electrodes. These crystals were excited at 5 MHz as 

well as at 15, 25, 35, 45 and 55 MHz corresponding to the 3rd, 5th, 7th, 9th and 11th overtones. The 

crystals were previously cleaned with sequential sonication for 3 min in acetone, ethanol and isopropanol 

and then dried with flowing nitrogen gas avoiding contamination prior to use. Firstly, the polyelectrolyte 

solutions were injected into the cell for 6 min, beginning with CHT. A rinsing step of 4 min with the 

solvent was included between the adsorptions of each polyelectrolyte. The multilayer systems were 

assembled at pH 5.5. The pH was adjusted with HCl or sodium hydroxide (NaOH, pellets, Fine 

Chemicals, Akzo Nobel Chemicals S.A., Mons, Belgium). CHT/ALG/CHT/HA films were also prepared 

for comparison. Films with 8 layers (2 tetralayers (TL)) were produced. All experiments were conducted 

at 25 ºC. During the entire process Δf/υ and ΔD shifts were continuously recorded as a function of time.  

The films’ viscoelastic properties were investigated using the Voigt viscoelastic model implemented in 

the QTools software from Q-Sense. According with this model, a Simplex algorithm was used to find the 

minimum of the sum of the squares of the scaled errors between the experimental and model Δf and ΔD 

values. Changes in resonant frequency and dissipation of the 5 th, 7th and 9th overtone were fitted. The 

solvent viscosity selected was 1 mPa.s and a film density of 1 g.cm-3. The solvent density was varied 

between values from 1000 to 1045 kg.m-3 to minimize the total error (χ2). 
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2.5. Freestanding Multilayer Membranes Production and Characterization  

 

2.5.1. Production of the freestanding multilayer membranes 

The production of the multilayer membranes was achieved using the LbL methodology with the help 

of a home-made dipping robot (see Figure S VIII-1). Polypropylene (PP) substrates were immersed in 

alternated polyelectrolyte solutions with a rinsing solution deposition between each polyelectrolyte. The 

rinsing solution used was a 0.15 M NaCl (pH = 5.5) and the polymer solutions were used at a 

concentration of 2 mg. mL-1 for CHT and ALG and 0.5 mg. mL-1 for the others. Deposition time of the 

polyelectrolytes was 6 min and 4 min for the rinsing solution. 

In the end of 100 TL, two types of FS were produced (see Figure S VIII-1): multilayer membranes 

containing CHI, ALG and HA ([CHT/ALG/CHT/HA]100) and multilayer membranes containing CHI, ALG 

and HA-DN with the same number of layers ([CHT/ALG/CHT/HA-DN]100). 

 

2.5.2. Scanning Electron Microscope (SEM) 

The surface morphology of the samples was observed using a Hitachi S4100 (Tokyo, Japan) 

SEM. All samples were coated with a conductive layer of sputtered gold. The SEM micrographs were 

taken using an accelerating voltage of 15 kV and at different magnifications. For the cross-section 

observation, the freestanding membranes were immersed in liquid nitrogen and fractured. After that, the 

free fracture region was observed by SEM. 

 

2.5.3. Water uptake 

The water uptake ability of both type of freestanding multilayer membranes was studied by 

immersing previously weighed dry samples in a phosphate buffer saline (PBS, Sigma) solution. The FS 

samples were removed from immersion at pre-determined time points (t= 5 min,15 min, 30 min, 1 h, 2 h, 

3 h, 6h, 12 h, and 24 h) in which the excess solution was removed using filter paper, and the membranes 

were then immediately weighed using an analytical balance (Radwag Balances and Scales, Radom, 

Poland). The water uptake was calculated using Equation VIII.1. 

       Equation VIII.1 

Where,  is the dry mass of the sample and  is the hydrated mass of the sample at a given time point. 

 

2.5.4. Mechanical tests: tensile behaviour  

The tensile behavior of the freestanding multilayer membranes was evaluated using the 

mechanical testing machine Shimadzu MMT-101N (Shimadzu Scientific Instruments, Kyoto, Japan) with 

a load cell of 100 N. The produced FS were cut into rectangular samples (30 x 5 mm2) and immersed in 

a PBS solution overnight at 37°C. Tensile tests were carried out with a gauge length of 10 mm and a 

loading speed of 1mm.min-1. Resulting stress-strain curves allowed to determine the Young’s Modulus, 
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ultimate tensile strength and maximum extension at rupture of both [CHT/ALG/CHT/HA]100 and 

[CHT/ALG/CHT/HA-DN]100 freestanding membranes. 

 

2.5.5. Mechanical tests: adhesive behaviour 

The adhesive properties of the produced [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 

freestanding membranes were evaluated using a single lap shear adhesion strength test adapted from 

ASTM D1002 34. Rectangular samples (30 x 10 mm2) were cut and overlapped in pairs with an 

overlapping area of 5 x 10 mm2. Samples were then hydrated with a PBS solution and placed between 

firmly tight glass slides, overnight and at 37 °C. After that, the glass slides were removed and the 

samples were tested using the mechanical equipment Shimadzu MMT-101N, with each grip pulled the 

extremity of one of the overlapped samples. A tensile speed of 5 mm.min -1 was used until sufficient 

stress was applied for membrane detachment. The resulting stress-strain curves allowed to determine 

the adhesion strength of the [CHT/ALG/CHT/HA]100 and the [CHT/ALG/CHT/HA-DN]100 freestanding 

membranes. 

 

2.5.6. Biofilm formation analysis 

To evaluate the bactericidal activity of the membranes, Staphylococcus aureus was used as model of a 

gram-positive bacterium, whereas Escherichia coli used as model of a gram-negative bacterium. To do 

that, both strains of bacteria (1 × 108 Colony-forming unit (CFU) mL-1) were grown in sterilized LB 

(Lysogeny broth) and incubated for 4h at 37°C. 200 µL of the bacterial suspension were placed on the 

LB agar growth plates and spread uniformly using a sterile cotton swab. The different sides of the 

membranes were placed on the top of the inoculated agar plates and incubated overnight at 37°C. To 

determine the biofilm formation at the membranes surface’ and the bacterial growth, SEM images were 

acquired. 

 

2.6. In vitro biological assays 

Human primary dermal fibroblasts (HDFs) were obtained from ATCC in partnership with LGC (USA) 

and used at passages between 8 and 11. The cells were cultured with DMEM (Gibco, ThermoFisher 

Scientific, Waltham, Massachusetts, United States of America) supplemented with 3.7 mg. mL −1 sodium 

bicarbonate (Sigma), 10% fetal bovine serum (FBS, ThermoFisher Scientific), and 1% 

penicillin−streptomycin (Gibco) at pH 7.4. The cells were grown in 75 cm2 tissue culture flasks and 

incubated at 37 °C in a humidified air atmosphere of 5% CO2. The medium was changed every 3−4 

days. When confluents, cells grown in tissue culture flasks were washed with Dulbecco’s phosphate-

buffered saline (DPBS, Corning, New York, United States of America) and subsequently detached by a 

chemical procedure with trypLE™ express solution (Life Technologies™) for 5 min at 37 °C in a 

humidified air atmosphere of 5% CO2. To inactivate the trypLE™ express solution effect, cell culture 



Chapter VIII Universidade de Aveiro 
 

Page | 192 
 

medium was added. The cells were then centrifuged at 300 g and 25 °C for 5 min and the medium was 

decanted. Prior to cell seeding, the samples were disinfected by immersion in ethanol for 2 hs and then 

washed with DPBS. 300 μL of supplemented DMEM containing a cell suspension with 1 × 104 cells was 

dropped above the surface of the samples: [CHT/ALG/CHT/HA-DN]100 membranes, the respective 

control [CHT/ALG/CHT/HA]100 membranes and the positive control (tissue culture polystyrene 

substrates, TCPS) (in triplicate). Then, the samples were incubated at 37 °C in a humidified air 

atmosphere of 5% CO2. After 4 hs, fresh culture medium was added. 

 

2.6.1. [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt (MTS) assay 

The samples were tested for cytotoxicity using MTS (CellTiter 96® AQueous One Solution Cell 

Proliferation Assay, Promega, Madison, Wisconsin, USA) colorimetric assay. Briefly, the samples with 

adhered cells were placed in a non-treated surface 24-well cell culture plate (in triplicate) and incubated 

at 37 °C and 5% CO2. At 1, 3 and 7 days of culture, the assay was performed, protected from light. The 

culture medium was removed and 500 μL of supplemented DMEM containing MTS solution with a 

dilution ratio of 1:5 was added to each well. Samples were then incubated in the dark at 37 °C and 5% 

CO2. After 3 hs, 100 μL of each well (in triplicate) was transferred to a 96-well plate. The absorbance 

was monitored at 490 nm using a microplate reader Synergy HTX (BioTek Instruments, Inc., Winooski, 

Vermont, USA). 

 

2.6.2. DNA quantification assay 

A DNA quantification assay (Quant-iT™ PicoGreen® dsDNA Assay Kit, Invitrogen™, Thermo 

Fisher Scientific, Waltham, Massachusetts, USA) was performed to evaluate cell proliferation in the 

samples. For each culture time, the wells of the plate (the same samples used in viability assay) were 

extensively washed with DPBS, and then, 1 mL of ultrapure sterile water was added to each well. The 

well plate was placed in a shaking water bath at 37 °C for 1 h and then the content of each well was 

transferred for eppendorfs. Ultimately, the eppendorfs were immediately stored at −80 °C until use. The 

quantification of total DNA was determined after cell lysis, according to the manufacturer's description. 

After transferring each solution to a 96-well white opaque plate (in triplicates), the plate was incubated at 

room temperature and protected from light for 10 min. The standard curve for DNA analysis was 

generated with provided DNA from the assay kit. Fluorescence was read at excitation of 485/20 nm and 

emission of 528/20 nm using a microplate reader Synergy HTX. 

 

2.6.3. Morphological observation of HDFs adhered on the freestanding multilayer 

membranes 

Primary HDFs cell morphology was observed using a fluorescence microscope (Axio Imager 2, 

Zeiss, Oberkochen, Germany). Briefly, the cells were seeded above the samples (squares 1 cm2) at a 

density of 5 × 103 cells. cm−2 and cultured for three and seven days, using basal culture conditions. After 
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each time-point, the samples were gently washed with sterile DPBS and fixed with 10% (v/v) of formalin 

(Sigma) in DPBS solution for 30 min. To obtain morphological fluorescence images, rhodamine 

phalloidin (ThermoFisher Scientific) and 4',6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific) 

were used as fluorochromes. Rhodamine phalloidin stains F-actin while DAPI binds to AT regions of 

DNA, staining the cell nucleus. In the fluorescent assay, the fixed samples were initially permeabilized 

with 0.2% (v/v) of Triton X-100 (Sigma) in DPBS solution for 10 min and then blocked with 5% FBS (v/v) 

in DPBS solution for 30 min. Then, the samples were treated with rhodamine phalloidin for 45 min and 

subsequently with DAPI for 15 min. After this procedure, the cell morphology was observed using the 

fluorescence microscope. 

 

2.7. In vivo biological assays  

All the animal experiments were performed according to the protocol approved by the Ethics 

Committee of Centro Hospitalar Cova da Beira (approval number 24/2009) and the guidelines set forth in 

the National Institute for the care and use of laboratory animals. To perform the in vivo assays, a total of 

10 Wistar rats (4-6 weeks) weighing between 100- 150 g were used. The experimental setup was 

performed according to that previously used by Miguel S. et al. 35. Animals were separated into three 

groups: group 1, wounds were treated with [CHT/ALG/CHT/HA]100 membrane; group 2, wounds were 

covered [CHT/ALG/CHT/HA-DN]100 membrane; whereas in the group 3, used as control, wounds were 

covered with serum physiologic solution. During the study, animals were kept in separate cages and 

were fed with commercial rat food and water ad libitum. Animals were sacrified after 10 and 21 days. 

 

2.7.1. Hematoxilin and Eosin staining analysis 

To evaluate the local and systemic immune response of different membranes, tissue specimens 

were obtained from each wound area by sharp dissection at days 10 and 21. Skin tissue samples were 

obtained by necropsy, formalin fixed and paraffin embedded for histological processing. Sections of 3 µm 

were obtained from each sample using a cryostat microtome (Leica CM1900) and then stained with 

hematoxylin and eosin (H&E) or with Toluidine blue. Subsequently, samples were visualized using a light 

microscope with a specific image analysis software from Zeiss. Skin fragments without membrane were 

used as control. Other tissue samples such as brain, lung, liver, spleen and kidney, were also obtained 

by necropsy and analyzed to check for any morphological. 

 

2.8. Statistical Analysis 

All quantitative data was represented as average value ± standard deviation with at least 5 replicates 

for each test subject, unless specifically mentioned. For tensile and lap shear strength adhesion data, an 

unpaired t test with Welch’s correction was used. For the cellular assays, two-way ANOVA was used. 

Statistical significance of all tests was accepted for p<0.05 (*). All statistical analysis was performed 

using the software GraphPad Prism 6.0. 

3. Results 
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3.1. Synthesis and characterization of the conjugate HA-DN 

HA is a component of the ECM, and may be combined with other polyelectrolytes to produce 

biocompatible and biodegradable materials to be applied as wound skin dressings36. To provide an 

adhesive character to this material, HA was conjugated with DN, taking advantage of carbodiimide 

chemistry. UV-vis spectroscopy standard spectra were obtained from solutions with different 

concentrations of free DN and are represented in the inset of Figure S VIII-2, where it is possible to 

confirm the characteristic UV-excitation band of DN, centered at 280 nm. For DN concentrations less 

than 1.0 mM, the relation between DN concentration and absorbance followed a linear regime - Figure S 

VIII-2. UV- vis spectra of the HA and the conjugate HA-DN solution are presented in Figure VIII-1. 

Besides confirming that the DN characteristic peak just appeared in the spectrum of the conjugate HA-

DN, we also estimated the degree of DN substitution. Using the measured absorbance for the HA-DN, 

obtained at 280 nm, and the linear growth equation obtained from Figure VIII-1A, the degree of DN 

substitution in the conjugate is 24%. Furthermore, the 1H-NMR spectra of HA and HA-DN were acquired, 

see Figure S VIII-3. 

 

 

Figure VIII-1. UV-vis spectra of the conjugate the conjugate (HA-DN) and the control (HA), which is also shown for comparison. 

 

3.2. Polyelectrolyte multilayers building-up 

Prior to QCM-D monitoring, the ζ- potential of the different polyelectrolyte solutions was measured at 

working conditions (pH of 5.5 and ionic strength at 0.15 M). As expected, CHT presented a positive 

charge (+19.8±1.3 mV) while all the other polyelectrolyte solutions presented a negative charge. The ζ- 

potential values for ALG, HA and HA-DN solutions were -25.1±2.4 mV, -26.7±1.8 mV and -20.2±1.7 mV, 

respectively.  

