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ABSTRACT 

 

As the field of Tissue Engineering (TE) progresses, new technology are essential to accelerate the 

identification of potentially translatable approaches for the repair of tissues damaged due to disease or 

trauma. The development of high-throughput and combinatorial technologies is helping to speed up 

research that is applicable to all aspects of the TE paradigm. In this thesis, interactions of cells with many 

diverse materials in both two- and three-dimensions was assessed rapidly through the use of 

superhydrophobic (SH) chips for rapid outcome measurements of cell-material or cell-cell combinations. 

The main hypothesis is that flat biomimetic SH surfaces patterned with transparent superhydrophilic (SL) 

spots were used to individual pattern biomaterials with precise shape and pre-determined height, by 

controlling the volume dispensed in each wettable spot. Initially, distinct combinations of nanostructured 

films were produced using layer-by-layer methodology and their morphological, physicochemical, and 

biological properties were analyzed using glass slides and then validated on-chip. Inspired by the 

composition of the adhesive proteins in mussels, thin films containing dopamine-modified hyaluronic acid 

were studied. The flat configuration of the SH chip allowed to perform a series of nondestructive and non-

conventional measurements directly on the individual spots. In situ adhesion properties were directly 

measured in each wettable spot, showing that nanostructured films richer in dopamine promote the 

adhesion compared to control films (hyaluronic acid and alginate films – two polysaccharides often 

regarded as good natural adhesives – were assembled in parallel). In vitro tests showed an enhanced cell 

adhesion for the films with more catechol groups. 

Combining two biomimetic concepts we developed devices with multifunctional capabilities. One 

approach was based on two-sided film made almost entirely from polystyrene onto which the properties 

of both lotus leaves and mussel adhesive were incorporated. On one side of the film, imparting micro and 

nanometer scale hierarchical roughness yields superhydrophobicity and water repellency, providing rapid 

fluid flow and the basis for microfluidic devices, as such synthetic blood or fluid flow vessels. On second 

approach, SH microarray based on the so-called lotus effect were produced, onto which arrays of micro-

indentations allow the fixing of liquid droplets, based on the rose-petal effect. Such platforms were able 

to sustain arrays of quasi-spherical microdroplets, allowing the isolation and confinement of different 

combinations of substances and living cells. Distinct compartmentalized physical, chemical, and 

biological processes were monitored individually in each droplet. In addition, taking the advantage of 

controlled positional adhesion and minimum contact with a solid substrate, we developed a novel hanging 
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spherical drop system for anchoring arrays of droplets of cell suspension. By facing the chip downward it 

was possible to generate independent spheroids bodies in a high throughput manner, in order to mimic 

in vivo tumor models in a lab-on-chip scale. The system was validated for drug screening purposes and 

the toxicity of the anti-cancer drug doxorubicin in cell spheroids was tested and compared to monolayer 

cells culture.  

Finally, high-throughput fabrication of alginate hydrogel particles of specific sizes and shapes was 

developed using a droplet microarray. The method was based on the formation of arrays of droplets of 

pre-hydrogel solutions on SH-SL patterns using the process of discontinuous de-wetting, followed by their 

gelation via the parallel addition of the crosslinker to the individual droplets via the sandwiching method. 

The viability of living cells incorporated within the hydrogel particles was evaluated showing to be higher 

during the long-term cultivation than in the case of cells cultured in the bulk three-dimensional hydrogel 

matrix.  

In conclusion, SH platforms patterned with wettable spots used in this thesis proved to be compatible 

with a complete study of both two- and three-dimensional biomaterial-cell interactions, comprising a wide 

set of factors as biomaterials characterization and in vitro testing. Although much of the work performed 

is only applicable for in vitro studies, future methods may translate into rapid screening of these 

approaches in vivo. 

 

 

 

 

 

 

 

 

 

 



 

 

 
ix 

RESUMO 

 

Com o progresso da área de engenharia de tecidos (ET), novas tecnologias são essenciais para acelerar 

a identificação de abordagens potencialmente adaptáveis para a reparação de tecidos danificados devido 

a doenças ou traumatismo. O desenvolvimento de testes expeditos e tecnologias combinatórias está a 

ajudar a acelerar a investigação que é aplicável para todos os exemplos dos paradigmas de ET. Nesta 

tese, as interações das células com vários materiais, tanto em duas como em três dimensões, foram 

rapidamente analisadas através de chips superhidrofóbicos (SH), de modo a obter medições rápidas das 

combinações entre células-materiais ou células-células. A hipótese principal é que superfícies planas SH 

padronizadas com regiões superhidrofílicas (SL) transparentes foram usadas para depositar biomateriais 

com forma e altura precisas, controlando o volume depositado em cada área molhável. Inicialmente, 

combinações distintas de filmes nano-estruturados foram produzidos através da metodologia de camada-

sobre-camada, e as suas propriedades morfológicas, físico-químicas e biológicas foram analisadas em 

lâminas de vidro, e posteriormente, validadas em chip, tendo como inspiração a composição das 

proteínas adesivas existente nos mexilhões. Filmes finos compostos por ácido hialurónico modificado 

com dopamina foram alvo de estudo. A configuração plana do chip SH permitiu executar uma série de 

medições não-destrutivas e não-convencionais diretamente sobre as regiões molháveis. As propriedades 

de adesão in situ foram diretamente medidas em cada região hidrofílica, mostrando que os filmes nano-

estruturados com mais dopamina promovem a adesão, em comparação com filmes usados como 

controlo (filmes de ácido hialurónico e de alginato - dois polissacarídeos considerados como bons 

adesivos naturais - foram construídos em paralelo). Os testes in vitro mostraram uma melhor adesão 

celular para os filmes com mais grupos catechol. 

A combinação de dois conceitos bio-miméticos permitiu desenvolver dispositivos com capacidades 

multifuncionais. Uma primeira abordagem foi baseada num filme contendo duas faces, feito inteiramente 

a partir de poliestireno, integrando as tanto as propriedades das folhas de lótus as adesivas do mexilhão. 

Um lado do filme obtém superhidrofobicidade e alta repelência à água devido à rugosidade hierárquica 

e à escala micro e nano-métrica, proporcionando um fluxo de fluido rápido e uma base para novos 

dispositivos para microfluídica, como tal sangue sintético ou fluxo de fluidos nos canais. Na segunda 

abordagem, as superfícies SH baseadas no efeito de lótus foram padronizadas com micro-indentações 

para fixar gotas líquidas, mimetizando o efeito das pétalas de rosas. Estas plataformas foram capazes de 

suportar matrizes de micro-gotas quase esféricas, permitindo o isolamento e aderência de diferentes 
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combinações de substâncias e células vivas. Diversos processos, tais como, físicos, químicos e biológicos 

foram monitorizados individualmente em cada gota. Além disso, tendo em conta a vantagem da adesão 

controlada da posição e contacto mínimo da gota com a superfície sólida, desenvolvemos um novo 

sistema de gota esférica pendurada de modo a fixar matrizes de gotas contendo suspensão de células. 

Voltando a superfície sólida para baixo, foi possível gerar corpos independentes de esferoides de uma 

forma expedita, de modo a mimetizar modelos in vivo, a uma escala lab-on-chip. O sistema foi validado 

para fins de rastreio de fármacos e a toxicidade da doxorubicina nos esferoides foi testada e comparada 

com a cultura de células em monocamada. 

Finalmente, o fabrico expedito de hidrogeis de alginato com o tamanho e forma especifica foi 

desenvolvido usando superfícies padronizadas de gotas. O método foi baseado na formação de matrizes 

de gotas de soluções pré-hidrogel nas superfícies padronizadas SH com regiões SL usando um processo 

molhável descontinuo. O processo de formação de gel foi obtido através da adição paralela de um agente 

reticulante a cada gota individualmente, usando um método “sandwich”. A viabilidade das células 

incorporadas dentro do hidrogel foi avaliada para um longo tempo de cultura mostrando ser mais elevada 

em comparação com as células incorporadas dentro de uma matriz 3D de hidrogel em massa.  

Em conclusão, as superfícies padronizadas SH com regiões molháveis provaram ser compatíveis com 

um estudo completo de interações 2D e 3D entre células e biomateriais, compreendendo um vasto 

conjunto de factores como a caracterização de biomateriais e testes in vitro. Embora a maioria do 

trabalho realizado só tem aplicabilidade para estudos in vitro, métodos futuros podem transpor para uma 

seleção rápida destas abordagens in vivo. 
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INTRODUCTION TO THE STRUCTURE OF THE THESIS 

This thesis is organized in 4 sections, in a total of 9 Chapters. The first section provides a general 

introduction to the thesis. It is based on review paper submitted for publication. The second section 

comprises a single Chapter addressing the materials and methods performed to accomplish the 

experimental work giving rise to this thesis. The third section is based on a set of 6 research articles 

accepted for publication in international peer-reviewed journals. The forth section summarizes the main 

outcomes of this thesis and explores future perspectives on the research field. The identification of the 

original publications regarding submitted/accepted articles can be found in the presenting page of each 

Chapter. 

 

Section I – General Introduction  

Chapter 1. Patterned superhydrophobic surfaces to process and characterize biomaterials and 3D cell 

cultures. The evolution of up-scaling microarray platforms are reviewed for 3D cell culture in order to 

meet the criteria of complex biological environments for tissue engineering and disease models.  

 

Section II – Experimental Section  

Chapter 2. Materials and Methods. The experimental setups used to produce the materials used in this 

thesis are presented. The techniques performed for biomaterials physicochemical, morphological and 

cellular interaction analysis are also addressed. 

 

Section III – Optimization of multilayer films and superhydrophobic microarrays for high-throughput tissue 

engineering studies  

Chapter 3. Nanostructured Polymeric Coatings Based on Chitosan and Dopamine-modified Hyaluronic 

Acid for Biomedical Applications. Inspired by the structure and composition of adhesive proteins in 

mussels, dopamine-modified hyaluronic acid is used to form thin and surface-adherent multilayer films 

that present an enhance cell adhesion, demonstrating their potential for biomedical applications.  

Chapter 4. Combining Biomimetic Principles from the Lotus Leaf and Mussel Adhesive: Polystyrene Films 

with Superhydrophobic and Adhesive Layers. Two biomimetic concepts are used for developing devices 
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with multifunctional capabilities. The superhydrophobic properties of a lotus leaf is joined with the 

permanent adhesive bonding of marine mussels.  

Chapter 5. High-throughput topographic, mechanical and biological screening of multilayer films 

containing mussel-inspired biopolymers. Inspired by the structure of mussel adhesive proteins, layer-by-

layer coatings are developed. Many combinations of multilayers films are individually disposed on isolated 

transparent spots, patterned onto biomimetic superhydrophobic substrates. The adhesion properties of 

the coatings are analyzed in a high-throughput way. In vitro tests are carried out to evaluate the biological 

performance of the multilayer films that could be useful in distinct biomedical applications. 

Chapter 6. Biomimetic miniaturized platform able to sustain arrays of liquid droplets for high-throughput 

combinatorial tests. A flat platform is developed for high throughput screening of multiplexed and 

accelerated evaluations of physical, chemical and biological processes in lab-on-chip scale. The device 

permits to confine and analyze different combinations of elements and conditions in spherical aqueous-

based environments.  

Chapter 7. A novel hanging spherical drop system for the generation of cellular spheroids and high 

throughput combinatorial drug testing. Flat SH substrates is used to arrange arrays of quasi-spherical cell 

culture droplets with the capability to build-up 3D spheroids in a high throughput manner, in order to 

mimic in vivo tumour models in a lab-on-chip scale. 

Chapter 8. Fabrication of Hydrogel Particles of Defined Shapes using Hydrophilic-Superhydrophobic 

Micropatterns. High-throughput fabrication of free-standing hydrogel particles with defined geometry and 

size for 3D cell culture, cell screenings and modular tissue engineering.  The method employs 

discontinuous de-wetting using superhydrophobic-hydrophilic micropatterns. 

 

Section IV – Concluding Remarks and Future Perspectives  

Chapter 9 - Conclusions and Future Perspectives. This Chapter finalizes the thesis by comprising its major 

conclusions and exploring future perspectives and needs in the field. 
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CHAPTER 1. PATTERNED SUPERHYDROPHOBIC SURFACES TO PROCESS AND CHARACTERIZE 
BIOMATERIALS AND 3D CELL CULTURES 

1.1 Abstract  

Cell-based microarrays are powerful experimental tools for high throughput screening of large numbers 

of test samples. We review the evolution of up-scaling microarray platforms for three-dimensional cell 

culture in order to meet the criteria of complex biological environments for tissue engineering and disease 

models. Recently, patterned microarrays with extreme wettabilities are suggested as a sophisticated 

platform for high-throughput assays to generate cell environments, as well as, characterize and analyze 

biomaterials properties and cell-cell and cell–biomaterial interactions. We conclude that among the 

emerging high throughput approaches, platforms with extreme wettabilities holds a great potential to 

provide three-dimensional cell based constructs with high temporal, spatial control and versatility, which 

makes these miniaturized systems very attractive for regenerative medicine and drug screening 

applications.  

1.2 Introduction 

In the field of regenerative medicine, smart and intelligent biomaterials that mimic the complex 

environment of native tissues have been developed [1, 2]. Current approaches on the design of 

biomimetic biomaterials with appropriate physical, chemical, and biological properties are costly, 

inaccurate and inefficient. This is attributed to complex cell-matrix and cell-cell interactions, which are 

difficult to mimic under in vitro conditions. Cell-based assays offer the opportunity to perform screens of 

chemical libraries for molecules that modulate a broad range of biological events [3, 4]. Despite exciting 

progress in multiplexed cell screening, most of these studies have focused on cellular responses on two-

dimensional (2D) surfaces, and the associated cost of throughput phenotypic cell-based screening using 

conventional well-plate platforms can be unaffordable [5, 6]. To address this critical issue, microarray 

technologies for high-throughput screening (HTS) of multiplexed biomaterials and cells analysis have been 

widely proposed [7-18]. Given its throughput and data-rich nature, HTS is very much influenced by 

advances in automation and miniaturization, and is under constant development [18-22]. However, cells 

grown 2D on flat and rigid substrates are facing an unnatural environment and behave differently 

compared with cells grown in their native three-dimensional (3D) environment [16, 23-27]. The 

dimensionality of the system in which cells are studied can influence a number of cell functions, including 

polarity, morphology, motility, and cell−cell interactions, as reviewed by Baker and Chen [28]. Many of 

these shortcomings have been overcome through the use of arrays of cell-biomaterial and cell-cell 
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interactions in 3D microenvironment to guarantee a successful therapeutic outcome [23]. These 

interactions are able to recapitulate important in vivo conditions and thereby help us to design smart and 

bio-responsive materials to tailor the differentiation and commitment potential of encapsulated stem cells 

[1, 29, 30]. Structural, physical, and chemical properties of biomaterials play a major role in controlling 

cellular fate. The use of miniaturized cell-based microarrays, in which cells are grown in biomaterial 

surfaces, will significantly improve the ability in identifying the right material combinations for different 

tissue engineering approaches [12, 13, 26, 31].  

Over the last years, miniaturized devices have demonstrated their potential and benefits for many 

applications, including point-of-care diagnostics, genomic and proteomic research, analytical chemistry, 

environmental monitoring, and the detection of biohazards [32-35]. Several technologies have enabled 

the fabrication of 3D biomaterial microarrays for high-throughput screening of cellular fates within 3D 

microenvironments [11, 36-38]. Such technologies present many advantages compared to bulkier and 

conventional analytical instruments: the precise control of liquids, minimize consumption of reagents and 

samples, favor short reaction times, enable highly parallel and multiplexed analysis, require little or less 

power to operate, are portable, and potentially have low cost of production.  

The unique properties of nanostructure surfaces with extremes in wettability have motivated the 

researchers on the development of a novel generation of 3D biomaterial and cell microarrays and 

microfluidics [39-42].  

This review focuses on the recent advances in superhydrophobic (SH) microarrays for 3D HTS cell assays, 

and its impact on cell biology, tissue engineering and regenerative medicine and drug screening. We 

highlight that bioinspired substrates with extreme and controllable wettability ranging from SH to 

superhydrophilic (SL) regimes could bring the possibility of new investigations of cell–biomaterial and cell-

cell interactions. The range of applications is remarkably broad and including the formation of 3D cell 

niches using biomaterials, microgels particles, scaffolds or as cell spheroids. This article focus on the 

main motivations and requirements in the biomedical field that pushed for the utilization of SH platforms 

as suitable alternative device for HTS analysis, as well as the great evolution of applications that have 

emerged in the last few years. We conclude by outlining some of the future prospects using 3D microarray 

technology to promote the development of complex macroscale 3D networks or combinations of building 

blocks on timescales previously unseen using current HTS technologies.  
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1.3 Evolution of high-throughput screening platforms  

HTS approaches are powerful tools to fabricate and probe extremely large combinations of structural, 

biophysical and biochemical parameters and thus elucidate some of the mechanisms that dictate cell 

biology. The premise of HTS is to automate and miniaturize the assay process, thereby significantly 

decreasing the cost and time promises of screening a biological target against thousands of biomaterials 

and compounds.  

HTS assays are used for screening of different types of libraries, including combinatorial chemistry, 

genomics, protein, and peptide libraries [10, 43-45]. At present, most of HTS studies in biomedical 

research areas such as drug toxicology and cell-based screening have been carried out mainly in 2D 

environment [8, 10, 17, 18, 46, 47]. Such models are used for evaluating the effectiveness and safety 

of libraries of drugs and other bioactive or potentially therapeutic molecules [48]. Recent studies have 

focused on supporting the growth and controlling the differentiation of stem cells, due to the enormous 

therapeutic benefits that stem cells offer [10, 13, 30, 49-53]. However, conventional in vitro cellular 

microenvironments based on flattened 2D substrates (e.g. culture dish or multi-well plate) are far from 

being capable to recapitulate the complexity of the native cellular microenvironments. Cells seeded onto 

2D substrates are polarized maintaining one part of their surface anchored and the rest exposed to the 

culture media. This contrast with the natural micro-environment of the tissues where cells interact with 

different cells and ECM. Therefore, considerable efforts have been made to upgrade in vitro cellular niches 

from 2D to 3D network. A variety of 3D culture systems, as well as the adoption of 3D cell culture systems 

in drug discovery, cancer cell biology, stem cell study, engineered functional tissues for implantation, and 

other cell-based analysis have been proposed [26, 54]. Such systems provide more reliable in vitro 

models, allowing to investigate multiple cell types, extracellular matrices and bioactive soluble factors with 

well-defined 3D microscale arCHTtectures and specific functions [55]. A more accurate prediction of drug 

responses is also aCHTeved [56, 57]. 

Biomaterial-assisted 3D cell culture (Figure 1.1) is widely used to construct 3D cellular microenvironments 

by encapsulating cells in 3D matrices, usually in the form of aqueous hydrogels [58-61] or porous 

scaffolds [23, 62, 63]. Moreover, in vivo cells lie in a 3D configuration organized in the self-secreted 

microenvironment, the ECM, both in organs and tumor masses. In this milieu, cells interact in a totally 

natural manner, without the intervention of foreign factors, such as biomaterials. The use of cell spheroids 

has been also suggested as a potential link to bridge the gap between monolayer cultures and animal 

model studies [56, 63, 64]. 
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Figure 1.1 Schematic of 3D strategies from the bottom to the top for engineering 3D tissue constructs [65]. 

Micro-well plates and robotic spotting are examples of well-established technologies for high throughput 

applications [52]. Standard HTS assays are currently run in 96-well micro-titer plates in batch formats, 

since automation and detection instruments have been designed to be compatible with these plates. 

Although combinatorial chemical synthesis can also be carried out assays in plates with 384 and 1536-

wells format which use the same plate dimensions and are being widely implemented, which would 

increase the throughput and reduce reagent costs [49, 56, 63, 64, 66, 67]. However, these methods are 

typically labor-intensive, time-consuming, and extremely expensive. In addition, the shape of such 

commercially available well plates present stiff and high walls, impairing several characterization analysis 

that require the insertion of probes, passage of beams through the biomaterials or image analysis. Plenty 

of researches have been reported about the study of drug metabolism and drug-induced cytotoxicity [8, 

13, 31, 49, 66, 68-70] but the characterization of metabolites and cytotoxicity assays could not be 

realized on the same platform. Among the types of 3D cultures that use 96-well formats are those that 

assay cell aggregates, or cells in gel particles, suspended in wells, and those that assay cells grown in 

thin gels on the surface of 96-well plates or 96-well inserts [26]. The majority of these methods use 3D 

constructs that are typically non-uniform in dimensions, and fail to provide information about cells in 

different areas within a single 3D construct. In addition, using 3D culture in multi-well formats unable to 

recreate the pre-defined microscale arCHTtectural features of the native tissue niches (e.g. bifurcated 

vasculature, neuronal networks, or hexagonal lobules in the liver), which is of great importance in enabling 

the resulting functions [54]. The integration of microfabrication techniques enables construction of 3D 
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cellular microenvironments with precisely controlled arCHTtectural features, which can pattern the 

matrices and the encapsulated cells in pre-defined locations recreating the complex tissue networks [12, 

26, 71]. Meanwhile, the micro-patterned biomaterial-based 3D cellular microenvironments can be readily 

replicated in a HTS manner to allow parallel cell-based assays, which could generate a huge amount of 

information for systematic studies in modern biology, regenerative medicine and drug discovery [12, 21, 

31, 56]. 

Miniaturized devices for cellular experiments and cell-based assays on chip have expanded dramatically 

in the last decade [3, 4, 10, 31, 50, 53, 72-76]. The majority of the research within the field of the 

miniaturization has been directed toward the biological and life sciences. Biochips, cell/protein/DNA 

arrays, microfluidics, micro-systems, micro-reactors, and medical MEMS are frequently used terms [57, 

74, 77-80].  

Miniaturization of assay technologies coupled with automation of HTS combinatorial synthesis is helping 

to set the stage for screening 50 - 100,000 samples/ day in an ultra HTS mode [81]. In a straightforward 

approach, the concept of HTS would ideally rely on the maximum miniaturization of each individual unit 

to be studied. Innovative solutions resulting in a broadening of the biological questions answerable by 

micro-engineered platforms and progress towards ambitious applications, such as stimulated neurogenic 

repair or the creation of functional organs from stem cells, both of which include a 3D biological-material 

interaction [62, 82-84]. 

 

1.3.1 Miniaturized micro-engineering techniques: current approaches  

Recent reviews outline a host of techniques that hold great promise for tailored cellular 

microenvironments with high spatio-temporal control over the mechanical and biochemical cues to 

regulate cellular behavior [13, 21, 31, 85-87]. 
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Figure 1.2 Examples of current microfabrication approaches to process supports for HTS and lab-on-Chip. A) Micropatterning 
approaches are based on direct (A.1) or indirect technologies (A.2). Using a direct technology based on robotic microarray 
spotting device (A.1), cells are printed onto streptavidin-coated slides, to obtain a high-density cell Chip. An 8-pin print of 4,608 
replicate spots, each containing a microsample of HeLa cells, is shown by imaging with a microarray scanner [88]. Using an 
indirect technology based, superhydrophobic-superhydrophilic porous polymer films on a glass can be produced by UV-initiated 
photolithography [89]. Individual embryonic bodies was successively encapsulated in PEG and GelMA microgel by 
photolithography [90]. Scale bar: 1000μm. B) Microfluidic technology was used to generate spheroid culture array [91]. The 

spheroid culture chamber was formed by bonding the PDMS device to a glass slide. In each chamber, there are U-shape traps 
arrayed in the density of 7,500 traps per square centimeter. C) Using microelectronic approaches a human breathing lung-
on-a-Chip microdevice was developed [92]. The micro-fabricated lung mimic device uses compartmentalized microchannels 
to form an alveolar-capillary barrier on a thin, porous, flexible PDMS membrane coated with ECM. The device recreates 
physiological breathing movements by applying vacuum to the side chambers and causing mechanical stretching of the PDMS 
membrane forming the alveolar-capillary barrier.  

Micropatterning, microfluidics and microelectronics technologies enable the development of novel 

miniaturized platforms physiologically relevant for in vitro tissue models [38, 40, 70, 74, 78, 80, 93-97]. 

Such micro-engineered devices have been widespread proposed in the field of biomedical engineering, 

including drug discovery [68], stem cell biology [95], cancer biology [49] and experimental cell culture 

and processing [98] and single cell assays [99]. The first biomaterial microarray was developed by 

Anderson et al. [9] consisted of polymeric network for seeding embryonic stem cells. Since then, many 

other applications of this technique have been introduced. 2D microarrays have been the most used 

platforms to reveal specific hits and control the cell attachment, proliferation, migration and differentiation 
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[76]. A recent example used cell microarray technology and a method of reverse transfection, where 

transfection mixtures were pre-spotted onto a glass slide prior to seeding the cell monolayer [78]. The 

size of each microarray spot is about 120-150 μm in diameter and consists of a cluster of 30-80 

fluorescent cells. Such innovative approach allowed spotting up to 10,000 transfection mixtures improving 

the throughput and decreasing the reagent consumption. However, cells under in vivo milieu are 

organized into a complex 3D microenvironment and thus, recent significant efforts have been directed 

toward engineering microarrays for screening cellular fates within 3D niches.  

Micro-patterning approaches, based on direct or indirect technologies, have been proposed to 

demonstrate that different ECM proteins, biomolecules, and drugs can be entrapped within 3D 

biomaterial microarrays and the effect of these components on cellular behavior can be monitored in a 

combined approach [31]. 

In direct manufacturing (Figure 1.2 A), cell-laden biomaterials are deposited with either a contact or inkjet 

printer. A broad range of different molecules (small molecules, polymers, antibodies, proteins) can be 

arrayed using robotic spotting technology [79]. Using robotic fluid-dispensing devices, cells can be directly 

spotted onto functionalized glass surfaces [88]. With this strategy, it was possible to generate patterns of 

cells encapsulated within 3D hydrogel matrices promoting support for cell growth at the micro-scale. One 

example proposed by Lee and colleagues [11] involves the use of glass slides that are spin-coated with a 

polymeric material to increase the hydrophobicity of the surface while providing reactive functional groups 

to attach a hydrogel matrix. Hart et al. [88] used a robotic microarray spotting device (pin printing) to 

print cells onto streptavidin-coated slides in an array format. With this method, high density has been 

achieved with approximately 4,700 discrete HeLa cells printed on a single slide using an 8-ejector printer 

(Figure 1.2 A.1). Recently, cell printing has been used to directly deposit cell-laden scaffolding materials 

(e.g., ECM materials such as collagen, alginate, elastin, and agarose) at high throughput to 3D cell 

microarrays [63]. The scaffolding materials can support cells mechanically and allow for perfusion of 

nutrients, thus enabling long-term cell culture. For example, cells can be encapsulated in nano-sized 

drops of collagen or alginate, which are mounted onto a functional glass slide by a robotic system to form 

3D cell microarrays [47]. 

Indirect techniques require the pre-production of a template to pattern biomaterials. Lithographic methods 

are particularly advantageous when complex designs for integration of bioreactors on-chip are required 

[100, 101]. In photo-lithography a substrate is irradiated with a high energy through a photo-mask and a 

high-density array of wells with microscale well sizes (e.g., tens to hundreds of micrometers) can be 

fabricated [101]. Levkin group have shown over the last years a simple method based on UV-initiated free 
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radical polymerization and photolithography to create SH and SL porous polymer films (Figure 1.2 A.2) 

using different monomers and porogen ratios to control the bulk chemistry, morphology and porosity [89, 

102]. Beyond most of the work performed were toward 2D cell culture [102-105], recently they have 

shown that SH-SL micro-patterns is becoming a promising approach for 3D cell culture [40]. In soft-

lithography, PDMS is applied in a pre-designed mold and further crosslinked, producing a pattern array 

that corresponds with the template. Then cells are seeded inside the micro-wells and stimulated into 3D 

cellular constructs for high-throughput studies [33, 35]. An example is the work performed by Figallo et 

al. in which twelve independent micro-bioreactors were fabricated [106]. Human embryonic stem cell-

encapsulated hydrogels were crosslinked inside the micro-bioreactors and each bioreactor was exposed 

to a different media flow configuration. Recently, Zhao et al. [38] developed an inexpensive, off-the-shelf 

surface patterning method to fabricate cell microarrays. The method is based on a 3D cell-based assay 

based on off-the-shelf microsponge arrays with tailored microarchtectures (e.g. micropillar/ well arrays or 

bifurcated vascular network) and highly porous that enables the automatic and uniform loading of cellular 

niche components (cells, matrices and soluble factors). The hydrogel grids were used to guide cell seeding 

on a glass slide to form cell microarrays at a density of 21,000 spots/cm2 (single cell array) or 6,000 

spots/cm2 (multi-cellular array). Khademhosseini group used micromolding and photolithography to 

encapsulate individual embryoid bodies within hybrid microgels to regulate stem cell differentiation [90]. 