Once the conjugate was prepared, the ability to construct the polyelectrolyte multilayers was followed 

in situ by QCM-D monitoring. Figures VIII-2A and VIII-2B show the variation of the normalized frequency 

(Δf/v) and dissipation (ΔD) of the 5th overtone corresponding to the deposition of 2 CHT/ALG/CHT/HA-

DN or CHT/ALG/CHT/HA tetralayers (TL) of polyelectrolytes; Figure 2A corresponds to the control 

system with HA and Figure VIII-2B corresponds to the system containing the conjugate HA-DN. The 
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curves represent the state of frequency and dissipation after each material deposition which can be 

distinguished by the stepwise decrease in frequency and increase in dissipation. The decrease in 

frequency in each deposition step indicates that mass was adsorbed onto the gold-coated quartz crystals 

representing a successful deposition. The increase in dissipation values after each layer deposition 

indicates a non-rigid behavior of the materials adsorbed above the crystal’s surface. The chemical nature 

of the used materials, the salt composition of the chosen solvent and washing buffer can have great 

influence on the viscoelastic nature of the resulting multilayer film 33. Usually, lower increase of ΔD 

indicates that the film layer becomes denser than for higher increase of ΔD. VIII-Assuming a viscoelastic 

film, the polymer layers were modelled as an elastic component in parallel with a viscous part 37 – the 

Voigt Model. In result, both systems can be represented by a linear growth model during the construction 

of the first 8 layers. However, the overall estimated thickness for the [CHT/ALG/CHT/HA] system was 

smaller than for the [CHT/ALG/CHT/HA-DN].  

 

 

Figure VIII-2. Build-up assemblies of A) chitosan (CHT), alginate (ALG) and hyaluronic acid (HA) and B) chitosan (CHT), 
alginate (ALG) and conjugate (HA-DN) up to 8 deposition layers (2 tetralayers) in 0.15 M of NaCl, using QCM-D monitoring. C) 
Cumulative thickness evolution of CHT/ALG/CHT/HA and CHT/ALG/CHT/HA-DN polymeric films as a function of the number of 
deposited tetralayers. Thickness measurements were estimated using a Voigt viscoelastic model. Both systems followed a 
linear trend, which are also represented in the graph. 

 

3.3. Production and characterization of the freestanding polyelectrolyte multilayer membranes 

QCM-D experiments confirmed the ability to deposit the chosen polyelectrolytes above a quartz 

crystal. A homemade dipping robot was used to produce freestanding multilayer membranes, by 

repeating the process 100 times over low surface energy substrates. In the end two freestanding 

membranes were obtained from the simple detachment of the multilayers by drying: 
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[CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100. All the necessary steps to produce the 

freestanding multilayer membranes are represented in Figure S VIII-1. 

 

3.3.1. SEM 

The morphology of the surface of the freestanding membranes was investigated by SEM. Figure 

VIII-3A and VIII-3B represent the morphology of the [CHT/ALG/CHT/HA]100 surface’s membrane at 

different magnifications; it was possible to observe a quite homogeneous morphology, presenting some 

micro features over the entire surface. The cross-section of the [CHT/ALG/CHT/HA]100 – see Figure VIII-

3C- also appeared homogeneous along with the thickness. Figure VIII-3D and VIII-3E show the 

morphology of the [CHT/ALG/CHT/HA-DN]100 surface’s membrane at different magnifications; it was 

possible to observe some nano to microfeatures randomly distributed over the entire surface, together 

with a very porous and interconnected structure. Moreover, the cross-section of the [CHT/ALG/CHT/HA-

DN]100 is presented in Figure VIII-3F, being less homogeneous than for the other system. Therefore, the 

thickness of both [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 freestanding membranes was 

calculated from the cross-section images, being 18.7±1.22 µm for the control system and 25.3±1.10 µm 

for the DN-containing film. 

 

Figure VIII-3. SEM images of the morphology of the upper side of the [CHI/ALG/CHI/HA]100 at A) lower and B) higher 
magnifications. The cross-section of the [CHI/ALG/CHI/HA]100 membrane is presented in C). SEM images of the morphology of 
the upper side of the [CHI/ALG/CHI/HA-DN]100 at D) lower and E) higher magnifications. The cross-section of the 
[CHI/ALG/CHI/HA-DN]100 membrane is depicted in F). 
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3.3.2. Water uptake and tensile mechanical testing 

The water uptake of the [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 freestanding 

membranes was also evaluated for 1 day in PBS solution at 37 °C - see Figure VIII-4A. Both membranes 

showed ability to uptake water molecules; [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 

freestanding membranes seemed to reach the equilibrium after 1 h and 15 min in PBS, respectively. 

After these times, no significant changes occur in the system, in terms of water uptake. Comparing both 

systems, [CHT/ALG/CHT/HA]100 freestanding membranes showed significant higher water content 

percentages than CHT/ALG/CHT/HA-DN]100 membranes.  

Tensile tests were also performed to study the mechanical properties of these materials – see Figure 

VIII-4B, which show the most representative stress-strain curves for the [CHT/ALG/CHT/HA]100 and 

[CHT/ALG/CHT/HA-DN]100 freestanding membranes, respectively. From these, it was possible to 

calculate important parameters like the Young’s modulus, the ultimate tensile strength and the maximum 

extension (Figure VIII-4C) for each type of membrane. All parameters are higher for the 

[CHT/ALG/CHT/HA-DN]100 than for the [CHT/ALG/CHT/HA]100 freestanding membranes, with significant 

differences in terms of Young’s modulus (8.3±1.47 MPa against 2.1±0.37 MPa) and ultimate tensile 

strength (1725.2±236.53 kPa against 654.3±125.19 kPa).  
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Figure VIII-4. A) Water uptake measurements of the [CHI/ALG/CHI/HA]100 and [CHI/ALG/CHI/HA-DN]100 freestanding multilayer 
membranes. B) Representation of a stress-strain curve, during the tensile tests, for [CHI/ALG/CHI/HA]100 and [CHI/ALG/CHI/HA-
DN]100 hydrated membranes. Representation of the mechanical properties of the FS evaluated by tensile tests: C) Young’s 
Modulus, ultimate tensile strength and maximum extension at rupture. D) Representative stress-strain curves, during the lap 
shear adhesion strength, for [CHI/ALG/CHI/HA]100 and [CHI/ALG/CHI/HA-DN]100 glued hydrated membranes. E) Lap shear 
strength tests for both [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 membranes. Data is presented as average ± 
standard deviation where significant differences were found for p < 0.001(***) and p < 0.01(**). 

 

 

 

3.3.3. “Bioactivity” properties: from adhesiveness to bacteriostatic 

 For the last years cathecols have been widely investigated to enhance adhesive 38 and 

also bacteriostatic properties 39 of different materials. Therefore the assessment of the lap shear 

adhesion strength and anti- bacterial tests were perfomed on the produced membranes.  

Briefly, the HA-DN or HA side of a rectangle part of the membrane was put in contact with the CHT 

side of other rectangle part of the membrane and left under pressure stimuli overnight. Then, the 

samples were subbjected to adhesion tests where the required lap shear bonding strength necessary to 

detach the two parts of the systems was recorded– see Figure VIII-4D. Therefore, we found that 

[CHT/ALG/CHT/HA]100 required a lap shear adhesion strength of 1.1±0.2 MPa while 

[CHT/ALG/CHTD/HA-DN]100 ones involved higher lap shear strength of about 2.0±0.2 MPa, as show in 
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the graph of Figure VIII-4E. It means that more strength was needed to detach the DN-containing 

freestanding membranes, allowing us to conclude that DN significantly contribute on enhancing the 

adhesive properties of the membranes.  

Biofilm formation at the surface of the different materials was assessed by SEM. In Figure VIII-5, it is 

possible to observe some bacteria at the surface of HA layer without DN and CHT layer, although their 

number is not enough to be considered a biolfim, for both strains. On the other hand, HA-DN showed an 

increased bacterial adhesion at its surface when in contact with S. aureus but the inverse happenned for 

E.coli., where it is possible to observe that HA-DN and CHT layer did not present enough bacteria to be 

considered a biolfim.  

 

Figure VIII-5. SEM images of biofilm formation for S. aureus and E. coli at the surface of the HA layer, CHT layer and HA-DN 
layer.  

 

3.4.  In vitro cell culture with HDFs 

HDF cells were cultured over both [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 freestanding 

multilayers membranes for 7 days.  

 

3.4.1. Cellular metabolic activity and cell content 

 The metabolic activity gave an indication about the cell viability and capability to 

proliferate – see Figure VIII-6A. From the first day of culture significant differences (p < 0.01) were found 

between cells cultured over [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 freestanding 

multilayers, with the DN-containing membranes presenting higher values of metabolic activity. This trend 

was maintained at 3 and 7 days (p<0.001), suggesting good cell viability and activity on the surface of 

catechol-containing membrane. A more accurate measurement of proliferation was done by DNA 

quantification - see Figure VIII-6B. Overall, these results are in accordance with the ones obtained for 

the metabolic activity, with higher values of DNA content for [CHT/ALG/CHT/HA-DN]100 freestanding 

multilayers. For the first day of culture, significant differences (p<0.01) were already found between the 

different formulations, suggesting that more cells attached to the surface. For the third and the seventh 

day of culture, these differences were even more pronounced (p<0.001). 
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Figure VIII-6. A) Metabolic activity through the absorbance of HDFs seeded above the freestanding membranes (MTS assay) 
and B) cellular proliferation through the determination of the DNA content (DNA quantification assay), both for 1, 3 and 7 days. 
TCPS was used as positive control and latex as negative control. Significant differences were found for p > 0.05 (*); p > 0.01(**) 
and p > 0.001(***), between the membranes’ systems. Moreover, significant differences with the positive control TCPS were 
found for p > 0.01(++) and p > 0.001(+++) and with negative control latex for p > 0.05 (-); p > 0.01(--) and p > 0.001(---). 
Significant differences with each previous time points were found for p<0.001(#).  

 

3.4.2. Cell Morphology 

 The morphology of the HDFs when adhered above the freestanding membranes was also 

evaluated by phalloidin-DAPI staining – see Figure VIII-7. After 1 day of culture, the cells adhered above 

the freestanding membranes presented a more rounded shape than when adhered above TCPS. 

Nevertheless, this round morphology was altered along the days of culture; after 3 and 7 days, the cells 

present a spread morphology with well-defined actin filamentous and a spindle-like shape, either for both 

type of freestanding membranes or TCPS. Curiously, the cells adhered above the [CHT/ALGCHT/HA-

DN]100 freestanding multilayer membranes seemed to grow starting from an aggregated portion of cells 

that connect one with each other, resulting in an interconnected cell network. Even that, the cells 

seemed strongly adhered to the surface of the membrane unlike it happens with the cells adhered above 

the [CHT/ALG/CHT/HA]100 freestanding membranes. After 7 days of culture, there are much less HDFs 

adhered above the surface and the ones that exist seemed poorly adhered to the surface. In terms of 

cell density, we observed again more cells adhered and distributed above the [CHT/ALG/CHT/HA-DN]100 

freestanding multilayer membranes than above the [CHT/ALG/CHT/HA]100. 
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Figure VIII-7. Representative images of HDFs cells over the [CHT/ALG/CHT/HA]100 and [CHT/ALG/CHT/HA-DN]100 membranes, 
represented by DAPI−phalloidin fluorescence assay at 1, 3 and 7 days. Cells nuclei are stained in blue by DAPI and F-actin 
filaments are stained in red by phalloidin. The scale bar is representative for all images. 

 

3.1. In vivo assay 

A Hematoxylin-Eosin (H&E) staining of the skin wound tissues was performed during each timepoint 

of the assay – see Figure VIII-8A. A broad region of hyper-proliferative epithelial layer is a hallmark of 

the regenerating wound edge 40. Typically, during wound maturation, the epidermal region narrows until 

it gets re-established to its original appearance, i.e., a very thin layer. 

Clearly, for the wound area covered with the freestanding membrane, the inflammatory process was 

quite exuberant, i.e., the presence of inflammatory cells was more abundant. However, the wound 

healing process progresses to the next phases and the fibroblast proliferation and dermis production 

were evident, after 21 days.  
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In groups 1 and 3, we could see an epidermal region with an appearance of a thin layer without 

epidermal annexes formation. Unlike, group 2 showed a thin epidermal layer as well as the 

establishment of epidermal papillaes. Hence, we could observe that wounds treated with DN membranes 

were in an advanced stage of the healing process (please see table 1 for further information), after 21 

days.  

 
Table VIII-1. Histological Findings of H&E Stain 

 Group 1 Group 2 Group 3 

Granular Layer + + - 

Squamous Cell 

Layer 

+ ++ +/- 

Basal Layer +/- + - 

Reticular 

Dermis 

++ ++ ++ 

Note: -, low; +/-, moderate; +, much; ++, much more. 

 

Additionally, a blue toluidine staining was used to highlight the presence of mastocyte cells, where 

their cytoplasm contains granules composed of heparin and histamine that become blue or violet 

stained- see Figure VIII-8B 41. The results show that group 2 presented the higher level of inflammation 

compared to the other groups, as it displays a lot of mastocyte cells after 10 days. In fact, all groups, 

except the control, showed a lot of mastocyte cells, probably due to the presence of a foreign material in 

the organism. However, after 21 days, in group 2 the mastocytes population was significantly reduced, 

resulting on the highest decreasing of inflammation between the 10 th and the 21st days, among the 

different samples (please see Figure VIII-8C for more data). Such results highlight the potential of using 

DN impregnated on HA membranes.  
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Figure VIII-8. Representative images of H&E-stained histological sections of explants at day 10 and 21, highlighting the wound 
healing progression along the time frame chosen. B) Micrographs of the different samples stained with blue toluidine after 10 
and 21 days (magnification of 400x). C) Mastocyte cell number after 10 and 21 days in contact with the different materials. A p 
value lower than 0.001 (***) was considered statistically significant. HS: healthy skin; RE: re-epithelization; SB:scab. Group 1 – 
HA membrane; Group 2 – HA-DN membrane; Group 3 – Control. 

4. Discussion 

 

Being the biggest and most exposed tissue of the human body, skin is always on the light of defects, 

trauma or burns. Considerable efforts have been employed to develop ideal scaffolds for skin tissue 

engineering and medicine regenerative purposes, inclusive to promote skin wound healing 1a, 1b, 3a. 

Nowadays, scientists are focused on mimicking the structure, composition, topography, mechanical 
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properties and even the biological function of ECM to achieve better materials1c. Herein, we identified 

some criteria that must be taken into account in skin substitute production: besides being easy to handle 

and apply to the wound site, it should provide vital barrier function with appropriate water flux and be 

readily adherent, presenting suitable physical and mechanical properties1c. Therefore, we got inspiration 

on mussel’s bonding abilities, to develop a conjugated polymer capable of adding adhesive properties to 

our material, modifying the HA backbones chains with the catecholamine DN, using a carbodiimide 

chemistry reaction. The UV-vis spectra for HA and HA-DN solutions showed that only the conjugate HA-

DN presented the characteristic peak band of DN, at 280 nm (see Figure VIII-1). In fact, we could also 

determinate the degree of DN substitution by preparing a standard curve of known concentration of free 

DN and then following their UV excitation curve (Figure S VIII-2). The obtained substitution degree was 

24%. This value is higher than some similar substitutions already reported in literature, indicating a better 

performance of our chemical conjugation reaction 42.  

Both the results of UV–vis spectroscopy and 1H-NMR confirmed that DN was presented in the 

conjugated HA-DN. Therefore, we believe that the chosen conditions were an adequate commitment 

between substitution and waste of material and would have a considerable impact on the adhesion 

properties of the resulting scaffold.  

Additionally, this scaffold should undergo controlled degradation, be sterile, non-cytotoxic and evoke 

minimal inflammatory reactivity, while still being cost effective1c. The size of the skin wounds can be 

variable; therefore, it is highly recommendable to have a scaffold which acts like a patch on the skin 

wound and that we could cut according with the size of the defect. LbL is a cost-effective technique to 

produce multilayer structured membranes for tissue engineering15a. QCM-D monitoring confirmed the 

construction of a film composed by CHT, ALG and HA-DN or HA at the surface of the quartz sensor. 

Several QCM-D monitoring studies have been done with CHT and ALG37a and with CHT and HA43, but it 

is the first time that all polymers were combined. This fact is mainly related with the desired degradation 

rate and offering more robustness for the developed material. When inside human body, HA is known by 

its fast degradation through the action of hyaluronidases 44; however, we aimed a scaffold that undergo a 

controlled degradation, thus, adding an inherently non-degradable polysaccharide as ALG, we 

hypothesize that we could increase the time of degradation. For both cases of study, corresponding to 

Figure VIII-2A and VIII-2B, each decrease on the Δf corresponds to the adsorption of the corresponding 

polymers; indeed, similar Δf were obtained after each polymer deposition, suggesting that similar 

masses of the different polymers were deposited. This fact can be related with the charge of the 

polymers: measured zeta potential values for these polyelectrolytes, at pH 5.5, are close in terms of 

absolute value, being expected also similar changes of Δf. Note that it has been suggested 45 that 

electrostatic-based depositions require appropriate charge balance. Curiously, each decrease in Δf was 

followed by a subsequent increase, due to the desorption of a small fraction of free polyelectrolyte during 

the washing step. Each polymer deposition was also followed by the ΔD increase for both type of films. 

However, ΔD for CHT was lower than for the other polymers, meaning that when the polycation was 

adsorbed the film layer became denser than for the other polymers 46. This observation can be 

associated with the highly water affinity of ALG and HA, which introduced softer layers to the system. In 
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fact, HA is a hygroscopic material, having high ability of attracting water molecules from the surrounding 

environment 47; combining hygroscopic polymers with non-hygroscopic ones could lead to detrimental 

effects. Analyzing the QCM-D data, we hypothesize that after the deposition of the first layer of either HA 

or HA-DN there were some re-arrangements of the film structure, which result in the weak detection of 

the subsequent CHT layer deposition. This effect disappeared after first TL was constructed, indicating 

that the construction films were already more stable. Comparing both CHT/ALG/CHT/HA and 

CHT/ALG/CHT/HA-DN systems, the catechol-containing one generated highest absolute values of Δf. In 

fact, when the modification of carboxylic acid groups in HA with carbodiimide chemistry happens, the 

surface charge of the conjugated decreased, as shown by the ζ-potential values. As follows, the absolute 

ζ-potential values of CHT and HA-DN solutions became more alike, allowing higher Δf. This observation 

goes according with thickness estimation results that revealed that after the construction of 2 TL, 

CHT/ALG/CHT/HA-DN was thicker than CHT/ALG/CHT/HA film (Figure VIII-2C). This goes oppositely to 

our previous results which revealed the formation of thinner films for CHT/HA-DN systems 42. Such 

disagreement can be related by the incorporation of ALG in the multilayer system, as well as the different 

polymer concentrations and proportions. 

Accordingly, biomimetic, polysaccharide-based and transparent membranes containing catechol 

domains were successfully produced following the same methodology already reported by Caridade 

S.G. et al.21a. The integrity of these membranes was maintained even after the detachment process, see 

Figure S VIII-1. SEM images of the upper layer of [CHT/ALG/CHT/HA]100 (Figure VIII-3A and VIII-3B) and 

[CHT/ALG/CHT/HA-DN]100 (Figure VIII-3D and VIII-3E) freestanding membranes showed singular rough 

morphologies, presenting micro to nanofeatures on their surface. Usually, rougher surfaces are preferred 

for cells adhesion and proliferation rather than smooth surfaces, mainly because roughness increases 

the contact area between cells and material 1c, 48. Often, polysaccharide-based membranes’ surface must 

be modified to increase their cellular performance. Therefore, using HA or HA-DN we could overcome 

the need of a surface treatment, being a time and money-saving strategy. Besides presenting a rough 

surface, [CHT/ALG/CHT/HA-DN]100 freestanding membranes also exhibit a very porous structure. In fact, 

interconnected porous networks are benefic for cell nutrition, oxygen delivery, proliferation and migration 

processes, as well as to support and guide tissue vascularization49.  

Nonetheless, the increase on the porosity often compromises the mechanical properties of the 

scaffolds, diminishing their structural stability 50. Therefore, it is important that the developed 

freestanding membranes have enough mechanical strength to maintain integrity until wound heals. The 

mechanical properties of native skin ECM vary according with different individual parameters like 

anatomic site, age or even genetics 51. Uniaxial tensile tests revealed that both type of membranes 

exhibit strain-stiffening behavior (Figure VIII-4B), as well as happens for skin tissue where collagen fibers 

rotate, align, and straighten in the direction of stretch until the point of failure 51-52. [CHT/ALG/CHT/HA]100 

freestanding membranes displayed a Young’s modulus significantly lower than [CHT/ALG/CHT/HA-

DN]100 ones (Figure VIII-4C); Moreover, catechol-containing membranes presented significantly higher 

values of ultimate tensile strength (Figure VIII-4C). Also, maximum extension can be an important 

parameter, but no significant differences were found between the two systems (Figure VIII-4C); the 
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introduction of the HA or of the conjugate HA-DN seems to increase the ability of the freestanding 

membranes to strain, comparing with unmodified CHT/ALG multilayer membranes 21b. Mechanical 

properties can be correlated with the water uptake behavior of the [CHT/ALG/CHT/HA]100 and 

[CHT/ALG/CHT/HA-DN]100 membranes. Figure VIII-4A shows that [CHT/ALG/CHT/HA]100 multilayer 

membranes presented higher ability to retain water molecules and become more hydrated than 

[CHT/ALG/CHT/HA-DN]100 membranes. Previous studies reported that a kind of plasticization 

phenomenon of water molecules in polysaccharides can increase the molecular mobility and decrease 

the stiffness of the membrane 21b. This fact can explain the lowest value of elastic modulus in the case of 

the control membranes.  

The conjugate HA-DN was already reported in literature by conferring more adhesive behavior to 

materials 31-32. In fact, [CHT/ALG/CHT/HA-DN]100 multilayer membranes presented a significantly higher 

value of lap shear adhesion strength than their control [CHT/ALG/CHT/HA]100 multilayer membranes 

(Figure VIII-4D and VIII-4E). We hypothesize that the increase in the bonding force is related with the 

strong adhesion force of catechol groups in the modified HA. Our results matched with previous 

investigations. Park H-J. et al. 53 developed a bioinspired hydrogel composed by HA modified with 

catechol moieties which presented better results in terms of biocompatibility and tissue adhesiveness 

compared with photopolymerized HA hydrogels; however, the adhesive strength of these hydrogels was 

about 47.61 ± 36.12 kPa, that is much less than the ones found in this investigation. Neto A. I. et al. 42 

reported the development of adhesive CHT/HA-DN coatings above glass slides; even though, their 

system presented an adhesive shear strength about 2.32 ± 2.20 MPa, which is in accordance with the 

one achieved with our system. Note, that besides DN can oxidize spontaneously when exposed to the 

air, we believe that when coupled to HA, the conjugated became more stable than having just DN. In 

fact, Neto A. I.42 et al. compared the adhesive strength obtained before and after exposing to sodium 

periodate oxidizing agent and conclude that no significant changes were found. Carvalho A. L. et al. 54 

also produced mussel-inspired LbL coatings for orthopedic purposes, composed by CHT and HA-DN, 

but also including silver-doped bioactive glass nanoparticles. Besides authors confirmed the adhesive 

properties, they also performed microbiological assays, suggesting that coatings containing silver-doped 

nanoparticles displayed an antibacterial effect against S. aureus and E. coli cultures, two of the major 

causes of various human infections. 

For skin wound healing, the evaluation of the biofilm formation at the surface of the scaffold is also 

highly recommended5b. While S. aureus is responsible by causing skin and soft tissue infections, E.coli is 

the most common cause of urinary tract infections. As observed by Figure VIII-5, E.coli and S.aureus 

were not able to form any biofilms at the surface of HA-DN films. Such preliminary result can be 

explained by the intrinsic bacteriostatic effect of catecholamines 55.  

Once several desired properties were assembled in one material, in vitro and in vivo experiments 

comproved that [CHT/ALG/CHT/HA-DN]100 multilayer membranes were effectively more suitable for skin 

wound healing than [CHT/ALG/CHT/HA]100 ones. Parameters like HDFs viability, proliferation and 

infiltration (see Figure VIII-6A and VIII-6B and Figure VIII-7) were favored when cells were culture above 

the catechol-containing multilayer membranes, which imply that [CHT/ALG/CHT/HA-DN]100 membranes 
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were more functionally active than their control without DN. The main reasons for this improved behavior 

can be related with different aspects of the material. As above referred, rough and porous surfaces are 

usually described to enhance cellular behavior. Min B-M. et al. 56 produced silk fibroin nanofibers using 

electrospinning technology; the wide range of pore size distribution, the high porosity as well as the 

consequent high surface area to volume ratio of the nanofibers were suggested as favorable for cell 

adhesion, growth and proliferation. Also, Silva J. M. et al. 57 combined LbL with spherical template 

leaching to produce 3-dimensional nanostructures with high porosity and interconnectivity, just 

composed by self-assembled multilayers of CHT and chondroitin sulfate, to enhance cell adhesion and 

proliferation. Therefore, we hypothesized that it became easier for HDFs located on surface of the 

material to migrate into the pores network, due to the high porosity that [CHT/ALG/CHT/HA-DN]100 

multilayer membranes could offer for cell infiltration and growth. On the other hand, the stiffness of the 

material has been often referred as capable of modulating the cellular behavior above the material’s 

surface. Ren K. et al. 58 produced poly(L-lysine)/hyaluronan multilayer films of controlled stiffness to 

evaluate the influence of this parameter on cellular behavior; they concluded that stiff films enhanced 

proliferation whereas soft films were not favorable for cell adhesion, spreading or proliferation. Our 

results are in agreement with this investigation: [CHT/ALG/CHT/HA-DN]100 multilayer membranes were 

stiffer than the controls without DN, retaining less water volumes and increasing protein adsorption 

phenomena. Finally, the adhesive moieties conferred by DN have been also reported in literature to 

confer cell-adhesive properties. Yang X. et al. 59 conjugated recombinant human gelatin with DN to 

create biologically adhesive surfaces; they reported that the introduction of DN enhanced the binding of 

collagen-binding vascular endothelial growth factor and cell adhesion as compared with gelatin alone. 

Han L. et al. 60 developed adhesive and tough polydopamine-clay-polyacrylamide hydrogels that favored 

cell attachment and proliferation, owning to the high cell affinity of polydopamine. We believe that more 

than mechanical adhesion, the introduction of DN on our freestanding multilayer membranes’ system 

conferred bioadhesive properties to the surface of the membrane unlike what happens to 

[CHT/ALG/CHT/HA]100 multilayer membranes. 

A complex in vivo wound healing process begins upon injury and includes different phases as blood 

clotting, inflammation, re-epithelialization, granulation tissue formation and tissue remodeling 61. Among 

other cell types, mastocytes have been reported to usually migrate to the inflammation site. Moreover, 

mastocytes increased population is proportional to the degree of inflammation of the lesion 62. In the 

inflammation phase, mastocyte cells accumulate at the wound site and release histamine, interleukins 

(IL-6 and IL-8), and growth factors such as vascular endothelial growth factor (VEGF) 63. Posteriorly, 

mastocytes release serine proteases (chymase and tryptase), that breakdown the ECM inducing 

proliferation of fibroblasts and endothelial cells, initiating the following phase of wound healing process. 

Furthermore, the infiltration of neutrophils and other inflammatory mediators is enabled through 

vasodilatation and increased vascular permeability 64. Reduction of inflammation process was more 

evident after 21 days for [CHT/ALG/CHT/HA-DN]100 multilayer membranes. DN has been reported to 

reduce inflammation by inducing upregulation of cytokines, chemokines, adhesion molecules and by 

producing anti-inflammatory mediators 42, 64. The control group (group 3) as well as 
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[CHT/ALG/CHT/HA]100 multilayer membranes (group 1) were not able to reduce the mastocytes 

population. Hence, we hypothesize that the cells could populate the surface of the DN-containing 

membranes which is more porous, stiffer and adhesive than the CHT/ALG/CHT/HA]100 membrane, 

building up a scaffold that enhances skin tissue engineering. Moreover, we believe that the porosity of 

the surface of the [CHT/ALG/CHT/HA-DN]100 multilayer membranes could increase the cellular ingrowth, 

which could mimic even better the features of native ECM. 

Overall, we could produce adhesive and biomimetic multilayer membranes, composed by natural-

based materials, that could act as patch to replace the functions of native ECM until host cells can 

repopulate and resynthesize a new ECM for skin wound healing. 

 

5. Conclusions 

We constructed adhesive and bioinspired freestanding multilayer membranes, composed of 

polysaccharides, which morphology and composition recapitulate aspects presented by native ECM. The 

presence of DN, which contains catechol groups that were found as responsible for the adhesive 

behavior of mussels on wetted rocks, brought new advantages for this LbL system. The 

[CHT/ALG/CHT/HA-DN]100 freestanding multilayer membranes supported better cell adhesion and 

proliferation and provided directional cues for cells communicate with each other and growth. These 

natural, biocompatible, highly porous and adhesive materials hold great potential in providing a support 

for skin wound healing, as shown by in vitro and in vivo assays.  

6. Supplementary Information 

 

 
Figure S VIII-1. Schematic representation of the synthesis of the conjugated HA-DN (1), the layer-by-layer assembly using the 
dipping robot equipment (2) and finally the detachment method employed to obtain the freestanding multilayer membrane (3). A 
real photograph of the detachment step of the [CHT/ALG/CHT/HA-DN]100 multilayer membrane is also presented. 
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Figure S VIII-2. Inset shows the UV-Vis spectra of dopamine solutions with different concentrations and the figure represents 
the respective calibration curve that correlates DN concentration with measured absorbance. 