The use of micro-wells chips has been shown to be beneficial in avoiding crosstalk and contamination 

between biomaterials [107] and more recently, micro-wells based platforms for single-cell analysis has 

gained increased attention in the field of miniaturization [57]. However, the presence of walls may impair 

easy on-chip mechanical characterization of the samples. Tayalia et al. utilized two-photon microscopy to 

precisely control the pore microstructures within acrylate-based polymeric 3D scaffolds for investigation 

of cell migration [108]. Gauvin et al. adopted 3D projection to micro-fabricate gelatin-based scaffolds with 

complex architectures for tissue engineering applications [109]. These platforms could be potentially used 

to micro-fabricate 3D scaffolds for miniaturized cell-based assays despite of the high cost and low 

throughput of the microfabrication approaches 

The combination of photolithography replica molding with robotic printing is well-suited to create 

structures with defined shapes and positions on the micrometer scale that can be used to position cells 

and tissues, control cell shape and function, and create highly structured 3D culture microenvironments 

[31]. Robotic printing combined with soft lithography permit to print cell-laden hydrogels loaded with small 

molecules inside micro-wells [14, 16]. Such kind of platforms showed significant promise in multiplexed 

microarray studies with almost no spot-to-spot crosstalk. By varying the size, shape and depth of micro-
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wells, single cell arrays can be fabricated to evaluate cellular behavior at a single cell level [57]. Cell 

aggregated with controlled size can also be produced inside the micro-wells cavities [110-112]. High-

throughput assays of single cell responses and cell aggregates in form of micro-masses are thus essential 

for a variety of applications including drug screening, toxicology and cell biology [56, 63, 64]. 

Microfluidic systems enable enhanced dynamic control over the cellular microenvironment within on-chip 

tissue models, such as providing nutrients and dissolved gasses and applying mechanical stimulation to 

cultured tissues [31]. In a recent example, 3D co-culture cell microarray was performed by integrating 

microfluidics and timeshared holographic optical trapping [113]. In this method, E. coli cells were 

manipulated using 3D arrays of optical traps, and then conveyed to an assembly area using a microfluidic 

network. In addition, Wu et al. [91] formed a microfluidic platform allowing self-assembly of spheroids of 

tumor cells and characterized the dynamics of spheroid formation. In this study, U-shape traps were 

designed and integrated in the microfluidic array device. It was observed that MCF-7 breast cancer cells 

formed spheroids with a density of 7,500 spheroids per cm2, which can be potentially used to evaluate 

anti-cancer drugs in a high-throughput manner (Figure 1.2 B).  Moreover, combinations of hydrogels and 

microfluidics have been used to fabricate 3D cell microarrays, which may provide new methods for drug 

screening in a physiologically relevant environment. For example, Tan and Takeuchi developed a bead-

based dynamic 3D cell microarray by introducing cell encapsulating alginate beads into a microfluidic 

system, and arraying the beads using a fluidic trap [114]. 

Moving forward, incorporating stimulation and sensing technologies on-chip and interfacing these with 

cultured cells is another important step for the real-time manipulation and detection of cellular behavior. 

Recent developments in stem cell research, regenerative medicine, biomaterials and tissue engineering 

could be integrated into new 3D in vitro models closely mimicking human organs and tissues. Organs-on-

chip devices could provide not only the biological relevance but also the requisite high throughput 

applications [54]. The challenge is to develop more sophisticated micro-systems that incorporate multiple 

tissues and vascular channels with active interfaces between them for transporting fluids, nutrients, 

immune cells and other regulatory factors - see Figure 1.2 C [92]. Moreover, controlling spatio-temporal 

mechanical forces to such microsystems permit to simulate the physiological environment, such as 

breathing in the lung, shear within blood vessels, and peristalsis in the gut and tension in the skin [54]. 

For example, a micro total bioassay system containing micro-intestine, micro-liver and target cells was 

developed to evaluate the overall properties of oral medicines and food constituents [115]. 

1.3.2 Miniaturized 3D cell-based culture platforms: advantages and drawbacks 
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There are many reasons why miniaturized platforms are beneficial could become the next-generation of 

3D cell-based for HTS assays: 

 

a) Using smaller volumes of expensive reagents and cell consumption, economical saving can be 

made; 

b) Compatibility with low and ultrahigh throughput; 

c) The molecules of interest are micro-nanometer scale implying the small-sized tools for analysis 

should be better suited than conventional laboratory beakers and test tubes (cm); 

d) Small amounts of biological sample enable more experiments to be run, leading to better result 

interpretation; 

e) The time consumed during the throughput allow large sets of data to be generated for statistical 

analysis; 

f) Scalability and control over construct size; 

g) Compatible with microscopy imaging enabling 3D cell images; 

h) Ease-of-use, repeatability, and broad access to the assembly technology;  

i) Mechanical stability and cellular ECM remodeling; 

j) Dynamic temporal and spatial control over precision and 3D complexity; 

k) Produce complex 3D structures in architecture and facilitates the establishment of tissue 

hierarchy. 

 

However, some of the technology platforms require either expensive equipment or sophisticated set-ups 

that are not commercially available and need to be designed or custom manufactured as prototypes (e.g., 

bio-printing, laser printing requiring lasers, robotics, and microscopy systems). It would be desirable for 

these miniaturized technologies to be easily adapted broadly to laboratories around the globe with minimal 

investment, minimizing operator-to-operator variability and enabling repeatable outcomes. A general 

drawback with many microwells is the lack of functionality to measure dynamic rapid cellular responses 

as a result of instant interaction with a reagent. Since reagents often are distributed across the entire well 

chip, difficulties in practical liquid dispensing might collide with the requirements for simultaneous 

detection. For example, in microfluidics devices, this is often not a problem as exemplified by live-cell 

imaging of apoptotic phenotype heterogeneity [57]. In addition, in HTS engineering relies on the effects 

of eventual crosstalk between spots immersed under the same cell culture medium. The development of 

new platforms for a high-throughput study of biomaterials and respective interactions with cells must take 

into consideration three different aspects: (i) the easy fabrication of the platform where the different 

materials are deposited with controlled volumes; (ii) the easy and homogeneous generation of 

combinatorial biomaterial arrays and combinations in the desired shape and organizational structure, 

such as scaffolds or hydrogels, optionally combined with other tissue engineering components such as 
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soluble factors or cells; (iii) on-chip biomaterial and cell characterization and reliable collection of results, 

ideally avoiding the destruction of the platform; (iv) enable non-conventional high throughput analysis 

implementing new 3D culture conditions, such as under mechanical forces (compression or shear stress) 

to better simulate physiological environments.  

1.4 Advances in the design of HTS platforms based on surfaces with extreme wettability 

With the advent of micro- and nano-fabrication, biomaterials for drug delivery, tissue engineering, 

biomedical implant and diagnostics have rapidly evolved. One of the primary techniques used in the 

fabrication of biomaterials is surface modification to achieve micrometric surface features, down to the 

molecular scale, in order to achieve the desired interfacial characteristics. The first contact between the 

material and the biological milieu occurs at the surface of the material, where this triggers a cascade of 

complex interactions [116]. The characteristics of the surfaces such as chemistry, charge, topography 

and wettability, play crucial roles on the biological response [73]. Although these factors usually work 

together to have a cooperation effect, surface wettability is a parameter of utmost importance affecting 

the uses in biological applications, such as cell adhesion/detachment and protein absorption [117]. 

Inspired by natural structures, great attention has been devoted to the study and development of surfaces 

with extreme wettable properties [118-123]. The meticulous study of natural systems revealed that the 

micro/nano-topography of the surface is critical to obtaining unique wettability features, including 

superhydrophobicity. Materials exhibiting extreme wetting properties, such as SL and SH surfaces have 

attracted considerable attention because of their potential use in several industrial applications, such as 

self-cleaning fabrics, anti-fog windows, anti-corrosive coatings, drag-reduction systems, and efficient water 

transportation [121, 123]. In particular, engineering of surface wettability by manipulating chemical 

properties and structure opens emerging biomedical applications, e.g. implantable biomaterials with anti-

adherent properties for vascular graft or with anti-bacterial properties [124, 125] as well as potential 

microarrays and microfluidic devices for simple and economical diagnosis /monitoring of cell assays 

[126]. 

Non-wettable surfaces with high water contact angles (WCAs) and facile sliding of drops, called SH or 

ultra-hydrophobic, have received tremendous attention in recent years [118, 123, 127-130]. SH surfaces 

are typically composed of materials with a low intrinsic surface energy with a hierarchical structural 

configuration [131]. The surface topography decrease the contact area of water droplets and the surface, 

thereby increasing the extent of the air/water interface, resulting in WCA greater than 150°. Since Tsujii 

et al. [132] first demonstrated biomimetic SH surfaces in the mid-1990s, various smart methods for 
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obtaining rough surfaces exhibiting extreme water repellency have been reported, such as phase 

separation [133, 134], electrochemical deposition [135], crystallization control [136], chemical vapor 

deposition [137], wet chemical reaction [138], sol–gel processing [139], lithography [140], 

electrospinning [137], and so on. With the developments of nanotechnology, various surface features 

such as the self-cleaning ability [141], anisotropic wetting of rice leaves [142], water-collection behavior 

of desert beetles and spider silk [143] and liquid repellency of pitcher plants [144] have been mimicked 

by engineering surface topology and chemistry. 

Hierarchical micro- and nano-structuring of the surface is responsible for superhydrophobicity. Rough 

surface not only enhance its hydrophobicity due to the increase in the solid–liquid interface [145] but 

also when air can be trapped on a rough surface between the surface and the liquid droplet. There are 

two types of non-wettable surfaces differing in their adhesive properties. If the contact angle hysteresis 

(CAH) is higher than 10°, meaning the difference between the advancing and receding contact angles, 

the water droplet stay preferentially adhered onto the surface. Otherwise, if the CAH is less than 10º, the 

surface is non-adhesive, and the water droplet rolls off the surface at a minimum inclination. In the case 

of non-adhesive SH surfaces (Cassie-Baxter state) the existence of a hierarchical morphology from the 

nano- to the micro-scale leads to minimal contact between the liquid and the surface. The water dispensed 

onto this type of surfaces acquires an almost spherical shape in order to minimize the energy, being 

suspended on the top of the micro- and nano-structures that compose the surface, and at minimal 

inclinations the droplets roll off [146]. In high-adhesive surfaces (Wenzel state), the droplets also acquire 

a near-spherical shape due the presence of micro- and nano-structures, but do not roll off easily. High 

adhesive SH surfaces present a larger pitch leading the liquid to impregnate partially within the 

nanostructures [145]. Over the last decade, many authors have studied the effect of the wettability and 

excellent reviews describing the Cassie-Baxter and Wenzel models can be found in the literature [120, 

121, 147-149]. Based on these methods, artificial SH surfaces have been developed inspired by the 

microstructure surface of the natural flowers; e.g. lotus leaf as non-adhesive surface and rose petals as 

adhesive surface [122]. Their superhydrophobicity is attributed to the hierarchical roughness of the 

randomly oriented, small, hydrophobic wax tubules on top of convex cell papillae [119]. However, 

differently from the lotus leave, the micro- and nanostructures of rose petals provide a sufficient roughness 

for superhydrophobicity, but at the same time a high adhesive force with water. When compared with the 

lotus leaf surface, rose petals have higher distances between the microstructures. A water droplet on the 

surface of the petals appears spherical in shape; however, it cannot roll off even when the petal is turned 

upside down [144]. This phenomenon is usually defined as the “petal effect” as compared with the 
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popular “lotus effect”. To mimic the liquid adhesion function of the rose petal, Feng et al. replicated the 

rose petal’s micro/nanostructures using the solvent-evaporation-driven nano-imprint pattern transfer 

process [119]. Combining the principles of lotus and rose-petal effect, Neto et al. developed an array of 

microindentations on a superhydrophobic surface [150]. The concept of using an array of ‘‘defects’’ on 

a SH surface was used to deposit a droplet, which served as a microreactor for chemical or biological 

reactions or for cell culture. Since it is difficult to control surface roughness on the nanometer scale, only 

a few groups have attempted the preparation of transparent SH coatings. For example, transparent SH 

films have been obtained by coating TiO2 with fluoroalkylsilanes [151, 152]; while evaporation of solvent 

from a solution of fluoropolymer covered by a layer of water droplets was used to generate a transparent 

SH nanoporous polymer film. Bravo et al. created transparent SH films by a layer-by-layer deposition of 

differently sized silica nanoparticles on a glass substrate [153]. 

1.4.1 Bio-inspired patterning with extreme wettability contrast for 3D cell culture  

In this Chapter, we describe several paradigms concerning the throughput to rapidly and efficiently 

modulate the interaction between the various components of the cellular microenvironment in 3D space. 

SH microarrays as platforms for 3D cell-based assays are presented, offering a very recent approach to 

HTS cellular analysis (Figure 1.3). Such microarrays containing 3D cell cultures can be incubated for long 

period and the obtained data significantly help the design of synthetic biomaterials, implant surfaces and 

tissue-engineering scaffolds by finding correlations between their chemical structure and their biological 

performance. The flexibility of using microarrays analysis not only greatly refines our knowledge of 

multitude of 3D cell-biomaterial interactions but could also be used in biocompatibility assessments as 

novel biomarkers. Herein we show that 3D functional patterns would represent a versatile platform in a 

wide range of applications, especial for biomedical devices such as, selection of hydrogels or scaffolds 

for site-selective cell attachment and protein absorption and the targeted drug delivery for site-specific 

and high-sensitivity cancer cell assays.  
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Figure 1.3 Schematic representation of the main functions of SH-SL microarrays, including the control over the size, geometry, 
volume of the biomaterial with applicability for in-vitro HTS (e.g. live/dead, dapi/phalloidin, scanning electron microscope 
(SEM), atomic force microscope (AFM), and micro–computed tomography (µCT)) and non-conventional testing (e.g. dynamic 
mechanical analysis, in-situ mechanical tests and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) analysis)  

Table 1.1 shows the advantages and limitations of the use of patterned SH microarrays in comparison 

with conventional microarrays widely used for 3D cell culture on research or clinical field. 
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Table 1.1 Description of the main advantages and drawbacks using distinct 3D cell culture systems 

 

 

3D cell culture 
system 

Advantages Disadvantages 
Su

pe
rh

yd
ro

ph
ob

ic
 - 

su
pe

rh
yd

ro
ph

ili
c 

m
ic

ro
ar

ra
ys

 

G
en

er
al

 
Precise control of liquids; 
Minimize consumption of reagents and samples; 
Short reaction times; 
Enable parallel and multiplexed analysis; 
Low cost of production; 
High encapsulation efficiency; 
Prevention of particle aggregation; 
Possibility to produce complex spherical systems; 
Scalability and control over construct size and geometry; 
Each spot serve as a reservoir for individual experiment 
with biomaterials, drugs or cells; 
Non-conventional HTS analysis; 
Long culture time. 

Opaque spots limit on-chip tests, are 
based on image analysis; 
Possible cross-contamination of 
soluble factors between the spots; 
Adaptation of conventional equipments 
for the analysis. 
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 Large variety of natural or 

synthetic materials; 
Co-cultures possible; 
Control over size and geometry; 
HTS capable; 
High cellular survival (low volumes).  

Gel-to-gel variation and structural 
changes over time; 
Media replacement is difficult; 
Possible detachment of the microgels. 
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Large variety of materials; 
possible for desired properties; 
Co-cultures possible; 
Control over size and geometry. 
 