 

 

 
Figure S VIII-3. 1H-NMR spectra of HA and the synthesized conjugate HA-DN. 
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IX. Dopamine-containing self-adhesive membranes as a delivery 
device of therapeutic stem cells for cartilage repair* 

 

 

 

 
 

Abstract  

 

Traumatic and degenerative cartilage damage cause serious clinical problems in millions of people, 

characterized by the progressive cartilage degradation, pain and loss of mobility. Due to the lack of 

vascularization and perichondrium, articular cartilage has a low capacity for spontaneous repair. 

Superficial defects are difficult to be treated with biomaterials, conceding space for cell therapies starting 

to be introduced in clinics. However, targeting cells to a virtually non-adhesive cartilage surface is a 

challenging task. In this work, we propose a biomaterial able to adhere and transfer cells directly to a 

cartilage surface. For that, self-adhesive freestanding multilayer membranes (FMM) consisting of 

chitosan, alginate, and hyaluronic acid were produced using a layer-by-layer (LbL) technique. 

Bioinspired adhesion was addressed through the modification of HA backbone with catechol groups of 

dopamine and their incorporation into the membranes. FMM with dissimilar nanotopographical structure 

were used as delivery devices for therapeutic cells (adipose derived stromal cells, ASCs). Fluorescence 

microscopy revealed that cells formed clusters on the membrane, but that the presence of 

nanotopographical features increased the spreading of ASCs. After application on human osteoarthritic 

cartilage discs, cells detached from the membrane and spread on the defects of the cartilage surface. 

Overall, the results showed that adhesive and functionalized LbL-engineered FMM membranes are 

promising materials for tissue engineering and reconstruction of superficial cartilage damage. 

 

 

Keywords: layer-by-layer; catechol; freestanding membrane; adhesive; ASCs carrier; adhesive; 

migration; alignment; superficial cartilage damage; osteoarthritis 

                                                        

 
* This Chapter is based on the following publication: Sousa M. P.; Fürsatz M.; Lee H.; Mano J. F.; Nürnberger S., 
Dopamine-containing self-adhesive membranes as a delivery device of therapeutic stem cells for cartilage repair, 
2019 (in submission process). 
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1. Introduction 

Cartilage defects affect billions of people around the world generating cases of pain and functional 

limitations, restricting patients in their daily life. Damaged cartilage can be a result of trauma, age-related 

degeneration, malalignment of the joint . Already minor lesions can initiate degradation processes that 

bring dramatic consequences for the structure and function of articular cartilage or even chronic 

diseases such as osteoarthritis (OA) 1. Superficial cartilage is the outer area of the tissue, composed of 

flattened ellipsoid cells parallel to the joint, covered by a thin film of synovial fluid 2. When healthy, it 

presents a large content of water (~80%) provided by the high activity of chondrocytes in synthetizing 

collagen and the lower concentration of proteoglycans. Disruption of this zone makes cartilage 

vulnerable for degradation processes, since chondrocytes around the defect frequently react on the 

damage with further degradation and since deeper regions of cartilage, deprived from its superficial 

sealing and gliding layer, are exposed to the synovial fluid and shear forces, contributing for the 

development of OA 2. This results from the fact that chondrocytes cannot escape themselves the dense 

matrix to refill sites of tissue loss and articular cartilage lacks on vascularization and perichondrium, as 

potential sources of regenerative cells 1a, 3. Autologous chondrocyte transplantation (ACT) has been 

used as a strategy for deep traumatic cartilage repair, through the implantation of autologous patient’s 

chondrocytes, obtained via cartilage biopsies and then injected into the cartilage area after expanded the 

cells in vitro. 4. Besides this strategy has been already applied in clinics, some concerning limitations still 

exist: different studies concluded that chondrocytes when expanded in 2D systems can de-differentiate, 

stopping to produce indispensable matrix proteins like collagen type II, aggrecan and others or when 

they did not de-differentiate, the cells just presented short-term viability 5. Furthermore, additional donor 

site morbidity can be a negative consequence of taking biopsies from healthy cartilage of the patient 5a. 

While a lot of research has been applied to regenerate deep traumatic and usually locally restricted 

osteochondral defects, there are increasing number of investigations targeting cell therapy to treat 

superficial cartilage defects and early stages of OA.  

Therefore, different strategies have been employed to treat cartilage defects, from simple pain-

relieving drugs or techniques 6 to sophisticated tissue engineering and cell therapy approaches 6b, 7. 

Different drugs 8 and hyaluronic acid (HA) injections 9 have been employed to reduce pain and control 

inflammation; their limited efficiency and fail to prevent damaging progression prompt the searching for 

new treatments. Cell therapies have been gaining increasingly importance to repair cartilage defect: 

adipose-derived stromal/stem cells (ASCs) have been investigated to treat cartilage damaging 10; they 

are undifferentiated cells with the ability to self-renew and to be differentiate towards specific and 

multiple cell types including chondrocytes, under appropriate culture conditions 11. Moreover, ASCs are 

generally easy to obtain by lipoaspiration of the fat tissue, involving minimal donor site morbidity with 

highly proliferative ability 12. The ability of ASCs to form a cartilage-like matrix was reported by different 

authors 13; they concluded that ASCs may hold greater potential for long-term cartilage function than 

differentiated chondrocytes. Phenotypically, ASCs are positive for markers as CD34+ and 

CD31−/CD45− but not for HLA-class II cell surface receptors, usually associated with transplant failure; 
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Lin et. al. 14 reported that the lack of HLA-class II antigen on the ASCs surface could be responsible for 

the no evidence of host rejection after transplanting ASCs allogenically or even xenogenically. 

Nowadays, ASCs are already used in clinics to treat osteoarthritic defects through intra-articular 

injections 15. Toghraie et. al. 13b investigated the possibility of restoring the matrix of arthritic knee joints in 

adult white New Zealand rabbits through the intra-articular injection of scaffold-free ASCs; they found 

significant differences comparing the quality of cartilage between ASCs-injected group and the control 

group 20 weeks after surgery. It seemed a valid approach for treating cartilage defects. In turn, ter 

Huurne et. al. 16 studied the effect of intra-articular injection of ASCs on synovial lining thickness in 

osteoarthritic C57BL/6 mice; they could inhibit synovial thickening, avoiding the destruction of the 

cartilage. Parallel to these results, Vilar et. al. 13c suggested that injected ASCs may not integrate well 

with the OA-derived hip joint canine lameness. The author stated that even ASCs injections are an 

efficient method to treat cartilage defects for short time, the load-bearing improvements of osteoarthritic 

cartilage after this treatment can be progressively decreased till the starting point, after 3 months.  

Nowadays, the treatment of early stages of OA and superficial cartilage defects has been based in 

the resurfacing of rough cartilage superficial layer with cells. Alternative strategies have been recently 

proposed to overcome the limitations of scaffold-free ASCs injections to repair superficial cartilage 

defects 17: we hypothesize that the use of biomaterials can simplify the cellular delivery and 

consequently their adhesion, proliferation and differentiation. Cell carriers have been developed to 

provide a structured vehicle for delivery cells to the defect tissue 18. In this field, synthetic polymers have 

been gradually replaced by natural ones, since polysaccharides are presented in native cartilage 

extracellular matrix (ECM) 19. Particularly, positive results for the treatment of mild to intermediate OA 

were already obtained using viscosupplementation injections of polysaccharides with higher water 

retention behaviour as HA, improving the joint lubrification. Nevertheless, recent procedures failed to 

suggest this as a therapeutic modality, with inconsistent results that could be a consequence of the 

possibility of HA really vary in concentration, molecular weight, molecular organization, reticulation and 

protocol of injection 20.  

However, problems related with the fixation and the mechanical loading and shear forces 

provided by the synovial environment 21. Glue- and adhesive-based materials have been nowadays 

proposed to overcome these  issues 22. For instance, Kim et. al. 22b used a fibrin glue to implant stem 

cells in patients with osteoarthritic knees; the authors found improved outcome with the International 

Cartilage Repair Society (ICRS)  score when using cell-containing fibrin glue, suggesting a long-term 

stability. However, some limitations were also associated with this strategy: the weak mechanical 

properties, the shrinkage of the hydrogel, and the early degradation of fibrin must be solved 22b.  

Therefore, in this investigation we suggest the use of adhesive based membranes to transport 

ASCs to osteoarthritic or superficial cartilage defects. To confer adhesive properties to the membrane, 

HA was modified with dopamine (DN), an analogue of the non-cationic amino acid 3,4-dihydroxy-L-

alanine (DOPA), that is usually presented in high amounts in mussel adhesive proteins. The catechol 

component of DOPA is the main responsible for the strong adhesion of mussels to rocks, even in a wet 

environment 23. Catechol chemistry has been intensively investigated in the last decades, exploiting the 
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adhesion to different wet organic and inorganic substrates 24. For that, different materials have been 

modified with catechols; for instance, Scognamiglioa et. al. 25 modified alginates with DOPA, at different 

substitution degrees, using these conjugates to produce membranes with enhanced adhesive and 

biocompatible properties. Lee et. al. 26 functionalized chitosan with catechols to use as a coating to 

hypodermic needles, helping to prevent bleeding after tissue puncture, by undergoing a solid-to-gel 

phase transition in situ to seal punctured tissues.  

In the presented investigation, HA modified with DN (HA-DN) was combined with other 

polysaccharides, chitosan (CHT) and alginate (ALG) and the layer-by-layer (LbL) technology was 

employed to develop freestanding multilayer membranes (FMM). LbL assembly allows to produce 

nanostructured organized multilayered films, using a wide range of materials  27. This versatile 

technology is based on the alternate and sequential deposition of materials, usually based on 

electrostatic interactions, that is self-organized in a specific substrate surface 27. Particularly, LbL 

technique has been gaining interest as a hierarchal strategy to regenerate cartilage, in which smaller 

components are assembled in 3D constructs, mimicking the hierarchical organization of native cartilage 

28. Silva et. al. 29 combined LbL and template leaching to produce nanostructured 3-dimensional 

constructs for cartilage tissue engineering; they found that human MSCs could adhere and proliferate 

and differentiate in chondrocytes upon culture in chondrogenic differentiation medium. Moreover, with 

this bottom-up technology, it is possible to create biomaterials with unique properties that invoke the 

cartilaginous ECM characteristics, such as topography 28. 

Topographical features on the surface of biomaterials are known to control cellular functions, such as 

adhesion, morphology or differentiation. The effect of introducing spatial topographical cues in the LbL 

membrane was also investigated, to confirm if it can potentially support the progress of ASCs integration. 

Our approach combined the advantages of using natural materials, with the versatile LbL methodology 

and the abilities to tailor the biochemical, mechanical, topographical and adhesive properties of the 

resulting product. Moreover, we emphasized the importance of having a very thin material that mainly 

serves as a temporary device to deliver ASCs capable of treating damage articular cartilage; even 

though, not less important as it is easy-to-handle, adhesive to the cartilage and can act as a gate 

between the synovial environment and the treatment of damaged cartilage. 

 

2. Materials and Methods 

2.1. Materials 

Chitosan (CHT, Sigma, St. Louis, Missouri, United States of America (USA)) with a molecular weight 

in the range of 190–310 kDa, a N-deacetylation degree ranging from 75-85% and a viscosity of 0.2-0.8 

Pa.s was purified following a standard procedure reported elsewhere 30. Hyaluronic acid (HA) with a low 

molecular weight between 80-100 kDa was purchased as hyaluronic acid sodium salt was supplied by 

Carbosynth Limited (Compton, Berkshire, United Kingdom). Sodium alginate (ALG) with a viscosity of 

0.005-0.04 Pa.s obtained from brown algae, and dopamine hydrochloride (DN) and N-(3-
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Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (purum, ≥ 98.0% (AT)) were purchased 

from Sigma and used as received.  

 

2.2. Synthesis of HA-DN 

HA-DN conjugates were synthesized using EDC as an activation agent of the carboxyl groups on HA 

chains, based on an already reported procedure 31. To avoid oxidation, the conjugated material was 

stored at -20 °C and protected from the light until using. 

 

2.2.1. Ultraviolet-visible (UV) Spectrophotometry.  

The presence of dopamine in the conjugate was determined using a UV-vis spectrophotometer 

(JascoV560 PC, Easton, Maryland, USA) and 1 cm quartz cells. Polymer solutions of 0.5 mg. mL−1 in 

0.15 M sodium chloride (NaCl, LabChem Inc, Zelienople, Pennsylvania, USA) were prepared for the UV-

vis analysis.  

 

2.2.2. 1H-Nuclear Magnetic Resonance (NMR).  

1H-NMR analyses were performed dissolving overnight the HA, DN and the conjugated HA-DN in 

deuterated water (D2O, Cambridge Isotope Laboratories, Inc.) at a concentration of 1 mg. mL−1. The 

spectra were obtained using a spectrometer BRUKER BioSpin - 300 MHz, at 298 K and 300 MHz for 1H. 

 

2.3. Freestanding Multilayer Membranes Production and Characterization  

 

2.3.1. Production of the freestanding multilayer membranes 

The production of the multilayer membranes was achieved using the LbL methodology with the help 

of a home-made dipping robot, based on a methodology previously reported 32. Polypropylene (PP) and 

patterned polycarbonate (PC) substrates were immersed in alternated polyelectrolyte solutions with a 

rinsing solution deposition between each polyelectrolyte. Patterned PC substrates was obtained from 

optical discs 33. The rinsing solution used was a 0.15 M NaCl (pH = 5.5) and the polymer solutions were 

used at a concentration of 2 mg. mL-1 for CHT and ALG and 0.5 mg. mL-1 for the HA and HA-DN. 

Deposition time of the polyelectrolytes was 6 min and 4 min for the rinsing solution.  

After 100 tetralayers (TL), multilayer membranes containing HA, CHT and ALG (HA film) and 

multilayer membranes containing HA-DN, CHT and ALG (HA-DN film) were detached from the 

underlying PP and PC substrates, with the help of a tweezer. Four types of freestanding multilayer 

membranes (FMM) were obtained: non-patterned HA and HA-DN membranes (detached from the PP 

substrate) and patterned (PAT) HA and HA-DN (detached from the PC substrates). 

 

2.3.2. Scanning Electron Microscope (SEM) 

The surface morphology of the samples was observed using a Hitachi S4100 (Tokyo, Japan) SEM. 

All samples were coated with a conductive layer of sputtered gold. The SEM micrographs were taken 
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using an accelerating voltage of 15 kV and at different magnifications. The cross-section of cut 

membranes was also observed by SEM. 

 

2.3.3. Degradation assays 

The FMM were placed in PBS, at pH=7.4 (control), and in an enzymatic solution composed by 0.33 

mg.ml-1 of hyaluronidase in PBS with NaN3, at pH=7.11; all FMM were put in a shaking water bath at 37 

°C. The medium was replaced every 3 days and at predetermined time points (1, 3, 7, 14 and 30 days), 

the membranes were removed from the solutions and washed with distilled water to remove the excess 

of salts. Then, the membranes were dried at constant temperature and weighted. The percentage of 

weight loss (WL) of the membranes for the different conditions was determined following Equation 1, 

with Wi being the initial dry weight of the membrane and W f being the weight of the dry membrane after 

each predetermined time point. Thus, the percentage of weight retaining (WR) was calculated using 

Equation 2, with the values obtained in Equation 1. 