Possible scaffold-to-scaffold variation; 
Cell removal may be difficult; 
HTS options is limited; 
Media replacement is difficult; 
Limited miniaturization (depending on 
the pore size) 
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No added materials; 
Consistent spheroid 
formation; 
Control over size; 
Co-cultures possible; 
HTS capable. 
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Longer culture time; 
Control over spheroid/ hydrogel size; 
Culture multiple cell types; 
Screening applications; 
Compatible with liquid handling tools. 
 

Expensive equipment; 
Sophisticated set-ups; 
Specialized equipment compatible with 
micro-well infrastructure; 
Often cross contamination between 
microarray spots, 
Measure dynamic rapid cellular 
responses. 
Some characterization techniques 
requiring flat substrates cannot be 
used. 
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 Offer control of fluids over cell, locations to specific 
regions; 
Culture multiple cell lines; 
Generation of chemical gradients; 
Tubeless microfluidics do not need external connectors, 
pumps and valves and are suitable for drug applications. 

Cells are difficult to isolate from culture 
regions; 
Limited quantitative analysis; 
Difficult microscopy analysis; 
Short term cell culture; 
Media replacement is difficult; 
Measure dynamic rapid cellular 
responses. 
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1.4.1.1 Formation of tissue spheroids  

A first insight related to 3D cell structures was presented using SH platforms to obtain cell spheroids 

[150, 154-159]. Spheroids are 3D spherical structures composed of cancer cells, which are used as in-

vitro models of avascular tumor nodules, micro-metastases and the extravascular space of solid tumors 

[160]. Such micro-masses develop many features similar to in vivo tumors such as diffusion limitations 

of oxygen, glucose, and other nutrients, including hypoxia and central necrosis and 3D interactions [161]. 

Due to the closer representation of physiological tumoral conditions, spheroids became a promising 

model for drug discovery and are expected to fill the gap between 2D monolayer culture models and 

animal testing [162]. Studies have shown that tumor cells when evaluated in a 3D format are less 

sensitive to anti-cancer agents and the results are more predictive than when the same cells are cultured 

in 2D formats [163]. Technologies have been developed to generate 3D homogeneous or heterogeneous 

spheroids, such as hanging drop techniques, rotating wall vessels, magnetic levitation, and suspension 

culture in low adhesion/attachment plates [155, 164-166]. Non-adhesive micro titer plates becoming 

popular platform for culturing spheroids since they allow for formation of homogeneous spheroids in one-

spheroid-per-well format and compatible with standard liquid handling robotics [167]. The main problem 

of such platforms is high costs of experiments due to relatively large volume of wells and requirement of 

pipetting robotics for HTS experiments. Recently, SH surfaces have been proposed to arrange quasi-

spherical cell culture droplets with the capability to build-up 3D spheroids in a HTS manner on the lab-

on-chip scale. A SH platform so-called “spheroform” inspired by the back surface of the desert beetle 

allowed to form islet cell spheroids with enhanced therapeutic efficacy for angiogenesis and insulin 

secretion [157]. A different approach based on SH platform containing wells with various shapes were 

fabricated using photolithography technique. Such platform was used for miniaturized 3D culture of 

individual or groups of cell types. Cell suspension was dispensed on the SH microwells, allowing them to 

settle via gravity. Uniform multicellular tumor spheroid formation was demonstrated with the ability to 

control the spheroid diameter in microwells for HTS of drugs [156]. The therapeutic efficacy of 3D stem 

cell spheroids using SH surfaces was also investigated [158]. The authors used a switchable water-

adhesive SH nanowire surface for the formation of functional human adipose-derived stem cell spheroids, 

of which the sizes were readily controllable on the surface. It increased cell-cell and cell-matrix interaction, 

and thus improved viability and paracrine secretion of the spheroids. They also observed that human 

adipose-derived stem cell spheroids produced on the surface exhibited significantly enhanced angiogenic 

efficacy. Based on the same principle of enabling droplet fixation (rose petals‘effect), flat SH surfaces 

were patterned with microindentations in which liquid droplets containing cells were immobilized. 3D 
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agglomerates of cells were obtained facing down the platforms with the droplets (Figure 1.4 A). The gravity 

effect allowed the deposition of the cells and their aggregation into clusters [150, 155]. Such a device 

was hypothesized to be applicable in the biomedical field as a micro-bioreactor in which chemical and 

biological combinatorial tests may be performed (e.g., screening of the cytotoxicity of drugs on micro-

tissues).  

Instead of suspending aqueous spherical droplets containing cells, semispherical droplets were dispensed 

over transparent wettable spots distributed in SH PS surfaces [168]. By inverting the system, spheroids 

could also be generated for drug screening tests. In this case, the transparent windows existing in each 

spot facilitated the visualization of the individual spheroid and the independent liquid exchange in each 

droplet. 

1.4.1.2 Cell-laden scaffold microarray 

Scaffolds provide the necessary support for cells to proliferate and maintain their differentiation function, 

and its architecture defines the ultimate shape of the new bone and cartilage [23].  

Bio-inspired micropatterned SH titanium dioxide nanotube surface array can act as a good scaffold for 

site-selective cell immobilization on the SL regions in a highly selective manner [126]. Such SH-SL micro-

patterns offer a versatile template enabling the loading of calcium phosphate, silver nano-particles, drug 

and biomolecules in a highly selective manner. Recently, a polymethylmethacrylate micro-scaffold array 

chip allow fast medium exchange and arrayed drug administration directly on the hydrophilic spots of the 

platform [169]. The drug administration was achieved by producing a drug-loaded PEG microsponge array 

and then aligned with high precision with the cell-laden micro-scaffold array chip, using a sandwich 

approach. Importantly, arrays of dried porous scaffolds may be an interesting way of commercializing 

biomaterial sets in ready-to-use, off-the-shelf platforms for cell–biomaterial testing [38]. Lim et al. 

fabricated a photo-switchable nanoporous multilayer film with wettability that can be reversibly switched 

between superhydrophobicity and superhydrophilicity triggered by UV/visible irradiation [170]. They 

combined surface roughness control with an electrostatic self-assembly process and photo-responsive 

molecular switching of fluorinated azobenzene molecules. A patterned SH-SL surface was produced by 

using selective UV light irradiation through an aluminum mask. Prior to UV irradiation the substrates are 

SH all over, but after UV irradiation the selectively exposed regions become SL and the masked areas 

maintain the SH properties. 

A pre-requisite on the design of miniaturized platforms for 3D cell culture is scalability. Platform for HTS 

analysis have been proposed with spots size less than 200 μm in diameter [78]. However, for 3D cell-
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biomaterial interaction, the size of the 3D tissue engineering structure where cells are encapsulated must 

be suitable without interfering the cellular integrity. Thus, scaffold needs an adequate mechanical stability 

and strength containing highly open porous structure. The pore size distribution in 3D matrices is of 

outmost importance for cellular growth, proliferation as well as freely transport of nutrients within the 

matrix [171]. Endothelial cells, for example, show favorable attachment to pores in the range of 30–80 

μm [172], whereas osteoblasts require pores larger than 100 μm for bone formation [173]. Due to the 

micrometric size of the spots of the conventional microarray, most commercially available microarray 

scanners are inverted florescent microscopes that acquire data at two wavelengths (generally used to 

record a test and a control signal) using 532 nm and 635 nm lasers [174]. Additionally, the scaffold 

needs to be easily fabricated into a variety of shapes and sizes. Using SH-SL flat platform, the size of the 

porous scaffold can be easily varied, simply by varying the size of the SL spot and the volume of the liquid 

precursors. Since the size of cells are in micrometric scale, miniaturizes porous scaffolds with 

representative number of pores and truly interconnected structure required a minimum size of 1-2 mm 

[175, 176]. The versatility of controlling the sizes of the hydrophilic spots open the possibility to produce 

scaffold structures with hierarchical organization exhibiting pore sizes adequate for tissue engineering 

applications. The ability to create arrays of on-chip dried porous scaffolds or even scaffold platforms may 

be promising for commercializing ready-to use platforms for HTS cell-biomaterial testing [38, 177]. The 

production of 3D scaffolds was performed in situ over the SH microarray [176]. The structures were 

characterized regarding mechanical properties, porosity and pore size. The proportions between materials 

(sodium alginate and Chitosan) were varied and cell–material interactions were also evaluated by looking 

at the metabolic activity and cell number using both destructive methods and direct image-based analysis 

(Figure 1.4 B). Such SH-SL microarray could be considered as a reliable platform for in vitro screening of 

the main properties currently assessed in scaffold characterization, as well as for preliminary biological 

studies. Using freeze-drying technique, polymer solutions can be easily dispensed directed on the wettable 

spots, instead of the need to cross-link any monomers. This process avoids several rinsing steps since 

dispersed water and polymer solvents can be removed directly. In addition, the pores structure of the 

scaffolds can be controlled by varying the freezing temperature. However, the ability to produce HTS 

homogeneous porous scaffolds by freeze-drying is still limited. With the advances of modern technologies, 

a new method should be developed to produce porous scaffolds with better control of pore sizes, pore 

morphology, and porosity of matrix as compared with other fabrication methods using flat microarrays. 

To overcome this challenge, we suggest the use of 3D printing (never shown before). We believe that 

could be particularly advantageous for on the design of complex structures that are not cost effective in 
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conventional manufacturing methods. Moreover, automated 3D printing promises to produce complex 

biomedical devices with defined shape and size, as well as, controlled scaffold position on the microarray 

platform, according to computer design. 

1.4.1.3 Formation of hydrogel microparticles 

Hydrogels are hydrated 3D cross-linked polymers resembling natural ECM that provide soft 3D support 

for cellular growth and tissue formation [178]. Due to their unique properties such as high porosity, 

permeability for gases, nutrients and metabolites, as well as their compatibility with physiological 

conditions, hydrogels have been extensively studied as material support for immobilizing and cultivating 

cells in 3D, biomedical applications, drug delivery and tissue engineering [179]. Hydrogels such as fibrin, 

collagen, alginate, and PEG-based biomaterials are extensively used in tissue engineering due to their 

biocompatibility, porous structure, and their biological, chemical and mechanical properties [59]. 

Although recent studies have provided initial efforts in implementing combinatorial approaches to 3D cell 

culture, they have been limited in scope due to constraints in the ability to generate large-scale libraries 

of microenvironments, limited systems-level analysis and lack of cell recovery. The use of concepts of 

patterning hydrogels in a 3D manner [60] is an elegant way to study biomaterials allowing or avoiding the 

crosstalk of soluble factors between distinct patterned biomaterials by varying the distance between each 

patterned spot and the density of the polymeric matrix separating each spot. 3D cell-biomaterial 

microarray was developed by pipetting cell-loaded precursor solutions onto SH micropatterned surfaces 

with SL regions in order to form cell-laden hydrogel arrays [39]. A combinatorial array of Chitosan, 

collagen and hyaluronic acid with alginate to control the cell distribution on a SH polystyrene surface was 

formed. Due to the high contrast of wettability between the patterned SL spots and the SH background, 

the biological performance of encapsulated cells inside the hydrogels were tested in an in vitro 3D 

environment on a flat platform [39]. Some of the advantages associated with this method are the easy 

fabrication process, low cost, and high efficiency. Moreover, the biomaterials dispensed in each wettable 

spot were kept and fixed separated from each other due to the highly repellent character of the 

surrounding area, even when the entire chip is immersed in cell culture medium. One limitation of this 

strategy is the difficulty of use for analyzing opaque materials, as the on-chip tests are based on image 

analysis. SH-SL transparent titanium dioxide surfaces could solve the existent problems [152], creating a 

microarrays containing alginate hydrogel particles, with features as small as 5 μm. Tumarkin et al. 

showed a straightforward operational platform for the co-encapsulation of a controlled number of cells of 

different lineages in well-defined microgel environments. Cells co-encapsulated in each individual microgel 
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are separated from cells encapsulated in different microgels, which enables interrogation of interactions 

between two types of cells encapsulated in the same microgel [180]. Hancock et al. used a similar 

approach to create gradients of soluble factors, cells, and microspheres in 3D hydrogels by photo-

crosslinking pre-polymeric solutions in the SL stripes [181].  

Most of the methods used for the formation of droplets on patterned SH surfaces are based on multiple 

pipetting or a liquid handling device, which can be inconvenient due to the time consuming and the liquid 

volume precise. The handling of small volumes of droplets requires fewer reagents than with conventional 

microplates. Levkin group developed a “DropletMicroarray” platform able to form thousands of spatially 

separated pico- to microliter-sized droplets with defined geometry and volume using SH-SL surface [40]. 

High-density of hydrogel/cell arrays were formed in the SL spots without requiring pipetting in single 

individual spots. Using a phenomenon of discontinuous de-wetting, as long as liquid moved along the 

patterned surface, the trailing edge of the liquid became pinned at the borders between the SH-SL regions, 

and the liquid film thinned and finally broke to form a droplet in each SL spot. Hydrogels containing cells 

were only formed within the SL spots, and no cells were observed outside the hydrogel on the SH barriers 

(Figure 1.4 C). 

The promising hydrogel microarrays could be functionalized or incorporated with extracellular matrix 

proteins, signaling molecules, drugs, and other small molecules for 3D cell screenings. After the hydrogel 

is formed, the array of hydrogel particles encapsulating cells can be immersed in cell culture medium, or 

droplets of medium can be formed in the SL spots to isolate each hydrogel microparticles for further 

culturing. The SH barriers promote very high-densities of microdroplets containing bioactive molecules, 

non-adherent cells, or microorganisms and could be fully isolated microdroplets for HTS, or in the 

hydrogel microparticles for screening in 3D microenvironments.  

In future, the use of concepts such as patterning of hydrogels in a 3D manner, as proposed for other 

applications may be an elegant way to study biomaterials allowing or avoiding the crosstalk of soluble 

factors between patterned biomaterials by varying the distance between each SL spot. The development 

of miniaturized platforms to produce diverse combinations of biomaterials for 3D cell culture must be 

followed with the development of HTS or high-content methods for data collection to assess cell–

biomaterial interactions/therapeutic effects [75].  