 

         Equation IX.1 

 

         Equation IX.2 

 

 

2.3.4. Mechanical tests: adhesive property 

A simple visual test was used to determine the adhesive potential of the HA-DN membranes. 

Therefore, hydrated HA-DN membranes were cut in circles with a diameter of 8 mm and put in contact 

with human cartilage discs prepared with the same diameter. Then the system was incubated in cell 

medium at 37°C during at least 1 hour. An aluminium-pin was placed on the top of the membrane and 

the all system was again incubated for 30 minutes. The adhesive potential of the membranes was 

observed by the ability of handling all the system together, just holding one of the sides. This test was 

recorded using a photographic camera.  

 

2.4. In vitro biological assays 

Prior to cell seeding, the membranes were disinfected and sterilized by UV exposure for 20 minutes, 

followed by 1.5 hours immersion in ethanol in the end, the membranes were washed with sterile DPBS 

and immersed in a 10% FBS solution, during overnight (right before the seeding). In the day after, the 

membranes were washed with DPBS and maintained there until using. The well culture plates were also 

previously coated with poly-HEMA (poly 2-hydroxyethyl methacrylate, Sigma, St. Louis, Missouri, USA) 

to make low adhesive the bottom of the wells. 

Telomerase Reverse Transcriptase immortalized Adipose-derived Stromal/Stem Cells (ASC/TERT1; 

Evercyte, Vienna, Austria) previously labelled with a red fluorescent protein (RFP) were used for all 

experiments. Cells were thawed and propagated in EGM™-2 medium from (Lonza, Basel, Switzerland) 
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in T75 cell culture flasks at 37°C, 5% CO2 and 95% air humidity and spitted at 60-70% of confluence. 

When reaching the required cell number for the experiments, they were transferred to the FMM 

membranes.  

  

Cell adhesion, viability and proliferation. Cell adhesion, viability and proliferation was determined 

qualitatively, by imaging live cells after 5 days of culture, and quantitatively, by measuring the number of 

cells on the membranes after 1 and 3 days.  

Briefly, the sterile membranes were cut in circles of 8 mm diameter (A superficial=0.5 cm2) using 

a biopsy punch (Kai Europe, GMBH Solingen, Germany) and put inside each well of the poly-HEMA 

coated 48-well culture plates. A cell suspension of 100µl containing 2.5 x 104 cells was dropped gently 

and right above the membrane surface. The cells were incubated at 37°C for 4 hours. Live images of the 

RFP transfected ASC/TERT1 were taken for each condition, using a brightfield and fluorescence 

microscope (Olympus BX41). After that, 200µl of cell growth medium was added to each well and the 

cells were maintained in culture at 37°C for 5 days while the medium was changed every 2-3days. Live 

images were also taken at 5 days. Afterwards, samples were prepared for SEM imaging and fixed with 

4% formalin (Sigma, St, Louis, Missouri, USA) for 1 hour and then washed with DPBS three times. Then 

the samples were dehydrated by an increasing series of ethanol (EtOH) and chemically dried with 

hexamethyldisilazane (HMDS, Sigma, St. Louis, Missouri, USA). When HDMS was totally evaporated, 

the samples were coated with gold and examined on a SEM (Zeiss MA 10) in the secondary electron 

mode. 

 The same cultivation procedure was used for quantitative assays, but with membrane samples 

with a larger area, A= 4 cm2. The sterile membranes were placed in poly-HEMA coated 12-well culture 

plates and the same number of cells.mm-2 (5 x 104 cells.cm-2) was dropped right above each membrane.  

After 1 and 5 days, three samples per condition were taken and the adherent cells detached with trypsin 

and counted using an automatic cell counter equipment (CASY1 cell counter, Schärfe Systems).  

 

Morphometric cell parameters. Cells area, perimeter, circularity and elongation factor (EF) were 

parameters evaluated using the software Image J® (National Institutes of Health, Bethesda, MD, USA) 

and were determined after 5 days of culture. The cell EF corresponds to the longest cell axis divided by 

the maximal length perpendicular to this long axis 34. This value serves to describe the elongation of the 

cells or their morphology in a group of aligned cells. whereas a higher EF means a more elongated cell 

morphology. The circularity is defined as the ratio of the area of the object to the area of a circle with the 

same perimeter as the object, serving as a measure of their roundness. A value of 1 indicated a perfect 

circle, whereas a value approaching zero indicates an increasingly longer and more protruded. The 

alignment was determined using information obtained by SEM images, from cells adhered on the 

membranes and the nanopatterning; the patterning orientation was rotated to be equal to 0°. 

Additionally, also the cells angle distribution was determined using the Image J® software analysing 5 

images per condition, relatively to the day 3 of culture.  
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2.4.1. In situ biological assays  

Preparation of human osteoarthritic cartilage discs. Human hip joints were used as the source for 

cartilage plug discs and were harvested with written consent of the patients and approval of the local 

ethic committee. Just hip joint samples with visible signs of damaging were considered for this study; 

therefore, parameters like colour and roughness were considered. Firstly, the cartilage areas of interest 

were cut from the hip joint with a scalper and 8 mm chips were prepared biopsy punch. Subsequently the 

discs were kept in a sterile solution of DPBS containing 10% of antibiotics at 4°C and used in the day 

after.  

 

Cultivation of RFP-ASC/TERT1 seeded membranes on OA cartilage discs. To test the application of 

the cell-seeded membranes to the damaged human cartilage plug, the cell adhesion and proliferation on 

the cartilage and also the cellular differentiation capability, membranes were firstly prepared following the 

same procedure as above: briefly, the sterile membranes were cut in circles of 8 mm put inside each well 

of sterile poly-HEMA coated 48-well culture plates (d = 11 mm). Two cell density groups were formed: 

cell suspensions of 100 µl each containing 2.5 x 104 cells and 1.5 x 105 cells was dropped gently and 

right above the membrane surface. The cells were incubated at 37°C for 4 hours. After that, 100 µl of cell 

growth medium was added to each well and the cells were maintained in culture at 37°C, overnight.  

The day after, RFP-ASC/TERT1 seeded-membranes were directly applied to the damaged 

surface of the human cartilage discs, with the RFP-ASC/TERT1 side facing the cartilage surface. Then 

this system was transferred in one-piece to the poly-HEMA coated 48-well culture plates, upside down 

(membrane in contact with the bottom and the chip right above).  

To observe the interactions between cell-seeded membranes and damaged cartilage discs, each 

well/ system was cultured in basal ASC differentiation medium [Dulbecco’s Modified Eagle’s Medium 

(DMEM) high glucose, Insulin-Transferrin-Sodium Selenite (ITS), Acid Ascorbic, Sodium Piruvate, L-

proline, bovine serum albumin (BSA), penicillin/streptomycin, L-glutamine], supplemented with 100 mM 

of dexamethasone. The medium was changed every 2-3 days and the culture was maintained for 3 

weeks. All the reagents were supplied by Sigma (United States of America). 

In turn, to investigate the ASCs differentiation potential with these systems, each well/system was 

cultured in ASC basal medium, supplemented with differentiation factors: 100 mM of dexamethasone 

and low-dose (1 ng.ml-1) of transforming growth factor- beta 3 (TGF-β3) and bone morphogenetic protein 

6 (BMP-6). The medium was changed every 2 days and the culture was maintained for 5 weeks. 

 

Live cell imaging of the interaction between RFP-ASC/TERT1 seeded membranes and the 

damaged cartilage chip. The interaction between RFP-ASC/TERT1 seeded membranes and the 

damaged cartilage chip was recorded after 3 days, 1 week and 2 weeks of culture. Briefly the systems 

were maintained inside the well plates and placed above the plate support of the confocal microscope. 

Then, we started from the bottom top the top of the system until had found the interface between the 

membrane and the discs where the cells were located. Live images were imaged using confocal 

microscopy.  
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Cross-section observation of the RFP-ASCs /TERT1 seeded membranes and the damaged 

cartilage chip. After 2 weeks of culture, 3 samples of each condition were fixed with paraformaldehyde 

4% solution during overnight, under automatic agitation. The day after, the samples were washed with 

DPBS three times, transversally cut in two halves and placed in a glass slide with the cross section 

turned down. The cross-sections were imaged with confocal microscopy.  

 

Histological sections preparation: Immunohistochemistry (Azan staining analysis). After 3 weeks 

of culture, the other 3 samples of each condition were fixed with formalin 4% solution during overnight, 

under automatic agitation. Next day, the samples were washed under flowing tap water for 1 hour, 

transferred into 50% EtOH for another hour under automatic agitation and then into 70% EtOH were they 

were kept until further processing. Briefly, after EtOH incubation series, the samples were embedded in 

paraffin and sectioned with 3-4 µm thickness with a rotatory microtome. Then the samples were exposed 

to a deparaffination process. To evaluate the impact of the ASCs-seeded membranes on the cell 

distribution along the structure of the cartilage, the sections were stained with Azan trichrome and 

visualized using a light microscope with a specific image analysis software. This staining permits to 

distinguish cells from the extracellular matrix (cartilage matrix and collagen in blue and the nuclei in red). 

Cartilage fragments without membrane were used as control. 

 

Histological sections preparation: Immunohistochemistry (Collagen-type II staining analysis). To 

evaluate the chondrogenic potential of these cells when in contact with the damaged cartilage discs and 

incubated in a TGF-β3/BMP-6 supplemented medium, immunohistochemistry and histological analysis 

were done as described above. Sections were immunolabelled against collagen type II (Neomarkers, 

CA, USA). Subsequently, samples were visualized using a light microscope with a specific image 

analysis software. Cartilage fragments without membrane were used as control.  

 

2.5. Statistical Analysis 

All quantitative data was represented as average value ± standard deviation with at least 5 replicates 

for each test subject, unless specifically mentioned. For the different quantification assays, multiple 

comparison of more than 2 groups were made using one-way ANOVA followed by Bonferroni’s multiple 

comparison test. Any exception to this procedure was referred on the appropriated section. Statistical 

significance of all tests was accepted from p<0.05 (*). All statistical analysis was performed using the 

software GraphPad Prism 6.0. 

 

3. Results 

In this work, DN containing freestanding multilayered membranes were produced using a LbL 

technology, based on the sequential and alternated assembly of natural-based polyelectrolytes. These 

materials were developed to act as a vehicle to delivery ASCs to treat damaged cartilage. Firstly, these 



Chapter IX Universidade de Aveiro 
 

Page | 224 
 

membranes were characterized in terms of morphology,  chemistry and degradation and then tested in 

vitro and in situ for application on cartilage repair. 

 

3.1. Synthesis and characterization of the conjugate hyaluronic acid modified with dopamine 

(HA-DN) 

HA is a component of the ECM and may be combined with other polyelectrolytes to produce 

biocompatible and biodegradable materials. To provide an adhesive character to this material, HA was 

conjugated with DN. UV- vis spectra of the HA and the conjugate HA-DN water-based solutions are 

presented in Figure S1A, at wavelengths from 200 nm to 400 nm. Enhanced absorption of UV light at 

280 nm wavelength was observed for the HA-DN solution, demonstrating the successful incorporation of 

catechol groups. These results permitted to determine the degree of DN substitution. For that, the UV-vis 

spectroscopy standard spectra were obtained from solutions with different concentrations of free DN and 

are represented in the inset of Figure S1B, where it is possible to confirm the characteristic UV-excitation 

band of DN, centered at 280 nm. For DN concentrations less than 0.75 mM, the relation between DN 

concentration and absorbance followed a linear regime - Figure S1B. Using the measured absorbance 

for the HA-DN, obtained at 280 nm, and the linear growth equation obtained from the DN spectra (Figure 

S1B), the estimated degree of DN substitution in the conjugate is 17.6%. The 1H-NMR spectrum of the 

non-modified HA is shown in Figure S1C and is consistent with the one found in literature, where the 

multiplets located at δ =2.12 ppm is associated with the protons of N-COCH3 groups. The peak at δ 

=1.91 ppm is associated with the proton in the methylene of the HA backbone. Figure S1D shows the 

1H-NMR spectrum of DN; the multiplets centered at δ = 2.876 ppm and δ = 3.227 ppm that can be 

observed are associated with the protons of the aliphatic group, according to the literature 35. The region 

between δ = 6.6 ppm and δ = 7.0 ppm corresponds to the protons in the orto and meta coupling position 

of the ring. Figure S1E corresponds to the 1H-NMR spectrum of the HA-DN conjugated; as observed all 

the peaks presented in the individual compounds are presented in the spectrum of the conjugated, 

confirming the presence of DN in the HA-DN conjugate. The catechol content (mol%) in HA-DN was 

determined from the quotient between the integral area of the peaks between δ = 6.6 ppm and δ = 7.0 

ppm, corresponding to the amount of H in the aromatic rings of grafted catechol moieties, and the 

integral area of the peak at δ = 1.91, representing the amount of H in the methylene of polymeric 

backbone. The ratio of DN conjugated in the HA backbone was around 18%.  

 

3.2. Production and characterization of the freestanding polyelectrolyte multilayer membranes 

A homemade dipping robot was used to produce the respective freestanding multilayer membranes, 

by repeating the process 100 times over low surface energy substrates. In the end four types of 

freestanding membranes were obtained from the simple detachment of the multilayers by drying: non-

patterned HA and HA-DN membranes and PAT HA and PAT HA-DN.  
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3.2.1. SEM 

The morphology of the surface of the freestanding membranes was investigated by SEM (Figure 1). 

The HA-side and the ALG-side morphology of the HA membrane revealed a quite rough morphology, 

presenting some micro features over the entire surface. The morphology of the HA-DN-side and the 

ALG-side of the HA-DN membrane showed some nano- to microfeatures randomly distributed over the 

entire surface. In turn, for the HA or the HA-DN-side of PAT HA and PAT HA-DN membranes, the regular 

line pattern with grooves at the sub-micro scale were clearly visible. The cross-section of the HA 

membrane appeared homogeneous along the thickness while the cross-section of the HA-DN 

membrane is more heterogeneous along the thickness of the film. The cross-sections of the patterned 

membranes seemed homogenous like for non-patterned membrane (Figure 1). 

 

 

Figure IX-1. SEM images of the morphology of the upper and lower side and of the cross-section of the flat HA and HA-DN 
multilayer membranes and PAT HA and PAT HA-DN multilayer membranes (higher magnifications in the insets). 
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3.2.2. Degradation assays 

The degradation profile of the HA, HA-DN, PAT HA and PAT HA-DN freestanding membranes was 

evaluated for 30 days in a hyaluronidase-based solution and in a PBS solution at 37 °C (Figure 2). After 

1 week of immersion in hyaluronidase-based solution, HA membranes lost around 35%, PAT HA 

membranes lost around 28%. HA-DN and PAT HA-DN membranes lost significantly less weight (~17% 

of weight loss). The same trend was observed after 1 month of incubation in hyaluronidase-based 

solution, HA membranes lost around 73% while HA-DN membranes lost 52% of the initial weight. In the 

other hand, after 1 month of incubation in PBS solution, HA membranes lost around 40% while HA-DN 

membranes lost 30% of the initial weight.  The percentage of weight retaining naturally decreased with 

the time, presenting the same trend for both hyaluronidase-based and PBS solutions. Nevertheless, the 

overall decreasing on the percentage of weight retaining was significantly higher in the case of using 

hyaluronidase-based solution. 