Hydrogels with complex geometries: Microscale building blocks for modular tissue engineering 

Engineered tissues remain challenging to create, especially if the goal is to spatially position multiple cell 

types in a heterogeneous pattern in 3D. The combination of 3D microarray technology along with 

microfabrication technology is a promising new approach to engineering heterogeneous structures [182]. 
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The ability to control the shapes of the cell microcarriers allows for the production of shape-coded arrays, 

which can offer a cost-effective and versatile platform for high-throughput and multiplexed bioassays. SH-

SL patterns provide a precisely control over the geometry and shape of liquids. Hancock et al. used 

microarray pattern to shape liquids into more complex geometries, at both the macro- and microscale, to 

control the deposition of micro- particles and cells or to create shaped hydrogels [183]. By using finite 

element simulations to predict the liquid shapes, they could pre-design the SH-SL patterns based on the 

desired particle deposition or gradient formation. A range of droplet shapes, such as sine waves, linear 

gradients, and spiral gradients were produced to validate the combined experimental and theoretical 

investigation. Addition of surfactant was needed to lower the surface tension of the liquid in order for it to 

completely fill the complex pattern geometries at the microscale. This could be improved by using a SL 

surface that rapidly and uniformly spreads the solution, eliminating the need for surfactant. Also, 

increasing the hydrophobicity and using a surface with low WCA hysteresis as the background could 

eliminate the extra droplets after liquid patterning. Recently, Kobaku and co-authors had developed a 

simple wettability engendered templated self-assembly methodology for preparing monodisperse, 

multiphasic micro- and nanoparticles [184]. The method is based on the construction of a SH substrate 

patterned with SL domains of different sizes and shapes by taking advantage of photo-catalytic activity of 

TiO2. Multi-phasic assemblies with precisely control over the geometry and composition through multiple, 

layered, depositions of polymers and/or particles were constructed simply by dip-coating the template 

with dispersed polymer or particle solutions, which preferentially self-assembled within the wettable 

regions. Such SL regions could be further reused for the synthesis of a new batch of particles, enabling 

an easily reproducible method for scalable manufacturing of multi-phasic functional particles. In addition, 

microgel arrays could be produced by combining surface-wettability-guided assembly and microdroplet-

array-based operations, using widely accessible PDMS stamping approach [185]. It was shown the 

assembly of thousands of heterogeneous 3D cell microenvironments with precise control over individual 

shapes and sized including circles, squares, octagons, crosses, triangles, as well as complex 

interconnected microgel networks, as well as control of chemical concentrations, cell density, and 3D 

spatial distribution of multiple components (Figure 1.4 C). Khademhosseini group presented a 

micromolding approach for 3D cell-encapsulating hydrogels with controlled shapes and sizes in the form 

of harvestable free particles [174]. Cells were suspended in a hydrogel precursor solution containing 

photoinitiator, deposited onto hydrophilic PDMS patterns, crosslinked under UV radiation, and retrieved 

upon hydration. The cells distributed homogeneously within two types of hydrogels (methacrylated 

hyaluronic acid and poly(ethylene glycol) diacrylate (PEGDA)). The control over the shape and size of the 
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microgels were useful since shape-fitting microgels could then be placed adjacent to one another and 

assembled into larger structures or tissues. Later, authors from the same group achieved directed-

assembly of cell-laden microgels into tissue sheets on surfaces patterned with hydrophobic and 

hydrophilic regions [186]. They were able to regulate the architecture of the microgel assembly by 

controlling the size and shape of the patterns on the surface. In order to stabilize the assembled microgels, 

a secondary crosslinking reaction was used to encapsulate the assembled microgels into a bulk hydrogel 

material. The stabilized assembled microgels could be readily harvested from the surface as multi-cellular 

tissue constructs.  

In vivo, cells are embedded in a 3D niche comprising ECM and neighboring cells with a well-defined 

spatial distribution. Biomaterials mimicking the native ECM are critically important to form cell-

encapsulating building blocks for the bioengineering of artificial tissues. Generating heterogeneous 3D 

cell microenvironment arrays in vitro with controlled and spatially organized components over individual 

microenvironments is still challenging. The shape of the 3D structures is extremely important for 

constructing macro assemblies with diverse architectures, inter-particulate distances or particle-to-particle 

interactions. SH-SL microarray patterns can be proposed for the formation of engineered 3D tissues with 

robust mechanical properties to withstand clinical implantation and interact appropriately with native 

tissues, and be used as a toolbox of cell bearing hydrogel bricks of different shapes to enable diversity of 

multi-particle assemblies for modular tissue engineering [58, 187, 188]. 3D shaped hydrogel particles 

can be adapted for cell co-culturing that provides a more relevant in vivo-like tissue model, and which 

enables the high-throughput screening and in-depth monitoring of other molecules' effects on cell-to–cell 

interactions.  
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Figure 1.4 Emerging applications using patterned SH surfaces in order to produce a more relevant in vivo-like tissue 3D model. 
A) Spheroids formation using patterned SH surfaces with microindentations, mimicking rose petal effect, able to suspended 
arrays of droplets containing cells. Turning the platform 180º, the cell suspension inside the droplet lead to a formation of 
individual spheroids due to the gravitational forces applied to the cells. Drug screening test were performed using anti-cancer 
cell drug, doxorubicin [155]. B) Formation of MI-PVA microgels incorporating cells using the rolling droplet method on SH-SL 
droplet microarray [40]. C) HTS formation of porous Scaffolds with distinct compositions [176]. D) Arrays of combinatorial 
biomaterials were implanted subcutaneously in a Wistar rat model [189]. 

1.5 In-vivo HTS testing of biomaterials 

Clinical trials are a crucial step towards probing the foreign-body response and toxicity of newly developed 

biomaterials. Conventional in vivo screening of materials involves their implanting one by one, often 

requiring a large number of animals, which in turn triggers ethical questions and elevates experimental 

costs. Patterned devices with areas of contrast wettabilities produced on flat and flexible films were 

hypothesized to be powerful tools for the detection of hotspots with promising properties and excluding 
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materials with uninteresting characteristics. By implanting biomaterial microarrays, a large number of 

biomaterial combinations can be investigated using fewer animals. This high-throughput clinical testing 

offers a major advancement in biomaterial development and a great ethical improvement in the field of 

biomaterials science. A firstly developed SH microarray chip containing 36 different scaffolds was 

implanted in Wistar rats [189]. The microarray chip was used to study the immune response towards the 

implanted biomaterials in a cost-effective manner. The results obtained on chip were compared with 

conventional individual implantation of the scaffolds and showed that such SH-SL microarray could be 

used for high-content evaluation of in vivo biomaterial responses (Figure 1.4 D). The inflammatory 

response of the individual scaffolds was accessed after implantation (up to 7 days) by examining the 

recruitment of macrophages and lymphocytes to the respective scaffolds. The implanted micro-scaffolds 

elucidated different inflammatory responses depending on their physical and chemical properties. 

Moreover, through a histology analysis of the tissue surrounding the microchips it was evident that the 

inflammatory response in each scaffold was independent between the implanted scaffolds. The 

employment of cheap approach as HTS devices for in vivo screening clearly marks an important step in 

biomaterials development. It was referred that only the inflammatory response caused by the biomaterials 

was explored in this work. Although such unique in vivo HTS testing of biomaterials is a very promising 

approach, additional experiments and new platforms are needed to further validate this system. In the 

future, hybrid structures combining cells and materials should be tested in order to extend this 

methodology towards future discovers for tissue engineering and regenerative medicine. 

1.6 Conclusions and future perspectives 

Over the last decades, miniaturized devices have achieved tremendous advances to facilitate applied and 

basic cell-based biological research. Significant developments in micro-fabrications greatly changed 

various aspects, including science and engineering. Compared with conventional cell-culture methods, 

3D microarray systems are growing at a remarkable speed aid in the identification of such magical 

formulations in the shortest possible time, enabling the HTS of cell-biomaterial, cell-ECM, and cell-drug 

interactions within tissue-like microenvironments. The development of heterogeneous cell-laden 

microarrays holds significant range of different physical, biological, and geometrical settings in a cost-

effective manner. The primary goal of these microarray platforms is to identify combinations of 

biomaterials that can stimulate and reorganize cells into artificial tissues structures for regenerative 

medicine or drug screening applications. While some of the techniques outlined in this manuscript of 

micro-engineered approaches for 3D cell culture are well documented, the uses of biomimetic strategies 
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for creating 3D cell niches of the microarrays are still relatively new. Recent advances on surfaces with 

extreme contrast of wettabilities have contributed for the design of flat microarrays for HTS of cellular 

fates within 3D microenvironments. Despite exiting progress in multiplexed biomaterial screening, SH 

platforms with wettable regions have enabling rapid assembly of thousands of heterogeneous 3D tissue-

like structure (polymer-based scaffolds and/or spheroids) with precise control over individual shapes, 

sizes, chemical concentrations, cell density, and 3D spatial distribution of multiple components. The 

emerging strategies for directly production of microscale tissue units reviewed here have potential to 

create complex 3D tissue building blocks with specific micro-architectural features for modular tissue 

engineering applications. Modular tissue engineering possesses immense potential for advancing the 

fields of tissue engineering while bringing us closer to the ultimate goal of creating clinically relevant 

engineered tissues for human implantation and the treatment of disease. In the future engineer arrays of 

more sophisticated hierarchical and multiphasic environments to permit to recapitulate more closely the 

complexity of stem cell niches or, at larger scale, humanized organoids. Other culturing conditions should 

also be implemented, including under mechanical forces (compression, or shear stress) to simulate 

relevant physiological conditions. Another future approach is the ability to create biomaterial microchips 

that can be implanted clinically for cost-effective screening of the host response to new biomaterials. It 

would be interesting to investigate whether a biomaterial microchip can also be used to examine the 

tissue regeneration potential of scaffolds in a high-throughput manner. A further downscaling of such 

implantable microchips could lead to a rapid breakthrough in tissue engineering and bring the field closer 

to meeting its clinical potential. 
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CHAPTER 2. MATERIALS AND METHODS 

This Chapter aims to explaining in more detail and adding relevant information that is not present in the 

practical Chapters (3-8) of this thesis regarding materials and methods used during the development of 

such works. The detailed specifications of the suppliers can be found in the experimental subsections of 

each Chapter of Section III. 

2.1 Materials  

2.1.1 Superhydrophobic surfaces 

Inspired by the water repellent behavior of micro/nanostructures surfaces found in the nature, 

superhydrophobic (SH) surfaces with water contact angles (WCA) higher than 150º have recently been 

focus of many research works [1-3]. To induce superhydrophobicity on polystyrene (PS) surfaces we 

followed the phase separation Protocol described by Oliveira et al. [4]. 

Protocol I 

1. Dissolve commercial grade polystyrene (injection molding grade, Styrolution 158 k, UL Ides, 
Portugal) in anhydrous tetrahydrofuran (THF, containing 250 ppm butylated hydroxytoluene as 
inhibitor, ≥99.9%, Sigma,) solution to a yield final concentration of 70 mg.mL-1 for 24 hours under 
stirring at 300 rpm. 
2. Add absolute ethanol (Panreac, Spain) to the pre-solution in a proportion of 2: 1.3 (polystyrene 
solution: absolute ethanol). Shake the mixture.  
3. Cut small portions from commercially available smooth polystyrene (PS) sheets with 0.19 mm 
of thickness (Goodfellow, UK, ref. ST311190/1). 
4. Dip the final mixture, with a transparent aspect, onto the smooth PS surfaces Remove the excess 
of the mixture solution and immerse the coated surface in a non-solvent for the polymer (absolute 
ethanol). (See Note 1)  
5. Dry the surfaces under a gentle flow of nitrogen. 
 

Phase separation is a simple and inexpensive method for the formation of rough and porous polymer 

films, leading to the fabrication of SH surfaces. In this method, a hardening process is adopted to produce 

porous materials that consist of a solid phase and a second phase that could be liquid or solid. After the 

second phase is removed, a porous rough surface is obtained. The PS precipitation on the surface leads 

to formation of a rough surface explained by the following mechanism: The mixture of the solvent and a 

non-solvent of polystyrene forms both poor and rich polystyrene phases. In the poor phase, polymer nuclei 

                                                 

1 The mixture solution is removed from the surface after phase transitions started to occur, i.e., as soon as the surface started 
showing an opaque aspect. Polymer precipitation was then forced with the immersion of the coated surface in a non-solvent 
for the polymer (absolute ethanol). 
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are formed by precipitation. The rich phase aggregates around these nuclei in order to decrease surface 

tension. During polymer precipitation within the rich PS phase, a continuous deposition of spheres on the 

surface takes place [4]. Figure 2.1 shows the representative microstructure development onto a PS 

substrate using this methodology. It is possible to observe sub-micrometer spheres that are agglomerated 

in larger micrometer structures.  

 

 

Figure 2.1 Representative scanning electron microscopy image of the A) original smooth PS substrate and B) superhydrophobic 
rough surface. The inset image depicts the topography of Sh surface using a higher magnification. Figure adapted from [5]. 

The Protocol I was applied using smooth PS sheets for Chapters 4, 5, 6 and 7. Using this surface 

treatment in Chapter 4, 6 and 7, a rough and porous surface resulted, thereby providing SH properties. 

In Chapter 5, phase separation methodology was used to produce SH surface patterned with transparent 

PS spots. In Chapter 8, a new SH platform developed by Levkin group was used [6]. Using phase 

separation principle, Feng and co-workers developed an extremely fast (<15 s), initiator-free surface 

modification method compatible with aqueous conditions for creating SH-superhydrophilic (SL) 

micropatterns using thiol-yne “click” chemistry, [6] based on Protocol II. 

 

Protocol II 

Activation: 
1. Immerse glass slides in 1 M NaOH for 1 hr. 
2. Wash with water and DI water. 
3. Immerse glass slides in 1 M HCl for 30 min. 
4. Wash with water and DI water. 
5. Dry with nitrogen gun. 

 
Fluorination: 

6. Place activated glass slides in desiccator. 
7. Pipet 30 µL tridecafluoro-(1,1,2,2)-tetrahydrooctyltrichlorosilane into Eppendorf tube and place 
in desiccator. 
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8. Slide on desiccator cover and ensure tight fit. 
9. Pull vacuum to 50 mbar. 
10. Leave glass slides overnight. 
11. Modification: (See Note 2) 
12. Pipette a few drops of modification mixture on activated glass slide and cover with another 
activated glass slide. Avoid/ remove bubbles and wait 30 min. 
13. Repeat step before. 
14. Wash with acetone and dry with nitrogen gun. 

 
Polymerization: 

15. Purify monomers (2-hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate (EDMA)) 
before usage by passing them through a short column packed with basic aluminum oxide to remove 
inhibitors. 
a) Fill 5 mL syringe with Al2O3 up to 1 mL line. 
b) Place syringe in 15 mL tube. 
c) Pipet 3 mL monomer into syringe. 
d) Pump syringe to pass monomer through the Al2O3 column. 
e) Place the modified glass slide on top and allow the mixture to spread without forming air bubbles. 
Clamp the glass slides together. 
16. Preform the polymerization by crosslinking a HEMA-EDMA polymer mixture via UV irradiation: 
place the glass slides with the fluorinated plate on bottom under the UV lamp and irradiate for 15 
min with 12 mW/cm2 intensity, 260 nm wavelength UV light. 
17. Carefully separate glass slides using a scalpel. 
18. Use adhesive film (Tesa) to remove smooth, nonporous layer that develops along fluorinated 
glass slide. 
19. Tape down polymerized glass slide. 
20. Uniformly place adhesive film (Tesa) without bubbles on surface. 
21. Peel rapidly. 
22. Rinse the polymer surface with ethanol and dried with an air gun.  