 

 
Figure IX-2. Degradation profile of the HA, HA-DN, PAT HA and PAT HA-DN multilayer membranes when immersed during 30 
days in an enzymatic-based solution (composed of hyaluronidase) and in a PBS solution. Data are presented as average and 
standard deviation where significant differences between HA and HA-DN membranes were found for p < 0.001(***) and p < 
0.01(**) and significant differences between PAT HA and PAT HA-DN were found for p < 0.001(^^^) and p < 0.01(^^). 

 
3.2.3. Adhesion tests 

The adhesion potential of the HA-DN membranes to the cartilage was demonstrated using a simple test: 

the video V1(presented as Figure S2, that corresponds to a QR-code image) shows the adhesive 

character of the HA-DN to cartilage and to aluminium, when incubated in a wet environment. 

 
3.3. In vitro biological assays 

The aim of this study was to evaluate the membrane as a temporay scaffold and a delivery device of 

ASCs to repair superficial defects of articular cartilage or early stages of OA. Therefore, biological 

assays were done to perceive how RFP-ASC/TERT1 interact with those membranes, varying cell 

number and times of cultivation. After five days of culture, fluorescence microscopy revealed that cells 

grown on non-patterned membranes formed clusters on both HA-DN membrane and the control 

membrane without the catechol modification. On the other hand, patterned membranes with the 
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nanotopography on the surface increased the spreading capacity of ASC, being elongated and well 

distributed over the membrane (Figure 3 and Figure S3). The initial cell densities of 2.5x104 and 1.5x105 

cells determined the size of cell clusters but also the number of cells attached to the membrane since 

day 1. Some individual cells seemed to attach the membranes’ surface in the case of the lower initial cell 

density (Figure 3A) while cells had a stronger tendency to form clusters in the case of the higher initial 

cell density samples (Figure 3B). Nevertheless, the effect of having a nano-sized patterned surface was 

similar for both conditions. 

After 5 days, cell-seeded membranes were visualized using SEM (Figure 3C and 3D); the images 

confirmed that RFP-ASC/TERT1 seeded above non-patterned membranes tended to aggregate in big 

clusters all over the sample while the same type of cells appeared to spread and strech along the 

grooves presented on the patterned membranes’ surface. Lower initial cell density  seemed to result in 

the decreased number of cells adhered on the membranes’ surface (Figure 3C) than using a higher cell 

density (Figure 3D). Quantification of the cellular adhesion  (Figure 4A), revealed more cells adhered to 

the HA-DN, PAT HA and PAT HA-DN membranes than HA membranes, either after 1 or 3 days of 

culture. Significant differences were found considering the number of cells adhered after 3 days on PAT 

HA-DN membrane in comparisson with the others – see Figure 4A. Morever, in the case of the patterned 

membranes, most RFP-ASCs/TERT1 appeared to spread and elongate within the directions of the 

nanogrooves (more evident in the magnifications presented in Figure S3) – see also the polar graphic 

representations (Figure 4B).  

Cellular morphogenesis occurs in response to physical and topographical cues and offers insights 

into cytoskeletal organization, material- cell interaction and even signaling feedback that directs cellular 

fate. Therefore, morphometric characterization was done in this study, reflecting cellular proliferation and 

migration. The quantification of the averaged cell spreading area and perimeter are presented in Figure 

S4A. The average values of EF and circularity corresponding to HA, HA-DN, PAT HA and PAT HA-DN 

multilayer membranes are presented in Figure S4B. RFP-ASCs/TERT1 averaged area and perimeter 

were higher when cultured above the non-patterned surfaces than on the patterned ones. In terms of EF, 

patterned membranes enabled higher EF, while the circularity value was lower. Besides that, there are 

not significant differences between these parameters on both membranes. We concluded that cells 

adhered, spread and elongated very well above both membranes but with better performance for the 

catechol-containing membrane.  
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Figure IX-3. Fluorescence microscopy and SEM images of RFP-ASCs/TERT1 grown on the different freestanding multilayer 
membranes at different initial cell densities: A) 2.5x104 cells and B)1.5x105 cells correspond to fluorescence microscopy; C) 
2.5x104 cells and D)1.5x105 cells correspond to SEM. The images were taken on day 5 of culture and correspond to a 
representative area of the membrane. A) and B) shared the same scale bar dimensions as well as C) and D). 

 



Chapter IX Universidade de Aveiro 

Page | 229  
 

 

Figure IX-4. A) Bar graphic representing the total number of viable cells per area that adhered on the different types of 
membranes, after 1 and 3 days of culture. (seeded cell density=5.0 x104cell/ sample). The numbers are normalized by the 
superficial area of the membrane. Data are presented as average ± standard deviation, where significant differences are found 
for p < 0.001(***) and p < 0.01(**). B) Polar graphical representation of cellular orientation for the HA, HA-DN, PAT HA and PAT 
HA-DN membrane (n=50). 

 
3.4. In-situ biological assays 

After testing the RFP-ASCs/TERT1 behavior on the multilayer membranes surface, different in-

situ biological assays were performed on cartilage tissue (Scheme S1). RFP-ASCs/TERT1 were seeded 

on the multilayer membranes and allowed to adhere overnight in basal growth ASCs medium. The day 

after, the cell-seeded membranes were transferred to the previously prepared human OA cartilages 

discs. Live cell imaging was performed from the bottom of the plugs, to observe the behaviour of the 

cells on the OA cartilage, by confocal microscopy at different time points (Figure 5 and Figure S5). The 

cells seemed to attach preferentially on the cartilage surface, suggesting a migration from the membrane 

to the tissue. Moreover, comparing the lower (Figure 5A) and higher (Figure 5B) initial cell density, some 

differences in cell density and distribution could be noted, but just for the first days of culture. After one 

week of culture no significant differences were observed and this was mantained for the remaining time 

of culture (Figure S5). 
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Figure IX-5. Fluorescence images of RFP-ASCs/TERT1 seeded at different cell densities A) 2.5x104 cell/ sample and B) 
1.5x105 cell/ sample, growing in between different freestanding multilayer membranes and OA cartilage discs. The images 
represent vital cells growing in the interspace between the membrane and the damage cartilage disc, after 1 day and 1 week of 
culture.  

 

In order to investigate the interaction of cells and damaged cartilage discs, samples were 

analyzed in cross-section, at the end point of cultivation. After 3 weeks of culture, confocal microscopy 

and histology (Figure S6A and S6B) showed that  RFP-ASC/TERT1 tightly adhered to the damaged 

cartilage, and in samples with a rough surface they were colonizing the ridges and empty spaces, 

capable of interacting with the remaining cartilage matrix. According to the images, all the systems 

allowed cells to grow over from the membranes to the cartilage, adhering well and squeezing inside the 

small superficial ridges. Moreover, it seems that as cells adhered better in vitro on the surface of HA-DN 

and PAT HA-DN multilayer membranes, they also present more cells to migrate into the rough cartilage 
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area. The same observations were made when RFP-ASC/TERT1-seeded HA-DN and PAT HA-DN 

membranes were applied to highly damaged cartilage discs (Figure 6A). The membranes could also be 

observed by confocal microscopy (Figure 6B).  

Figure S6C presents confocal images that could elucidate about the influence of the 

roughness/damaging of the sample on the membrane/tissue interaction, the cell/ tissue interaction, as 

well as on the delivering process. In fact, when the articular tissue of the donor was too damaged, their 

surface appeared highly rough and the migration of the cells to the tissue was clearly noted the cells 

were delivered to the cartilage surface, adhering and proliferating. Meanwhile, they started to migrate 

into the defects interacting with the damage tissue. Additionally, it was easy to perceive with these cross-

sections imaging analysis that the RFP-ASCs adhered temporarily to the membrane and, when in 

contact with the damaged cartilage, the cells started to bridge between the membrane and the damaged 

tissue.   

 

 

Figure IX-6. Fluorescence images of the paraformaldehyde fixed cross-section of the system RFP-ASCs/TERT1 –seeded (at 
the cell density of 2.5x104 cell) freestanding multilayer membranes, that were applied to treat A) very damaged cartilage chips, 
after 3 weeks of culture and B) cartilage chips, after 3 weeks of culture and where autofluorescence of the membranes allowed 
their visualization.  The cells adhered to the cartilage, proliferated and spread on the surface and started to enter through the 
cartilage defects, colonizing the empty spaces and interacting with the remaining tissue. The membranes were tight to the 
cartilage surface. 

 
 Histological sections of each treatment system were also prepared after 3 weeks in culture 

(Figure 7 and Figure S7). To investigate the cell-matrix interaction ECM it was used the Heidenhain’s 

Azan trichrome histological staining. Histological analysis supported the fluorescence images showing 

that the cells colonize the defects of the osteoarthritic cartilage and started to integrate the gaps between 

the cartilage matrix (Figure S7A). This tendency is shared when using an initial higher cell density 

(Figure S7B). However, increasing the initial cell density for DN and PAT DN-treated systems resulted in 

more adhered cells in the damaged cartilage, while for HA and PAT HA the quantity of RFP-

ASCs/TERT1 adhered to the membrane surface is similar either using lower or higher initial number of 
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cells seeding. The presence of the membrane could be observed (intense staining in red with AZAN 

staining), (Figure 7).  

 

Figure IX-7. Histological images representative of the system RFP-ASC-seeded HA-DN membrane (at 2.5x104 cells) sample 
plus damaged cartilage, fixed after 3 weeks in culture (Azan Staining). The cells invaded the ridges of the damaged cartilage 
surface. The irregularities presented on the lower part of the HA-DN membrane fit with the irregularities of the damaged 
cartilage surface.  

 
3.4.1. In-situ biological assays-differentiation 

Three groups were defined to study the chondrogenic potential of the RFP-ASC/TERT1 when 

delivered to the damaged cartilage discs: the osteoarthritic cartilage disc without treatment, the damaged 

discs treated with RFP-ASCs/TERT1-seeded HA-DN multilayer membranes and the damaged discs 

treated with RFP-ASCs/TERT1-seeded PAT HA-DN multilayer membranes. After 28 days cultured in 

medium supplemented with low dose of growth factors, the chondrogenic potential of the RFP-

ASCs/TERT1 was investigated by immunohistochemical and histological analysis, specifically for newly 

synthesized collagen type II. This positive marker for chondrogenesis was found mainly on the middle 

and deeper zones of articular cartilage (Figure 8). However, different histological observations were 

noted for the RFP-ASCs/TERT1 treated samples: for both treated-systems, collagen type II staining was 
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found more intensely on the superficial zone of articular cartilage (Figure 8). High magnification cells 

revealed rounded cells within the matrix localized between the middle and the superficial areas of 

cartilage: some of these cells appeared positive for newly synthesized collagen type II. Within the 

surface of these cartilage systems, more elongated cells were found, but negative for collagen type II. 

 

 

 

Figure IX-8. Immunohistochemistry/histology of the RFP-ASCs/TERT1- seeded FS membranes non-treated and treated 
damaged cartilage plugs, after 28 days of culture in chondrogenic supplemented medium. The samples were investigated for 
collagen type II. The scale bars are representative for each row. 

 

4. Discussion 

The current investigation was designed to evaluate the effectiveness of using an adhesive multilayer 

membrane as a delivery device for therapeutic cells to treat defects on superficial articular cartilage 

(Scheme 2). ASC/TERT1-were chosen cell source to avoid interdonor-viability.  

 In tissue engineering, different type of scaffolds have been designed to meet different tissue 

specifications; these materials usually act like a structural support for cells to attach, grow, migrate and 

differentiate in vitro and in vivo 36. In our strategy, the transporting material was designed to follow 

specific requests: to be biocompatible, with an ideal rate of degradation and with adhesive properties 

strong enough to deliver and protect the cells from direct contact of the contralateral joint surface during 

the first days of treatment. Another important request for this biomaterial is to be adhesive to retain cells 
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on their surface but still less adhesive than the surface of the native cartilage, and to temporary fix the 

material to the cartilage surface. 

 Therefore, we took advantage of the versatility of LbL assembly to produce freestanding 

multilayer membranes that could fit in the developed strategy. Neto et. al. 37 had already designed a 

high-throughput system platform that allow a fast and simple screening of multilayer arrays based on 

wettable and non-wettable spots. The functionalization of polyelectrolytes with different amounts of 

dopamine (DN) influenced the surface and mechanical properties, as well as cell adhesion. The authors 

reported that the presence of DN effectively enhanced their mechanical and cellular adhesion in 

comparison with the same membranes without DN. In our work, HA, ALG and CHT were chosen as raw 

materials, as they present generally some similarities with the cartilage ECM, being part of the biological 

environment. Especially, HA is prepared to recognize and deal with cells metabolically, They usually do 

not stimulate chronic inflammation or immunological reactions being non-toxic and they are highly 

available from natural resources 38. Among them, HA has gained increasing attention for cartilage repair 

strategies, being in cartilage and in synovial fluid of articular cartilage joints, where maintains tissue 

hydration by immobilizing ions and water. HA has an important role in lubrication and shock absorption in 

joints and can control processes as  cell migration and inflammatory processes 39. In addition to these 

advantages, HA can also be chemically modified to achieve a specific and desired property like 

increasing the degradation rate or improving the mechanical stability 39b, 40. Within this study, HA was 

successfully modified with DN to improve their adhesive properties, through a carbodiimide chemistry 

reaction, as shown by UV-vis spectroscopy and 1H-NMR. 

 When analysing the SEM images of the HA side or the ALG side of the HA freestanding 

multilayer membranes showed similar rough morphologies, presenting micro to nanofeatures on their 

surface. On the other hand, SEM images of the HA-DN side or the ALG side of the HA-DN freestanding 

multilayer membranes showed different morphologies; the HA-DN side was smoother than the ALG side, 

but still presenting micro to nanofeatures on their surface. This could be related with the fact that the HA-

DN first layer was directly in contact with the flat underlying substrate, acquiring its smooth texture unlike 

ALG side. The same principle is not valid in the case of the HA membrane, being the side in contact with 

the FMM still rough. In fact, we think that a kind of island-like growth started from the very first layer due 

to the hygroscopic property of HA 41. Further, we hypothesize that when chemically modified with DN, 

the conjugate HA-DN seemed more stable avoiding the shrinking of the deposited layers.  

For this investigation, it was important to keep the membrane not more adhesive than the 

cartilage matrix is. Therefore, we hypothesize that even having DN moieties on their surface, these 

membranes were not strongly cell-adhesive because of their smoother morphology. Cross-section 

observations showed that all membranes seemed to present a kind of a sheet-like stacking organization 

along the z axis, confirming the effectiveness of the LbL assembly, creating thin membrane composed of 

multi-ultrathin layers of HA or HA-DN, CHT and ALG.  