 
Esterification: 

23. Perform the esterification solution for two HEMA-EDMA surfaces. See Note 3. 
24. Put a small magnetic stir bar in the 50 mL tube. Immerse two HEMA-EDMA surfaces back-to-
back in the 50 ml tube. Seal the tube with Parafilm and cool at -20°C for 15 min. 
25. Fix the tube over a magnetic stirrer. Add 180 µL of N,N'-Diisopropylcarbodiimide (DIC, Alfa 
Aesar, Cat. #A19292). Quickly seal the tube with parafilm to avoid water in the solution. Stir for 4 h. 
Alkyne groups (triple bonds) are formed on the surface. 
26. Immerse the substrates in ethanol for 2 h to remove unreacted chemicals. See Note 4. 

 

The patterning of SH polystyrene surfaces and SH glass slides are described in the following sub-sections. 

                                                 

2 The modification step allow functionalize glass slide surface with anchor group for methacrylates to covalently attach polymer 
layer. 
3 The solution can be reused at least 4 times by putting the solution in a new 50 mL tube and adding 20 mg of 4-Pentynoic 
acid each time. 
4 After esterification the glass slides can be store at RT or in ethanol. The static WCA of the surface should be around 90°. 
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2.1.1.1 Patterned superhydrophobic surfaces with microindentations 

After the production of SH surfaces following the Protocol I, multiple indentations were produced over the 

SH surfaces generating attachment points to produce arrays of droplets with any geometrical disposition 

and distance between them. In Chapter 6, the micro-indentations over the SH surfaces were produced 

using a microhardeness tester equipment (Leica VMHT 30) applying loads of 2942 mN, 4903 mN and 

19610 mN with a dwell time of 10 s. A sharp rigid Vickers diamond pyramid indenter (included angle α 

= 136°) penetrated into the surface with a constant load during a complete loading–unloading cycle 

producing individual indentations. The surfaces patterned with adhesive micro-indentations were used as 

support for arrays of aqueous solution-based droplets, exhibiting a close spherical shape promoted by the 

extreme water repellency of the SH surface, but are fixed by the depression features. In Chapter 6, micro-

indentations with different sizes were produced, while in Chapter 7, the micro-indentations over the SH 

surfaces were produced only applying loads of 2942 mN. In both Chapters 6 and 7, to produce the arrays 

to sustain droplets of cell culture medium, the micro-indentations were placed in the SH surface at a 

distance of 5 mm from each other, with a square configuration, in the total of 16 spots for each condition, 

mimicking the effect of rose petals [7] – See Figure 2.2.  

 

Figure 2.2 a) Microstructure of polystyrene SH surface observed by scanning electron microscope (SEM; two magnifications). 
b) Upper view of a SH platform patterned with micro-indentations to fix water droplets in the desired areas (c). d) Scheme of 
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the water droplet position in the micro-indentations magnifying the effect of the penetration of the liquid in the mark. Figure 
adapted from [8]. 

2.1.1.2 Polystyrene superhydrophobic surfaces with transparent spots 

Using such polystyrene SH surface, a method to pattern with wettable spots was described by Neto et al. 

[5]. Exposure to UVO irradiation allowed the fast and simple patterning of SL regions with controlled 

wettability in SH flat surfaces. Such patterns were compatible with fluorescence microscopy analysis of 

cells attached to such SL regions. However, such method lacked transparency of the wettable spots 

(compatible with transmitted light microscopy). 

We developed a new method that allows patterning transparent and permanent wettable regions in the 

superhydrophobic surfaces [9-11] - see Figure 2.3. This technique was applied in Chapter 5, following 

the Protocol III. 

 

Figure 2.3 Schematic representation of the production of wettable patterns on polystyrene (PS) superhydrophobic surfaces 
using phase-separation technique. 

Protocol III 

1. Cut small portions from commercially available smooth polystyrene (PS) sheets (Figure 2.3 A). 

2. Glue polyvinyl chloride (PVC) stickers (Oracal, USA) into smooth PS surface in the form of an 
array of 4 mm2 squares separated by 2 mm (Figure 2.3 B-C). See Note 5. 

                                                 

5 In such applications, stickers of PVC were cut from an A4 sheet in a typography service using a computer numerical control 
laser-cutting machine in the shape of the wettable spot. 
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3. Modify the PS surfaces containing square-shaped stickers according to Protocol I. 

4. Dispense a necessary volume of the mixture solution to cover the clean PS substrate (Figure 2.3 
D). After several seconds in air, immerse the substrate, containing with the mixture solution, in 
ethanol for 1 min in order to force the polymer precipitation, leading to the formation of a rough and 
porous topography at both the nano- and microscale levels. Dry the surfaces at ambient temperature.  

5. Remove the stickers from the surfaces (Figure 2.3 E). The protected regions remain untreated 
and, consequently, wettable and transparent (Figure 2.3 F). 

6. Prior material deposition, expose only the wettable polystyrene spots, using a mask with square 
holes (Figure 2.3 G-H)) to UV-ozone irradiation (procleaner 220, BioForce Nanoscience), in order to 
modify chemically the spots incorporating negative charged groups (Figure 2.3 I.) 

 

The fact that the stickers allow having transparent spots after their removal improved the compatibility of 

the SH patterned chips the production of multilayer films, as observed in Chapter 5.  

2.1.1.3 Superhydrophobic DropletMicroarray  

DropletMicroarray (DMA) platform exploits the extreme contrast in wettability between SL and SH areas, 

which lead to a spontaneous formation of an array of separated micro-droplets when a water droplet is 

rolled on a SL-SH surface (Figure 2.4). Each microdroplet can serve as a reservoir for performing an 

individual experiment with biomaterials, drugs or cells. Using a rolling droplet method, the facile droplet 

formation does not require manual pipetting or a liquid handling device.  

In this Chapter 8, we show the application of the DMA for the preparation of a high-density array of 

hydrogel particles encapsulating live cells, which can be used for high-throughput screening of cells in 

three dimensional (3D) microenvironments. 
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Figure 2.4 Formation of a DropletMicrorray (DMA) using the rolling droplet method. Schematic of a SL, nanoporous polymer 
layer grafted with SH moieties. When an aqueous solution is rolled along the surface, the extreme wettability contrast of SL 
spots on a SH background leads to the spontaneous formation of a high density array of completely separated microdroplets. 
Upper-view photographs of water being rolled along a SL-SH patterned surface with 1 mm square to form droplets only in the 
SL areas. Figure adapted from [12]. 

The patterned surfaces were prepared on a glass support by in situ UV-initiated free radical polymerization 

of HEMA-EDMA (Protocol II), followed by the generation of the SH-SL domains using the Protocol IV. 

Protocol IV 

Superhydrophobic pattern:  

1. Dilute 1H,1H,2H,2H-Perfluorodecanethiol (Sigma-Aldrich, Cat. #660493) in acetone (5% v/v). 

2. 
it with a photomask, and transfer everything under the UV lamp. Irradiate with 260 nm UV light at 
12 mW/cm2 for 1 min. 

3. Before exposure to light, wash the substrate with acetone in the dark room and then wash the 
substrate again with acetone and dry it with an air gun. 

Superhydrophilic spots:  

1. Dissolve 10% v/v of 2-mercaptoethanol (Alfa Aesar, Cat. #A15890) in a 1:1 water:ethanol 
solution.  
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2. Pipette 200 µL of the hydrophilic thiol solution on the substrate and cover it with a fluorinated 
quartz slide. Irradiate with 260 nm UV light at 12 mW/cm2 for 1 min. Wash the substrate with ethanol 
and dry it with an air gun. 

 

Many of the materials used in this thesis – both polymeric constituents and reactives – were either 

purchased or obtained by biological processes. The detailed specifications of the suppliers can be found 

in the experimental subsections of each Chapter of Section III. Likewise, equipment suppliers are also 

discriminated in those subsections. 

2.1.2 Polysaccharides 

2.1.2.1 Chitosan 

The use of marine resources is commonly considered inexpensive and abundant, with great interest to 

develop biological and biomedical applications. Chitosan (CHT) is derived from chitin, which is a natural 

polysaccharide composed of randomly distributed β-(1-4)-linked D-glucosamine (deacetylated unit) and 

N-acetyl-D-glucosamine (acetylated unit), abundantly occurring in shrimp´s shells. CHT is obtained by 

removing sufficient acetyl groups (CH3-CO-) for the molecule (chitin) to be soluble in most diluted acids 

(Figure 2.5). This process, called deacetylation, releases amine groups (NH2) and gives the CHT a cationic 

characteristic at lower pH. Conventionally, the compound is called “CHT” when the degree of 

deacetylation of chitin reaches about 50% [13]. CHT undergoes a conformational transition in solution 

around a pH value of 6. Its amine groups, as is characteristic of polybases, are protonated at pH below 

the pKa and deprotonated at higher pH values [14]. CHT is non-toxic, biodegradable and has an excellent 

biocompatibility. So, CHT is a great candidate for a series of biomedical applications [15-17].  

 

Figure 2.5 Chemical structures of CHTtin and Chitosan. Figure adapted from [18]. 

In Chapters 3 and 5, CHT with N-deacetylation degree of 80% and a molecular weight obtained by 

viscosimetry of 770 kDa was purchased from Sigma, and purified afterwards. The solution was filtered 

using Whatman® ashless filters, with a cutoff of 20-25 μm, so the insoluble materials remained in the 
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filter. Multilayer films were produced using CHT in the form of a cationic polymer, by dissolution of CHT 

in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

In Chapter 6, the formation of CHT hydrogels were developed on SH platforms following the crosslinking 

reaction of CHT with genipin, a natural crosslinking agent of CHT. Water-soluble highly purified Chitosan, 

CHT (Protasan UP CL 213, viscosity 107 mPa.s, molecular weight Mw = 2.7x105 g.mol-1, 83% degree of 

deacetylation) was purchased from NovaMatrix. CHT was dissolved in distilled water at concentrations of 

0.1 mg.mL-1, 1 mg.mL-1, 5 mg.mL-1, 7.5 mg.mL-1 and 10 mg.mL-1. After the addition of distinct 

concentrations of genipin, a dark-blue coloration appeared in the formed hydrogels due to the reaction 

between the amino groups of CHT and genipin [19]. 

2.1.2.2 Alginate 

Alginate (ALG) is a natural polysaccharide extracted from brown seaweed [20]. ALG is a linear anionic 

copolymer composed of two monomers: β-D-mannuronic acid, α-L-guluronic. It can be obtained from the 

cellular wall, accounting for up to 45% of the dry weight of these seaweeds. ALG has stimuli-

responsiveness toward pH. The carboxylic acid groups from the guluronate and mannuronate monomers 

can be deprotonated above pH values of 3.2 and 4, respectively. Thus, alginate behaves as polyacid and 

exhibits polyanionic behavior above these pKa values [21]. ALG and also CHT, which share a marine 

origin, both show biocompatibility, adhesiveness, non-toxicity. These properties make of these 

polysaccharides suitable constituents for multilayer formulations that resort to natural materials [22]. ALG 

was used as a multilayer constituent, in Chapter 5. Alginic acid sodium salt from brown algae was 

purchased from Fluka (ref. 71238, molecular weight 100-200 kDa). ALG was dissolved in in 0.15M of 

NaCl solution, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1.  

ALG also become an extremely important because of their utility in preparing hydrogels at mild pH and 

temperature conditions, suitable for sensitive biomolecules like proteins and nucleic acids, and even for 

living cells such as islets of Langerhans [23]. In Chapter 8, ALG was processed as an ionic hydrogel, 

crosslinked with calcium chloride. Hydrogels are hydrophilic polymer networks, which may absorb from 

10 – 20% (an arbitrary lower limit) up to thousands of times their dry weight in water [24, 25]. Hydrogels 

may be chemically stable or they may degrade and eventually disintegrate and dissolve. Calcium alginate 

is an example of this type of hydrogel. Thus, when polyelectrolytes of opposite charges are mixed, they 

may gel or precipitate depending on their concentrations, the ionic strength, and pH of the solution [20]. 
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2.1.2.3 Hyaluronic acid 

HA is a polysaccharide that can be found in tissues and body fluids of vertebrates and also in some 

bacteria [26]. It is a linear polymer and a naturally occurring non-sulfated glucosaminoglycan composed 

of D-N-acetylglucosamine and D-glucuronic acid [27, 28]. As an integral component of extracellular matrix 

[29], HA is an attractive building block for new biocompatible and biodegradable materials that can be 

used for drug delivery and tissue engineering [30, 31]. 

In Chapters 3 and 5, HA-hyaluronic acid sodium salt from Streptococcus equi - was purchased from 

Sigma (ref. 53747, molecular weight of 595 kDa), and was used as a multilayer constituent and to 

produce two conjugated biopolymers- see next sub-section. For multilayer films construction, HA was 

dissolved in in 0.15M of NaCl solution, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

2.1.3 Synthesis of dopamine-modified hyaluronic acid 

Dopamine-modified hyaluronic acid (HA-DN) is a synthetic catecholamine polymer inspired by mussel 

adhesive proteins (MAPs). It is known that MAPs found in marine mussels form outstandingly moisture- 

resistant adhesive bonds capable of surviving to the destructive conditions of the ocean. Such proteins 

provide contain considerable concentrations of an unusual amino acid, 3,4-dihydroxy-L-phenylalanine 

(DOPA), which is formed by postranslational modification of tyrosine. A key aspect of DOPA and its analog 

dopamine (DN) is the ortho-dihydroxyphenyl (catechol) functional group, which forms strong bonds with 

various inorganic/organic surfaces [32-34]. For the purpose of constructing LbL-based systems in 

Chapters 3 and 6, HA-DN was synthesized, according to Protocol V, based on the procedure proposed by 

Lee and co-workers [35]- see Figure 2.6.  

 

Figure 2.6 Synthesis and chemical structure of HA-DN 
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Protocol V 

1. HA solution (transparent): 1 g of HA (Hyaluronic acid sodium salt from Streptococcus equi (HA), 
molecular weight (MW) of 595 kDa, Sigma) in 100 mL of phosphate buffered saline (PBS, sterile) 
solution. Adjusted pH to 5.5 of HA solution with hydrochloric acid (HCl) aqueous solution. 

2. Purge HA solution with nitrogen for 30 minutes, using low pressure. (See Note 6) 

3. HA-DN solution (transparent): 338 mg of EDC (N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride, MW of 191.70 g.mol-1, Sigma-Aldrich) and 474 mg of DN (Dopamine hydrochloride, 
Light sensitive, MW of 189.64 g.mol-1, Sigma-Aldrich) in HA solution during 2 hours. Maintain the pH 
at 5.5. (See Note 7) 

4. Remove the unreacted chemicals and urea byproducts by extensive dialysis (during 3-4 days), 
and afterwards, freeze-dry the conjugate (usually one week). For the storage see Note 8. 