 Other important parameter is the biodegradation of the multilayer membrane. In fact, both 

degradable 42 and non-degradable materials 43 have been used for cartilage repair and regeneration 

strategies. Extreme slow-degradation rates can result in the lack of nutrient transport, physical space 
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and higher chances of rejection, while very-fast degradation rate can allow the loss of cell products to the 

surrounding area before adequate tissue formation can happen 44. Therefore, to investigate the 

biodegradability profile of the developed polyelectrolyte FMM we studied their enzymatic degradation by 

hyaluronidase, a plasmatic enzyme presented in the body fluids that catalyses the hydrolysis of HA and 

partially degrades the FMM 45. HA membranes degraded more in the presence of hyaluronidase, losing 

about more 21% of weight than HA-DN membranes after 30 days of incubation. For the same time but 

patterned conditions, PAT HA membranes lost more 22% of weight than PAT HA-DN membranes. In 

fact, comparing patterning and non-patterning conditions, the same trend was maintained during all the 

time-points of the experiment, with HA-DN membranes retaining more weight than HA membranes. To 

chemically modify HA is one common strategy to prevent their fast degradation and diffusion out of the 

material 46; herein, HA backbone was modified with DN moieties via a carbodiimide chemistry that could 

result indirectly on the decreasing of the degradation ratio, explaining the different mass loss profiles 

between HA and HA-DN membranes or PAT HA and PAT HA-DN membranes. The degradation rate of 

the membrane should not be too fast, to protect the ASCs treatment from the surrounding environment. 

We hypothesize that altering the conjugated HA-DN could be beneficial to improve the profile of 

degradation of the material and the presence of interspersed layers of ALG were important  to avoid 

premature degradation of the membrane.  

 Adhesiveness was another major concern of this investigation, since it is required that the 

membrane areas not seeded by cells adheres to the cartilage surface. Improved adhesive properties 

have been achieved through different strategies, including the production and use of the conjugated HA-

DN. For instance, Scognamiglioa, et. al. modified alginates with DN, at different substitution degrees, 

using these conjugates to produce membranes with enhanced adhesive and biocompatible properties 25 

while Shin et. al. suggested the functionalization of HA with a catecholamine (CA) motif of mussel foot 

protein, producing an HA-CA hydrogel with a strong tissue adhesiveness 47. Therefore, after modification 

of the HA backbone with DN moieties and their incorporation in the FMM, a simple adhesive test 

confirmed the adhesiveness of the membranes, particularly to the cartilage surface.  

 Intra-articular injections of ASCs have been reported for the treatment of low to mid damaging in 

the articular cartilage, usually with the cell density in the order of 106 to 107 cells; even though there is 

some controversy about the optimal cell concentration. For instance, Koga et. al.48 compared the effect 

of intra-articular injection of different stem cells densities embedded in a collagen gel in a rabbit cartilage 

defect and concluded that higher cell density (5x107 cell. ml-1) presented statistically better results in 

histological score than the low cell density group (1x106 cell. ml-1) at 4 weeks post-transplantation. Park 

et. al. 49 compared the transplantation of different densities of MSCs embedded in a HA hydrogel: high 

cell concentration of MSCs (1.5×107 cell. ml-1) showed the lowest cartilage repair score at 4, 8- and 16-

weeks post transplantation, while the 0.5×107 cell. ml-1 condition resulted in better quality of cartilage 

repair. Fewer works reported the cell density effect of using particularly ASCs intra-articular injections as 

a treatment for damaged articular cartilage. Desando et. al.  50 investigated the influence of intra-articular 

ASCs injection in the healing process on cartilage, synovial membrane and menisci in an experimental 

rabbit model; overall, both cell densities (2x106 and 6-106 cells) had similar impact, decreasing the 
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progression of defect cartilage. In a clinical proof-of-concept, Jo et. al. 15a tried to conclude about the 

safety and efficacy of intra‐articular injection of autologous ACS for knee osteoarthritis: comparing high 

doses of ASCs (1x108 cells) with mid doses (5x107 cells) and with low doses (1x108 cells). Histological 

results showed that intra-articular injection of 1x108 cells reduced pain of the knee joint and articular 

cartilage defects.  

However, despite the good indications resulting from intra-articular injection of ASCs to repair 

cartilage, there are some concerns with the use of such an higher number of cells: the preparation of a 

sufficient number of cells for chondrogenic potential is not always possible and the injection of cell 

contain-hydrogel is not a very efficient process at long term, with the most cells being lost in the 

surrounding environment of the defect 13c, 51. Moreover, independent of being in gel or in solution, it is 

important that the injected cells do not end up on the cartilage surface, not fulling up the superficial 

ridges. The strategy presented in this study is based on the transport of ASCs to repair superficial 

cartilage defects not by means of an injection but instead using a delivery material. Moreover, we 

envisaged to treat just special damaging and not deeper defects; thus, we hypothesized that less cells 

should be necessary.  

Comparing both chosen cell densities (2.5x104 and 1.5 x105), it is possible to observe with SEM, 

fluorescence microscopy and cell quantification, that increasing the initial cell seeding number we could 

increase the number of cells attached to the membrane. More cells adhered on DN-containing 

membranes and PAT membranes, either after 1 or 3 days. The results suggest a synergy of the 

presence of DN and the existence of topographic nanofeatures, making these membranes the best 

carrier of ASCs. Nevertheless, in terms of cell adhesion and proliferation on the cartilage, all the systems 

presented good results, as after 1 week of transferring the cell-seeded  membranes to the cartilage, no 

significant differences were found. 

In vitro assays revealed that topographical nanofeatures influenced cell adhesion and 

morphology. ASCs attached all over the patterned membrane’s surface, most of them acquiring a 

stretched morphology and spreading along the direction of the nanogrooves. For smoother membranes, 

cells acquired more rounded morphology, being randomly distributed on the material’s surface. In fact, 

cartilage tissue is composed of four distinct zones, each one with a specific cell and ECM organization 

1a; our strategy is directed for the repairing of superficial cartilage damaging. The superficial zone of 

native articular cartilage consists of primarily flattened ellipsoidal-like chondrocytes and a very polarized 

dense organization of nanoscale collagen type II fibrils, which are oriented parallel to the plane of the 

articular surface 1c, 52. The presence of the linear nanogrooved topography on the membranes ‘surface 

allowed to mimic the fibrous effect of the cartilage surface, resulting in better cell adhesion of the cells on 

the nanogrooved membranes. In fact, as superficial articular cartilage, ECM in most part of natural 

tissues is not randomly organized, having specific special orientation. Wise et. al. 52 suggested that 

alignment and chondrogenic differentiation of human mesenchymal stem cells cultured on oriented 

electrospun polycaprolactone (PCL) scaffolds are possible; the chondrogenic differentiation was 

facilitated when cells were seeded on a nanofibrous scaffold (∼500 nm diameter). Herein, SEM images 

were used to calculate morphometric parameters of the cells adhered on the FMM. Cells with higher 
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area and perimeter are observed in patterned surfaces, as compared with flat ones; this could be related 

with the fact that major part of ASCs acquired a more rounded morphology on flat membranes and a 

spindle-like and well-stretched morphology in the other case. Other parameters were calculated as 

circularity index versus cell EF. Circularity is a quantitative parameter used to evaluate cell morphology, 

as well as cell EF 53. Significantly higher circularity values were obtained for cells seeded on flat 

membranes, comparing with those obtained for PAT membranes. These results indicate that ASCs 

grown on flat surfaces acquire more rounded morphologies than when grown in the nanopatterned 

surfaces. Cell EF is defined as the ratio between the longest axis of the cell (length) and the longest axis 

perpendicular to it 33, 53. Unlike circularity index, the EF of cells cultured on nanopatterned substrates was 

significantly higher than for cell cultured on flat surfaces. As it was higher than 2 for both type of 

patterned membranes (with and without DN) it is possible to conclude that most cells were well-

elongated. RFP-ASC/TERT1 were cultured on substrates patterned with submicro- to nanometer wide 

stripes and they elongated along the ridges and grooves direction. Flat substrates did not induce this 

orientation. For PAT HA the cell distribution seemed to be in the range from -20° to 20° where ≈75% of 

cells were aligned with the pattern direction. For PAT HA-DN the cell distribution seemed to be 

distributed in the range from -20° to 20° where ≈78% of cells were aligned with the pattern direction. 

Contact guidance has been recognized as the phenomenon by which the matrix gives directional cues to 

the cells and guides the motility response in the microenvironment 54. Briefly, we assume that cells 

project in one direction depending on the shape and type of structures it met; for nanopatterned 

surfaces, the cellular alignment is predictable in the direction with less topographic and mechanical 

obstacles 33, 55.  

 The poor self-regeneration capability of cartilage highlights the constant need of improving 

clinical therapies in problems related with tissue loss or degradation 56. To allow an adequate 

environment to evaluate the effectiveness of these therapies, a simple in situ model was designed; vital 

but damaged cartilage plug discs were prepared from human femoral heads and used to replicate better 

what happens in vivo. This study was conceived to evaluate the feasibility of the successful delivering of 

therapeutic ASCs to damaged cartilage. Therefore, the first steps were established to understand how 

material and cells interact with the damaged cartilage. Resulting from their composition, the developed 

FMM were robust and hand able enough to provide enough strength to adapt the membrane to the 

defect geometry or location. The effectiveness of the cell delivery strategy was demonstrated in this 

investigation, showing the adherence of the cells to the cartilage, spreading on the surface and bridged 

between the multilayer membranes and the tissue. Because of their adhesive potential, HA-DN and PAT 

HA-DN membranes seemed to have a better performance than the HA membrane. These differences 

were not so perceptible for PAT HA membranes. We hypothesize that due to the presence of 

topographical features more cells adhered to the membrane allowing more cells bridged between the 

membrane and the tissue. Moreover, comparing the cell densities, some differences were naturally 

noted for the first day but after that these became almost undetectable; the rate of proliferation seemed 

higher for the lowest cell densities. With the increasing time of culture, the cells seemed to proliferate all 
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over the cartilage surface, starting to migrate into the irregularities of the cartilage, perceptible because 

of the presence of RFP-ASCs/TERT1 in different layers. 

 The hypothesis of the RFP-ASCs/TERT1 starting to migrate into the irregularities of the cartilage 

surface raised the need of investigating what happens along the z axis of the system RFP-ASCs/TERT1-

seeded membrane and damaged cartilage. Upon contact of the device, cells clearly bridged between the 

FMM membrane and the tissue adhered to the cartilage, proliferated and spread on the surface and 

started to enter through the cartilage defects, colonizing the empty spaces and interacting with the 

remaining tissue. We hypothesize that in these conditions, the ASCs could start to release biologically 

chondrogenic active, anti-fibrotic and anti-apoptotic growth factors, promoting the repair of articular 

cartilage without causing an immune response. These observations were essential to conclude about the 

success of the designed strategy, as cells when integrated with the remaining cartilage tissue are able to 

repair the superficial cartilage tissue 57. The HA and HA-DN FMM seemed to be effective in the delivery 

process of the RFP-ASCs/TERT1, being really close to the cartilage surface. This observation can be an 

indication of the success of the membranes to protect the treatment from the surrounding environment. 

Increasing the initial cell seeding number, more RFP-ASCs/TERT1 were observed migrating into the 

defects of the cartilage. Nevertheless, even using a lower cell density, the deliver process was still 

possible. This can be understood as a positive aspect of our strategy, allowing to use smaller number of 

cells as compared with scaffold-free approaches. We hypothesize that alternative cell types can be 

further used, as nasal chondrocytes 58. HA-DN and PAT HA-DN membranes seemed to be more 

effective in terms of cell delivering and protecting from the surrounding environment; the enhanced 

adhesive properties as well as the enhanced cell compatibility allowed better performance of the DN-

containing multilayer membranes. HA-DN membranes were more moldable and adhered better to the 

cartilage surface; in this case, the defect site and the cells could be better protected from the synovial 

environment and less RFP-ASCs/TERT1 could be lost in this harsh scenery. The cells remained captive 

in area to treat. In fact, there are already some works reporting the use of fibrin as an adhesive material 

that could act like a carrier of therapeutic agents or a scaffold to repair and regenerate articular cartilage 

22b, 59; for instance, Kim et. al. 22b suggested the implantation of MSCs loaded in fibrin glue in patients with 

osteoarthritic knees. However, there are some problems related with the use of fibrin gel like the non-

durability and the lack of mechanical stability; we hypothesize that these limitations can be overcame 

using the HA-DN FMM. 

 The histological analysis of the treated cartilage defects emphasized the interaction between 

cells and cartilage matrix. After 3 weeks in culture, it is evident that cells colonized the defects of the 

damaged cartilage and started to interact with all the surrounding cartilage area: based on literature, 

there already some works reporting the positive effect of ASCs therapy to treat cartilage defects and 

their application already in clinics 15. In fact, ASCs are well known by their ability to differentiate including 

in chondrocytes, responding to specific growth factors or environment cues. Even though, ASCs have 

been used as therapeutic for cartilage repair mainly because of their ability to release biologically 

chondrogenic active factors, such as transforming growth factor-β1 (TGF-β1) and bone morphogenetic 

protein 4 (BMP-4), anti-fibrotic and anti-apoptotic growth factors50, 60.Other therapeutic features have 
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been studied: Puissant et. al. 61 investigated the immunomodulatory effect of human ASCs finding 

immunosuppression properties for ASCs. For instance, Desando et. al. 50 found a positive effect of ASCs 

in promoting cartilage and opposing inflammatory processes in the synovial membrane. 

In this investigation, we hypothesize that the use of DN or PAT DN membranes to deliver ASCs 

to human damaged cartilage can be extremely relevant: the ASCs-seeded membrane adhered on 

cartilage surface, delivering the cells, avoiding losing cells and protecting this therapy from the 

surrounding synovial environment. Thus, it can be possible to overcome some issues related with the 

injection of ASCs 21. Although the membranes were fixed with formalin together with the respective 

cartilage plug, during the histological cutting procedure, the solvents affected the integrity of the 

membrane, denying their observation in some samples. However, it was still possible to observe the 

presence of HA-DN and PAT-DN membrane; some irregularities can be found on the surface of the 

membrane in contact with cartilage. Curiously these irregularities were coincident with some of the 

irregularities of the membrane, corroborating the close contact between membrane and cartilage and the 

adhesive potential. Moreover, some signs of membrane’s degradation were clearly observed in the 

images. 

Immunohistochemical analysis for newly synthesized collagen type II was used to investigate the 

ability and the potential of using the treatment with RFP-ASCs/TERT1 to differentiate these cells into 

chondrocytes, producing a kind of a neo-cartilage matrix. While the damaged cartilage plugs present 

collagen type II positive staining mainly on the middle and deeper areas, more intense staining appeared 

on the superficial zone for the RFP-ASCs/TERT1 treated damaged cartilage discs. We postulate that the 

fact that the treated systems induced larger amounts of collagen type II on the superficial part of 

cartilage indicates that the RFP-ASCs/TERT1 responded to signals and stimuli from their surroundings 

to differentiate in a cartilage phenotype. The detection of type II collagen within the damaged area 

seems a very promising result, as the synthesis and assembly of collagen is often considered to be a 

limiting step in neocartilage matrix formation. In fact, Ng et. al. 62 reported that the limiting factor in 

synthesizing new collagen can be related to the lack of appropriate stimuli to induce rapid tissue 

remodelling. We believe that under appropriate stimulation combined with the treatment with the 

therapeutic RFP-ASCs/TERT1, collagen biosynthesis and accumulation was significant higher in a short 

culture period. Moreover, comparing both delivery systems, corresponding to the seeded HA-DN and the 

PAT HA-DN treated samples, it was possible to note some differences. The seeding of RFP-

ASCs/TERT1 and their respective delivery by the PAT HA-DN membranes seemed to be more efficient 

than when using HA-DN membranes. The microenvironment around stem cells is critical for 

chondrogenic differentiation induction 63. In fact, both systems represent promising materials to act as a 

delivery agent for therapeutic cells, as well as to integrate a suitable environment for chondrogenic 

differentiation. The differences on the shape and density between cells observed within the superficial 

layer of damage cartilage and the cells observed within the deeper regions of cartilage can be 

comparable with the organization of the normal and healthy cartilage. There, chondrocytes in the 

superficial zone are flatter and smaller and generally have a greater density than that of the cells deeper 

in the matrix 1c. 
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 Taken all these results together, we suggest an adhesive and functional LbL-engineered 

freestanding membranes to repair superficial cartilage damaging: The freestanding multilayer 

membranes can adhere to cartilage tissue, delivering important therapeutic agents like ASCs as well as 

protecting the interaction between the therapeutic agent and the damaged cartilage from the synovial 

environment- see Scheme 1. One could envisage the entrapment of bioactive molecules in the 

membrane, as it has been shown that these kind of multilayered films could be used as a reservoir of 

therapeutic proteins 64. 

 

 

Scheme IX-1. Scheme representation of the developed concept: the material was developed to deliver ASCs directly to the 
defect place and protect the first days of treatment from the harsh synovial environment. 

 

5. Conclusions 

We proposed a novel tissue-engineering strategy based on a flexible bioinspired material for articular 

cartilage damaging or defect repair. The use of LbL strategy permits controlled insertion of multiple 

functional components, offering added flexibility, versatility and control to the resulting material. The 

developed engineered flexible freestanding multilayer membrane combined natural-based 

macromolecules (CHT, HA and ALG), specific catechol functionalities, and different topographies, to 

produce an adequate platform to successfully deliver therapeutic cells to repair defects of any lateral size 

and shape. MSCs and ASCs-based therapies have shown fruitful application in clinical trials for cartilage 

repair and pain relief, but the usual procedure to deliver the cells to the treated area must be improved: 

with the injection of the therapeutic agents, with or without a support material, a high number of 

therapeutic cells can be lost and the treatment can be quite exposed to the harsh surrounding 



Chapter IX Universidade de Aveiro 

Page | 241  
 

environment inside the synovial membrane. The developed multilayer membranes showed great 

potential as delivery platforms of ASCs to damaged articular cartilage. Particularly, HA-DN and PAT HA-

DN membranes exhibited improved properties compared with their controls in terms of degradation, 

mechanical adhesiveness and cellular viability. Therefore, we confirmed the potential of such kind of 

adhesive and functional LbL-engineered FMM to repair superficial cartilage damaging: FMM can adhere 

to cartilage tissue, delivering important therapeutic agents like ASCs as well as protecting the interaction 

between the therapeutic agent and the damaged cartilage from the synovial environment.  

6. Supplementary Information 

 

 

Figure S IX-1. A) UV-vis spectra of the conjugate the conjugate (HA-DN) and the control (HA), which is also shown for 
comparison. B) Inset shows the calibration curve that correlates DN concentration with measured absorbance and the main 
graph represents the UV-Vis spectra of dopamine solutions with different concentrations. 1H-NMR spectra of the C) HA, D) the 
DN and E) the synthesized conjugate HA-DN. 

 

 
Figure S IX-2. QR-code for a video of. confirming the adhesiveness of the freestanding membranes to a rough surface of a 
prepared human cartilage disc. 
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Figure S IX-3. Magnifications of the SEM images of RFP-ASCs/TERT1 grown on the patterned freestanding multilayer 
membranes at different initial cell densities: A) 2.5x104 cells and B)1.5x105 cells. The images were taken on day 5 of culture and 
correspond to a representative area of the membrane. The white arrows represent the pattern orientation. 

 

 

Figure S IX-4. Morphometric parameters of RFP-ASCs/TERT1 adhered on the different freestanding multilayer membranes: A) 
cell area, and perimeter and B) elongation factor (EF) and circularity. 
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Figure S IX-5. Fluorescence images of RFP-ASCs/TERT1 seeded at different cell densities A) 2.5x104 cell/ sample and B) 
1.5x105 cell/ sample, growing in between different freestanding multilayer membranes and OA cartilage discs. The images 
represent vital cells growing in the interspace between the membrane and the damage cartilage disc, after 2 weeks of culture. 
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Figure S IX-6. Fluorescence images of the paraformaldehyde fixed cross-section of the system RFP-ASCs/TERT1 –seeded (at 
the different cell densities A) 2.5x104 cell/ sample and B) 1.5x105 cell/ sample. FMM that were applied to treat damaged 
cartilage discs and cultured for 3 weeks. The cells adhered to the cartilage, proliferated and spread on the surface and started 
to enter through the cartilage defects, colonizing the empty spaces and interacting with the remaining tissue. Fluorescence 
images of the paraformaldehyde fixed cross-section of the system RFP-ASCs/TERT1 –seeded (at the cell density of 2.5x104 
cell) HA-DN freestanding multilayer membranes, that were applied to treat C) cartilage chips, after 3 weeks of culture and where 
autofluorescence of the membranes allowed their visualization.  The cells bridged between membrane and cartilage surface, 
adhered to the cartilage, proliferated and spread on the surface and started to enter through the cartilage defects, colonizing the 
empty spaces and interacting with the remaining tissue. The membranes were tight to the cartilage surface. 
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Figure S IX-7.  Histological images, representative of the system RFP-ASC-seeded multilayer membrane plus damaged 
cartilage, fixed after 3 weeks in culture (Azan Staining), for initial cell densities of A) 2.5x104 cell/sample and B) 1.5x105 cell/ 
sample.  
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X. Conclusions and future perspectives 
 
 

 

 

 

Abstract  

 

The main conclusions of the developed work are described in this last chapter of the thesis. 

Furthermore, a reflection about the current limitations and the future perspectives of the employed 

strategies and techniques are also depicted. 
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 Layer-by-layer (LbL) technique was successfully employed in accordance to the hypothesis of 

this thesis. 2D substrates were used as templates for films’ growth with the purpose of coating or 

detaching. These multilayered films were composed of natural or biomimetic polymeric materials with 

distinct functionalities, that could result in different properties of the films. Moreover, changing different 

setting parameters of the LbL technique could tailor specific properties of the resulting films. The 

combination of these biomimetic strategies resulted in multilayered systems capable of being applied in 

a wide range of biomedical applications, namely coatings for biomaterials, drug delivery carriers, stimuli-

responsive biomaterials, surfaces to study cells in a controlled environment, adhesive patches or tissue 

engineering applications. Therefore, throughout the chapters of this thesis, different biomimetic 

strategies were envisaged and combined with LbL technology, resulting in several bio-based systems. 

 Firstly, in Chapter IX it was demonstrated that elastin-like polypeptides (ELPs) can be used as 

the main constituent of multilayered films, conferring them the possibility of presenting bioactive 

functions. By using an ELP containing the bioactive sequence of arginine-glycine-aspartic acid (RGD), it 

was possible to construct nanostructured coatings with enhanced cell adhesion and higher evidences of 

supporting cell differentiation. These biomimetic peptides were designed to incorporate azide and alkyne 

groups, allowing their interaction by a click chemistry reaction. Unlike conventional LbL assembly which 

is usually driven by electrostatic forces, these multilayered biomimetic films were constructed by means 

of cycloaddition reactions between azides and alkynes. The high stability of these ELPs-films conferred 

by the covalent bonding, was monitored in situ using a QCM-D; the films withstood harsh conditions of 

pH. This confirmed the hypothesis of having more stable films than just with electrostatic interaction. The 

stimuli-responsive nature inherent of ELPs conferred these properties to the multilayered coatings. 

Jumping temperature and pH above and below a threshold triggered the transition of the ELP-based film, 

making it to present charged amino acids to the interface. Therefore, properties of the film’s surface as 

the wettability and the surface roughness changed between these values of temperature and pH. 

Overall, it was possible to construct multilayer films that retained and exhibited the properties of their 

biomimetic elements. These stimuli-responsive films can find application on coating implants with more 

complex shapes and compositions, nano/microstructures, gels and membranes, or even on developing 

structures for tissue engineering purposes, such as platforms to culture cells in controlled conditions. 

Future developments of ELP-based multilayer films may include the presence of different bioactive 

sequences to modulate other cellular functions, for instance to direct cellular differentiation. It would be 

also interesting to evaluate the possibility of using this stimuli-responsive nature to create a kind of a cell-

sheet system, promoting firstly the adhesion of the cells and then changing some parameter capable of 

detaching a cell monolayer.  

 LbL extrapolation from a multilayered coating to a real freestanding multilayered 2-dimensional 

structure was achieved by using other biomimetic strategy. In Chapter V, the biopolymers chitosan 

(CHT) and chondroitin sulfate (CS) were combined by LbL driven by electrostatic interactions, allowing 

the fabrication of multilayered films that exhibited superior biocompatibility, as they offer some similarities 
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with the extracellular matrix (ECM) morphology and composition. Using an inert underlying substrate to 

construct the multilayer structure allowed their detachment after drying, obtaining a freestanding 

multilayered membrane; this methodology. Confirming the success of the detachment process was 

important to develop new freestanding systems. Further, the multilayered membranes were successfully 

crosslinked with genipin to improve their handling properties. This natural material offered the possibility 

to tailor the physico-chemical and the mechanical properties and enhance the in vitro biological 

performance of the membrane, being an interesting tool to adjust the material to different kind of 

biomedical and tissue engineering applications. Here, shape-memory ability may be important to implant 

this kind of freestanding multilayered systems in vivo.  

 Nowadays, more refined strategies have been envisaged to develop materials for tissue 

engineering applications. Among others, the presence of topographical features has been exploited to 

modulate the cellular behavior, being inspired by the topography of the ECM of different tissues. In 

Chapter V, it was possible to introduce specific physical cues on the surface of multilayered membranes, 

just by changing the underlying substrate. Using an optical disk as template resulted in freestanding 

multilayer membranes presenting grooved nanotopographical on their surface. As a result, it was 

possible to modulate the cellular behavior prompting the cellular elongation and alignment and favoring 

the cellular differentiation without the requirement of any exogenous factor. This work brought new 

perspectives for LbL technology, being able to easily produce micro- and nanoengineered substrates 

towards tissue engineering. Further developments on these methodologies may integrate the presence 

of topographical features but at different length scales and even transposing it from 2-dimensional to 3-

dimensional multilayered systems. This can result in an adequate substrate to co-culture different type of 

cells, with different functions, allowing the construction of in vitro biomimetic tissue. Like real tissues, 

these systems can integrate different types of cells with different functions and behavior.  

 To create new functional multilayered systems, a new strategy involving freestanding LbL-based 

membranes and adhesiveness was exploited in the last chapters of this thesis. Inspired by the notable 

wet adhesion ability of mussels, the backbone of different molecular weight hyaluronic acid (HA) was 

successfully modified with dopamine (DN), a derivate of DOPA which contains catechol moieties 

nowadays reported as responsible for the mussels’ adhesion. In chapters VII, VIII and IX, the conjugated 

HA-DN was combined with other biopolymers using the LbL technology, producing freestanding 

multilayered membranes. As a result, adhesive strength was clearly enhanced with the introduction of 

DN in the backbone of HA. Moreover, other properties were influenced by the presence of the 

conjugated HA-DN; more porous morphology, lower water uptake ability, increased Young’s modulus 

and bactericidal activity were reported for these nanostructured membranes. The versatility of these LbL 

systems and, particularly, the adhesive properties conferred by the presence of dopamine allowed their 

application in a range of biomedical and tissue engineering applications In Chapter VII, it was possible to 

produce biomimetic, biocompatible and osteophilic freestanding multilayered membranes with interesting 

properties that can be potentially be applied in bone tissue engineering. Then, in Chapter VIII, these 

biocompatible, highly porous and adhesive materials showed great potential in providing a support for 

skin wound healing, confirmed by in vitro and in vivo assays. Lastly, in Chapter IX, a more complex 
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strategy was envisaged to construct a flexible and bioinspired multilayered system, suitable to be applied 

for articular cartilage damaging or defect repair. Adhesive freestanding membranes were successfully 

produced, either presenting topographical features on their surface or not, to produce an adequate 

platform to successfully deliver therapeutic cells (adipose stem cells, ASCs) to repair defects of any 

lateral size and shape. Membranes containing DN showed improved properties compared with their 

controls in terms of degradation, mechanical adhesiveness and cellular viability, confirming their 

potential as adhesive and functional LbL-engineered membranes to repair superficial cartilage 

damaging. Unlike the ASCs-based therapies that are already used in clinic for this end, our strategy can 

allow the efficient delivery of a higher number of cells to the defect place, protecting the treatment from 

the harsh environment inside the synovial membrane.  

 Overall, combining natural polymers or biomimetic polymers which comprise similarities with the 

ECM or biorecognition moieties to interact with cells, with a versatile and bottom-up approach as LbL, 

capable of creating nano- and micro-organized structures, it was possible to produce biomimetic 

materials with a great potential towards biomedical and tissue engineering applications.  

 Future research comes with the urge of more complex engineered systems, that could mimic the 

intrinsic architecture and complexity of native tissues. Increasing the complexity of the developed LbL-

based systems can comprise for instance the introduction of different cell-binding motifs or topographical 

features, the presence of functional microvasculature or the transition for 3-dimensional shapes. 

Moreover, LbL technique offers the opportunity of evolving on building modular microtissues to create 

complexity. Stimuli-responsive properties can be important to add functionality and dynamics to the 

multilayer system, being a different and interesting strategy to simply increase the complexity. Adhesive 

properties can be improved by for instance having adhesive moieties in each nanolayer of the system, 

being adhesive patch suitable for a wide range of biomedical and tissue engineering applications. 

Overall, great outcomes can be a result of more and deeper research using the strategies reported 

throughout the chapters of this thesis. The versatility of LbL assembly may be crucial to achieve even 

more adequate materials towards biomedical and tissue engineering ends.  
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