5. Calculate the degree of substitution of dopamine in the conjugate using three different 
techniques: Ultraviolet (UV) spectrophotometry and proton nuclear magnetic resonance (H-NMR) and 
carbon-13 nuclear magnetic resonance (C-NMR). 

6. For the UV analysis, prepare different concentrations of DN solution, ranging 0.05 mM to 1 mM 
in distillated water. 

7. For 1H-NMR and 13C-NMR analyses, dissolve DN in deuterated water (D2O) for 24 hours at final 
concentrations of 1 mg.mL-1 and 10 mg.mL-1. The final spectra are obtained at 298 K and 300 MHz 
for 1H-NMR analysis and 333 K and 75.4 MHz for 13C-NMR analysis. 

 

In Chapter 5, to bring more insights upon catechol substitution, two conjugated biopolymers based on 

DN-modified hyaluronic acid (HA-DN and HA-4DN), that differ in the amount of DN conjugated, the later 

having a fourfold excess of the dopamine used in the reaction. Thus, 338 of EDC and 1896 mg of DN 

were dissolved in HA solution during 2 hours. The pH was maintained at 5.5. 

2.2 Characterization of the materials 

2.2.1 Degree of substitution of dopamine 

After the synthesis of HA-DN, which was used in the experimental work of Chapters 3 and 5, it was 

necessary to determine the precise degree of substitution dopamine in conjugate solution. For that 

                                                 

6 Controlling oxygen in a viscous solution can be achieved by bubbling nitrogen gas through it. HA solution should be placed 
inside a flasks or tube (falcon tube) that can be closed with a lid. This can be performed using a nitrogen supply, and a flask 
containing a rubber stopper with a hole in it and an open-ended pasteur pipette enabling a bubble nitrogen goes into the 
solution to purge oxygen. 
7 It is important to prepare the conjugate solutions protected from the light and at 4ºC chamber/room in order to avoid 
dopamine oxidation. During the preparation, the DN and EDC should be added and stirred in HA solution using a very slow 
rotation. 
8 After the freeze-dryer, the white-color conjugated is obtained, and should be store in the freezer (-20 ºC) protected for the 
light, in order to avoid dopamine oxidation. 
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purpose, hydrogen-1 nuclear magnetic resonance and carbon-13 nuclear magnetic resonance (1H-NMR 

and 13C-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. Among other things, it allows 

determining the number of protons in a molecule, different types of hydrogen atoms (e.g., protons bonded 

to carbon atoms that are attached to different functional groups), and the number of “neighbor” hydrogen 

atoms a proton has [36]. Thus, dopamine and un-modified hyaluronic acid and the produced conjugate 

were dissolved in deuterated water (D2O) for 24 hours at final concentrations of 1 mg.mL-1 and 10 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 analysis was obtained at 298 K and 300 MHz. It is known 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 and in this solvent the NH linkage interchange with water so no new signal appears. In order to 

overcome this limitation, the conjugate was also analyzed by 13C-NMR and the final spectra were obtained 

at 333 K and 75.4 MHz. 

Ultraviolet visible spectrophotometry was also used to confirm if the modification of hyaluronic acid 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.  

In Chapters 3 and 5, with the purpose to calculate the degree of dopamine substitution, the absorbance 

of distinct solutions of dopamine (ranging concentrations of 0.05 mM to 1 mM) was measured. It was 

noticed that an excitation band appears at approximately 280 nm. 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 (Figure 

2.7).  
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Figure 2.7 Calibration curve obtained from different concentrations of dopamine at 280 nm. 

The “R2” obtained from the trend line of the calibration curve, known as the coefficient of determination 

(in multiple linear regression) is explained by the relationship with one or more predictor variables. R2 is 

always between 0 and 100%.  

Using the measured absorbance of the conjugates and the equation obtained from the standard curve, 

the concentration of dopamine units in both conjugates was 11% and 15% for HA-DN and HA-4DN, 

respectively.  

2.2.2 Assessment of LbL films growth 

2.2.2.1 In situ monitoring 

In order to determine if a set of ingredients can be used to construct multilayer films and coatings, a 

quartz-crystal microbalance with dissipation monitoring (QCM-D, Q-Sense, E4 system) was used in 

Chapters 3 and 5, a technique that is able to detect adsorbed surface density changes in the order of 

ng.cm-2 and measure the viscoelastic properties of the resulting surface in real time. QCM allows the in 

situ formation of the multilayers films and the measurement of the changes in the resonant frequency 

and in the viscoelastic properties (dissipation) when a film is adsorbed at the crystal surface. In this 

technique, 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 motion, exciting the quartz to oscillation at a fundamental frequency of 5 

MHz. Therefore, the use of quartz sensors for QCM requires the use of gold sensor crystals (most 

frequently used) that are coated by the electrode material. An AT-cut quartz crystal can be excited at its 

fundamental frequency (5 MHz) and at several overtones: 1, 3, 5, 7, 9, 11 and 13, corresponding 
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respectively to 5, 15, 25, 35, 45, 55 and 65 MHz, although different overtones can be monitored, 

depending on the equipment’s supplier. When a thin film is deposited onto the sensor crystal the 

frequency decreases. If the film is thin and rigid, the decrease in frequency (Δf) is proportional to the 

mass of the film. However, when using polymers, the adsorbed film is not rigid and this relation is not 

valid. At the same time, monitoring of dissipation (∆D) gives an indirect indication of the film’s viscoelastic 

properties. An increase in ∆D represents a shift towards a film with a higher viscous component and 

damping properties typical of “soft” polymeric LbL films. The dissipation values for a soft film are higher 

due to increased energy loss from the crystal, whereas smaller dissipation values are obtained for a rigid 

film [37-40]. The adsorption of polymeric layers was studied onto gold-coated quartz crystals, cleaned 

with acetone, absolute ethanol and 2-propanol prior to the experiments. The quartz crystals were excited 

at multiple overtones: 1, 3, 5, 7, 9, 11 and 13. For all monitoring experiments, adsorption took place at 

25 ºC. Once the selection of functional polymers was done, the progress of LbL assembly was monitored 

by QCM-D, as shown in Table 2.1. 

Table 2. 1 Polyelectrolytes used on the build-up of multilayer films using QCM 

Polycation Chitosan (CHT) 

Polyanions 

Dopamine-modified hyaluronic acid (HA-DN) 

Dopamine-modified hyaluronic acid (HA-4DN) 

Hyaluronic acid (HA) - negative control 

Alginate (ALG) – negative control 

In situ formation of LbL films containing 10 layers of CHT/HA-DN and CHT/HA was investigated in 

Chapter 3, and CHT/HA-4DN, CHT/HA-DN, CHT/HA CHT/ALG was investigated in Chapter 5, following 

the Protocol VI. 

Protocol VI 

1. Prepare fresh polyelectrolyte solutions of HA-4DN, HA-DN, HA, and ALG in 0.15 M of NaCl 
solution and CHT in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL -1. See 
Note 9.  

                                                 

9 Since layer-by-layer development is based on the adsorption of polyelectrolytes with oppositely charged macromolecules, it 
is important to ensure that the selected polymers retain their positive or negative charge. HA is a negatively charged 
polyelctrolyte above its pKa (≈ 2.9). CHT is a positively charged polyelectrolyte in acidic medium, with a pKa ≈ 6.24. However, 
at pH 7 the amine groups on CHT deprotonate since its pKa is approx. 6.2 preventing the interaction of Chitosan with anionic 
components. In order to construct multilayer films, the pH of the polyelectrolyte solutions should be adjusted to 5.5. 
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2. Start the experiment with a washing solution (NaCl) baseline, to ensure that the crystals are 
perfectly clean and therefore show a null frequency. 

3. Inject polyelectrolyte solutions into the cell during 10 minutes at a flow rate of 100 µL.min-1 using 
a peristaltic pump, beginning with a polycation, CHT. 

4. Include a rinsing step of 10 minutes with the solvent between the adsorptions of each 
polyelectrolyte. 

5. During the entire process, the normalized frequency (∆f/υ) and dissipation (∆D) shifts are 
continuously recorded as a function of time.  

6. Produce films with 10 layers. (See Note 10) 

 

2.2.2.2 Estimation of films´ thickness  

The Voigt-based viscoelastic model, which is integrated into the QTools software from Q-Sense (supplier 

of the equipment) was used to estimate the thickness of the films from the QCM-D monitoring data. The 

changes in the resonant frequency (equation 1) and in the dissipation factor (equation 2) according to 

Voinova and co-workers [41] are: 

∆𝑓 ≈ −
1

2π𝜌0ℎ0
{

𝜂𝐵

𝛿𝐵
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𝛿𝐵
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2}                     (1) 

∆𝐷 ≈ −
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2+ ω2𝜂𝐿
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The angular frequency of the oscillation is represented by ω and ρ0 and h0 are the density and thickness 

of the crystal, respectively. The viscosity of the bulk liquid is ηB, δB (= 2 (ηB / ρB ω)1/2) is the viscous 

penetration depth of the shear wave in the bulk liquid and ρB is the liquid´s density. The thickness, 

density, viscosity and elastic shear modulus of the adsorbed layer are represented by hL, ρL, ηL and μL 

respectively. 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). The area density, a rough approximation of 

the mass adsorbed on top of a gold-coated quartz sensor was calculated by multiplying the thickness by 

the films density (1200 kg.m-3). 

                                                 

10 In cell studies it is highly recommended that all the solutions used are non-cytotoxic to ensure cell viability. Since CHT is 
soluble in diluted acid solutions, the last solution added on the build-up of the multilayer films is always the polyanion solution 
(HA-DN), in order to produce surfaces with improved adhesive properties and an enhanced biological performance. CHT-HA 
and CHT-ALG multilayer films were used as negative control. 
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2.2.3 Assembly of the multilayer films 

After determining if a set of constituents provided a favorable multilayer construction, they were 

reproduced outside of the QCM-D. Multilayer films based on the diverse polymeric materials used herein 

were constructed by dipping alternately glass substrates (Chapter 3) or into patterned superhydrophobic 

chips (Chapter 5).  

2.2.3.1 In planar surface 

In similarity to most metallic alloys, glass is negatively charged, and thus provided support for the 

formation of a multilayer coating by adsorbing CHT as a polycation primer layer [42]. Films consisting of 

CHT/HA-DN and CHT/ HA (negative control) were produced in parallel under the same experimental 

conditions. Commercial glass from a local store were acquired and cut into 100×20 mm2 slides with 3 

mm of thickness and cleaned using absolute ethanol. The construction was assisted by an in-house 

developed dipping robot that allowed the automated assembly of each layer in a programmed manner. 

The construction proceeded until 20 layers (10 bilayers) were adsorbed, as the following Protocol: 

 

Figure 2.8 Schematic representation of LbL adsorption on the top glass slides. Figure adapted from [43]. 

Protocol VII 

1. Prepare fresh polyelectrolyte solutions of HA-DN and HA in 0.15 M of NaCl solution and CHT in 
1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 
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2. Adjust the pH of the solutions to 5.5, using HCl or NaOH solutions.  

3. Immerse the glass slide in polycation solution, CHT, and subsequently, in polyanion solutions, 
HA-DN and HA. Set the time of immersion for 10 min at room temperature. (See scheme of the 
Figure 2.8)  

4. Between each polyelectrolyte immersion; wash the glass slide with the washing solution (0.15 
M NaCl solution) for 5 min to remove excess non-absorbed macromolecules.  

5. Repeat this process ten times to obtain a film with 10 bi-layered.  

6. Washed the films until a neutral pH was achieved, in order to perform the mechanical tests at 
the same pH as the biological tests. 

7. Sodium periodate (NaIO4) Solution: 5mM of NaIO4 (Sodium periodate Sigma-Aldrich, ref. 
311448)) in distillated water to yield concentration of 5nM. 

8. Coat glass plaques with oxidized films. Immerse the glass slides in a 5 mM sodium periodate 
solution during 2 hours, after the procedure previously described. 

9. Polydopamine solution: DN in 10 mM tris-HCl (Tris (hydroxymethyl) aminomethane, Sigma-
Aldrich, ref. 252859) with pH 8.5 to a yield final concentration of 2 mg.mL-1. 

10. Polydopamine coating: Immerse the glass slides into a dopamine solution (2 mg.mL-1 in 10 mM 
tris-HCl, pH 8.5) at 25 ºC, overnight. (See Note 11) 

11. Rinse the coated surfaces with ultrapure water and dried at room temperature. 

2.2.3.2 In patterned microarray substrate 

In Chapter 5, distinct combinations of nanostructured films were produced using LbL methodology in a 

single microarray chip. Flat biomimetic superhydrophobic patterned chips produced by a bench-top 

methodology were used for the build- up of arrays of multilayer films – see Protocol III. The extreme 

wettability contrasts imprinted onto the chips allow the production of individual, position controlled, and 

multilayer films in the wettable regions. In each SL spot, sequentially deposition of droplets with different 

polyelectrolytes, combined with washing solutions, were performed to assemble the multilayers (Figure 

2.9). Using the experiment set-up described in Protocol VIII, an array of 48 spots, combining 5, 10, or 15 

bilayers prepared from a library of five polyelectrolytes (four distinct pairs), was designed with four 

replicates per combination to obtain statistical information.  

Protocol VIII 

1. Prepare patterned SH surfaces, according to the Protocol III. 

2. Prepare fresh polyelectrolyte solutions of HA-4DN, HA-DN, HA, and ALG in 0.15 M of NaCl solution 
and CHT in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

                                                 

11 Increasing the pH of dopamine solution to 8.5, the oxidation is induced, and the solution color changes to dark brown. 
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3. Construct the multilayer films in the wettable spots of the patterned SH surfaces: 

4. Pipette, alternately, droplets of 5 µL of the polyelectrolyte solutions during 10 min, beginning with 
CHT (Figure 2.9 A-B).  

5. Remove the droplets using a pipette, and then, rinse the spots with droplets of 0.15 M NaCl solution 
during 5 min. A rising step should be included between the adsorptions of each polyelectrolyte. 

6. Produce films with 5, 10, and 15 bilayers onto the wettable spots of the SH surface (Figure 2.9 C). 

 

 

Figure 2.9 Schematic dispensing of A) polycation solution and B) polyanion solution in the wettable spots surrounded by SH 
domains. C) Build-up of layer-by-layer films using different cycles of polyelectrolytes solutions. 

2.2.4 Surface characterization  

Many characterization techniques were specific for each of the materials used: superhydrophobic 

surfaces and multilayer films. 

2.2.4.1 Surface topography 

Atomic force microscopy (AFM) is an excellent tool to study morphology and texture of diverse surfaces. 

The versatility of this technique allows meticulous observations and evaluations of the textural and 

morphological characteristics of the films, showing better facilities than other microscopic methods.  

AFM measurements were performed in LbL-coated glass slides cut into pieces of 1×1 cm2, in Chapter 3, 

and directly on patterned SH platform in Chapter 5. This technique is a synthesis of the mechanical 

profilometer, using mechanical springs to sense forces, and the scanning tunneling microscopy (STM), 
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using piezoelectric transducers for scanning. In force microscopy, a probing tip is attached to a cantilever-

type spring. In response to the force between tip and sample, the cantilever is deflected. This deflection 

is then translated into a visual image [36] 

The amplitude parameters of a sample are described by parameters, which give information about 

statistical average values, shape of the histogram heights and other extreme properties. In Chapters 3 

and 5, the surface topography of the dried multilayer films were analyzed by AFM and the root mean 

square (Rq) and average roughness (Ra) were measured. Ra is the mean height as calculated over the 

entire measured length/area. Ra is typically used to describe the roughness of maCHTned surfaces. It is 

useful for detecting general variations in overall profile height characteristics and for monitoring an 

established manufacturing process. Rq is a function that takes the square of the measures. The Rq 

roughness of a surface is similar to the Ra, with the only difference being the mean squared absolute 

values of surface roughness profile. The function Rq is defined as: 

𝑅𝑞 =  √
1

𝐿
∫ |𝑍2𝐿

0
(𝑥)|𝑑𝑥                     (3) 

The Rq is more sensitive to peaks and valleys than the average roughness due to the squaring of the 

amplitude in its calculation [44]. 

AFM measurements were performed in a MultiMode STM microscope controlled by the NanoScope III 

from Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. At least five 

measurements were performed in the different sample, which had been previously air-dried. When a 

multilayer film is rough, viscous and/or thick, AFM may not be appropriate technique to scan its 

topography. In these cases, scanning electron microscopy (SEM), a technique that allows observing the 

surface of an object by bombarding it with an electron beam, presents itself as a viable alternative. 

2.2.4.2 Surface morphology 

Scanning electron microscopy (SEM) is a type of electron microscope that produces images of a sample 

by scanning it with a focused beam of electrons. 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. When accelerated electrons enter a solid, they are scattered both elastically 

(by electrostatic interaction with atomic nuclei) and inelastically (by interaction with atomic electrons). 

Most of this interaction is “forward” scattering, which implies deflection angles of less than 90°. But a 

small fraction of the primaries are elastically backscattered (θ > 90°) with only small fractional loss of 

energy. Due to their high kinetic energy, these backscattered electrons have a reasonable probability of 
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leaving the specimen and re-entering the surrounding vacuum, in which case they can be collected as a 

backscattered-electron signal. Inelastic scattering involves relatively small scattering angles and so 

contributes little to the backscattered signal. However, it reduces the kinetic energy of the primary 

electrons until they are eventually brought to rest and absorbed into the solid; in a metal specimen they 

could become conduction electrons. The depth (below the surface) at which this occurs is called the 

penetration depth or the electron range [39]. 

SEM was used in Chapters 3,4,5,6 and 7 of this thesis to evaluate the topography of different surfaces. 

Before each analysis, the surfaces were gradually dehydrated using solutions with increasing amounts of 

ethanol (50%, 70%, 80%, 95% and 100%), immersing the surfaces for 10 minutes in each solution - See 

Note 12.  Due to their non-conductive behavior, the surfaces were coated with a thin, electrically deposited 

gold palladium layer, to minimize charge accumulation using a sputter coater (JEOL JFC-1100). The 

surface morphology of the multilayer films (Chapters 3 and 5), polystyrene SH surface (Chapters 4, 6 

and 7) and cells spheroid arrangement (Chapter 7) was observed using a Leica Cambridge S-360 

scanning electron microscope. The SEM micrographs were taken at an accelerating voltage of 15 kV and 

at different magnifications.  

2.2.4.3 Water contact angle measurements 

Material characteristics, such as roughness and chemistry define the wettability of the surfaces. In terms 

of topography, the existence of micro/nano-roughness significantly affects the wettability properties of the 

materials, since they increase the water contact angle (WCA) in low-energy surfaces and decrease it in 

high-energy surfaces. The contact angle of a liquid drop on a solid surface is the angle at which a 

liquid/vapor interface meets a solid surface. Surfaces with high energy typically exhibit a low contact 

angle, whereas hydrophobic surfaces exhibit low surface energy [37]. It is defined by the mechanical 

equilibrium of the drop under the action of three interfacial tensions and allows quantifying the wettability 

of a solid surface by a liquid via the Young equation: 

cos θ𝑦 =
γsv−γsl

γlv 
                     (4) 

where θ is the contact angle in the Young’s mode, and γsv (liquid-vapor), γsl (solid-vapor) and γlv (solid-

liquid) are the different surface tensions involved in the system. The Young model (Figure 2.10 A) 

                                                 

12 In Chapter 7 after the spheroid formation, 5 µL of 10% formalin was dispensed to the droplets.to fix the cells for 2 hours and 
subsequent washing with PBS. Then, the spheroids were dehydrated with a series of increasing ethanol concentrations. 
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describes the contact between a sessile drop onto rigid, homogeneous, flat and inert surfaces – ideal 

smooth surfaces.  

 

Figure 2.10 Typical wetting behavior of a droplet on rough solid substrates. Developed mathematical models could explain the 
droplet-surface interaction: A) the Young’s model relates the contact angle to interfacial tensions (energies, γ) in an ideal 
smooth surface; B) Wenzel ́s models and C) Cassie-Baxter, have in consideration the effect of surface roughness. Figure 

adapted from [45]. 

SH surfaces present imperfections related to physical defects such as roughness. The static contact angle 

lies between two values: advanced angle (θA) and receding angle (θR). The difference advanced and 

receding angles (θA – θR) is called hysteresis. In this case, the force is opposed to droplet motion and the 

contact angle hysteresis (CAH) is smaller enabling a better move of liquid droplet. Empirical models, 

known as, Wenzel [46] and Cassie-Baxter [47] models, have been proposed in order to rationalize the 

effect of roughness and surface energy. 

There are two types of non-wettable surfaces differing in their adhesive properties. If the CAH is higher 

than 10°, the water droplet stay preferentially adhered onto the surface - Figure 2.10 B. Otherwise, if the 

CAH is less than 10º, the surface is non-adhesive, and the water droplet rolls off the surface at a minimum 

inclination- Figure 2.10 C. In high-adhesive surfaces (Wenzel state), present a larger pitch leading the 

liquid to impregnate partially within the nanostructures [48]. Wenzel’s model proposed an equation for 

predicting the influence of the surface roughness or morphology on the WCA. The area of the drops of 

solid-liquid interface is enlarged by a factor r (surface roughness factor), and the apparent WCA on the 

rough surface (θW).  

cos θ𝑤 =  𝑟cos θ𝑦                    (5) 

The surface roughness factor is defined as the relationship between real surface and apparent surface (r 

>1 for rough surface and r=1 for smooth surface). From equation 5, it can be found that if the WCA of a 

liquid on a smooth surface is less than 90°, the apparent angle on a rough surface will be smaller; while 

for a WCA higher than 90°, the angle on a rough surface will be larger and the hydrophobic surface will 

become more hydrophobic with increasing degree of roughness. The energy of liquid droplet is minimized 

of 



 

 

 
62 

when remaining on the top of a rough surface and not when penetrates in the asperities and therefore 

the Wenzel law is valid only for one certain scale of roughness and for apparent angles lower than 180°. 

The drop sticks to the surface and the Wenzel state contrasts the superhydrophobicity idea, i.e. the rolling 

ball effect, proposed by the equation of Cassie –Baxter model: 

cos θ𝐶𝐵 =  𝑟𝑓cosθ0 + 𝑓 − 1                     (6) 

In the case of non-adhesive SH surfaces (Cassie-Baxter state) the existence of a hierarchical morphology 

from the nano- to the micro-scale leads to minimal contact between the liquid and the surface. The water 

dispensed onto this type of surfaces acquires an almost spherical shape in order to minimize the energy, 

being suspended on the top of the micro- and nano-structures that compose the surface, and at minimal 

inclinations the droplets roll off [49].  

The wettability of the multilayer films (Chapters 3 and 5) and polystyrene SH surface (Chapters 4, 6 and 

7) was assessed by contact angle measurements. Static WCA measurements were carried out using an 

OCA15+ goniometer (DataPhysics, Germany) using the sessile drop method. Distilled or ultra pure water 

(3 µL) was dropped on the surfaces and pictures were taken after stabilization of the water drop. At least 

five measurements were carried out. In Chapter 5, for each multilayer film construction, an array of 15 

combinations, containing 5, 10, and 15 bilayers of the same biomaterials is designed (five replicates per 

combination were used). During the WCA experiment, ultrapure water droplets are used with volume of 

3 µL. This volume was small enough so that the droplets could occupy an area lower than the area of the 

multilayers in the spots. At least five measurements were carried out for each sample. In Chapter 6 the 

adhesion of droplets with different volumes in the micro-indentations with different sizes of the SH 

surfaces were also studied: the sliding WCA of droplets with different volumes was analyzed in each micro-

indentations by sloping SH surfaces until 90º. 

2.2.4.4 Adhesiveness of the multilayer films 

The adhesion properties of the multilayer films using glass slide and patterned SH platform were evaluated 

using a universal mechanical testing machine (Instron model 5540, USA), following the ASTM D1002 

standard.  

In planar surfaces 

In Chapter 3, the adhesiveness of CHT/HA-DN multilayer films and respective control CHT/HA was 

studied measuring the lap shear adhesive strength between two individual films. This technique 
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determines the force that causes an adhesive to slide on a surface in the direction parallel to the plan of 

contact, as depicted in Figure 2.11. 

 

Figure 2.11 Experimental set-up for the measurement of the lap shear adhesive strength of the overlapped multilayer films. 

 As soon as the construction of the multilayer films was concluded, the adhesion test was performed 

using the next Protocol. 

Protocol X 

1. Prepare fresh polyelectrolyte solutions of HA-DN, and HA in 0.15 M of NaCl solution and CHT in 
1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

2. Prepare glass plaques coated with oxidized films, immersing the glass plaques containing the 
multilayer films (previously prepared) in 5 mM sodium periodate solution during 2 hours.  

3. Prepare glass plaques with a polydopamine coating, according to the procedure described by 
Lee H. et al. [50], immersing the glass slides into a dopamine solution overnight- see Note 13. Then, 
rinse the coated surfaces with ultrapure water and dried at room temperature. 

4. As soon as the construction of the films is concluded, put in contact a pair of coated glass slides 
and superimpose covered areas with 10 x 20 mm2 at 40 ºC, overnight (Figure 2.11 A) - see Note 14.  

5. Place the bonded glass slides in testing machine fixed by one binder grip in each extremity, and 
employ a crosshead speed of 5 mm/min. Apply the enough stress until trigger their detachment and 
pull the glass slides apart. Determine the lap shear bonding strength from the maximum of the force–
deformation curve (Figure 2.11 B). Perform the test at least using five samples. 

In patterned microarray substrate 

                                                 

13 Increasing the pH of dopamine solution to 8.5, the oxidation is induced, and the solution color changes to dark brown. 

14 To promote better adhesion, a weight of 6 kg was applied perpendicularly to the joint area and after a curing time of 24 of, 
the weight was removed. 
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Methods for screening adhesiveness rely on the measurement of either tensile or shear strengths. The 

first test usually uses perpendicular forces necessary to separate two surfaces in contact, while the second 

determines the force that causes an adhesive to slide on a surface in direction parallel to the plane of 

contact (described in the sub-section before). In Chapter 5, tensile strengths were chosen and measured 

for multilayer films with 5, 10, and 15 bilayers built-up in the wettable spots of the SH chip. The flat 

configuration of the CHT allows to perform a series of non-destructive and non-conventional 

measurements directly on the individual spots. In situ adhesion properties were directly measured in each 

spot. For this, an innovative method described in Protocol XI was developed using iron pillars. The surface 

base of the pillars containing the same size and shape of the spots, were put in contact with the top of 

the multilayer films - see Figure 2.12. 

 

Figure 2.12 Experimental set-up of the on-chip measurement of the adhesive strength between the multilayer films produced 
over the wettable regions of the SH microarray and the iron pillars. 

Protocol XI 

1. Prepare fresh polyelectrolyte solutions of HA-4DN, HA-DN, HA, and ALG in 0.15 M of NaCl 
solution and CHT in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

2. Prepare patterned SH surfaces, according to the Protocol III. 

3. Construct the multilayer films with 5, 10, and 15 bi-layers onto the wettable spots of the SH chip 
according to Protocol VIII. For each multilayer film construction, prepare an array of 15 combinations, 
containing 5, 10, and 15 bi-layers of the same biomaterials (use five replicates per combination). 

4. Glue small glasses (3 mm square-size) on the surface base of the iron pillars. (See Note 15) 

5. Put the iron pillars in contact with the multilayer films and superimpose and maintain at 40 ºC 
overnight.  

                                                 

15 The small glasses glued on the iron pillars are used to guarantee that the whole nanofilm created is in contact and adhered 
in the smooth glass surface. All iron pillars had a hole on the top, where a “fishing wire” was passed by, in order to pull the 
pillars. The pillar could be made of other materials or the base could be from any other substance. 
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6. Place the bonded multilayer films and the pillars on the testing machine and perform the tensile 
tests individually using a crosshead speed of 5 mm.min-1 until the total detachment from the base of 
the chip is achieved - see scheme in Figure 2.12. 

7. Determine the lap shear bonding strength from the maximum of the force-deformation curve 
obtained, as well as the average and standard deviations using the results from five samples. 

2.3 On-chip alginate hydrogel particles production 

In Chapter 8, DropletMicroarray platform was used for high-throughput fabrication of free-standing 

hydrogel particles with defined geometry and size for 3D cell culture, cell screenings and modular tissue 

engineering.  The extreme wettability contrast of SL spots on a SH background allowed spontaneous 

separation of an aqueous solution, leading to the formation of arrays of droplets of pre-hydrogel solutions 

on SL patterns using the process of discontinuous dewetting, followed by their gelation via the parallel 

addition of CaCl2 to the individual droplets via the sandwching method. This rapid and facile droplet 

formation does not require manual pipetting or a liquid handling device. The preparation of a high density 

array of hydrogel microparticles is described in the following Protocol. 

Protocol XII 

1. Dissolve 2% w/v of ALG in 0.15 M of NaCl. Adjust the pH of the ALG solution to 7.  

2. Produce hydrogel particles using patterned DMA by a sandwich method. 

3. Prepare Slide 1 using rolling droplet method: Rolling a drop of 1M CaCl2, in which liquid solution 
fills only the DMA slide's wettable areas. 

4. Prepare Slide 2 using the standing droplet technique: Place a droplet of 1 mL of ALG solution 
on the top of a patterned array followed by slightly tilting the slide, thus enabling droplets to from 
spontaneously. 

Sandwich method 

1. Place the Slide 1 on a manual x,y linear stage PKT 130 (Owis GmbH, Staufen, Germany) mounted 
on a bottom plate.  

2. Place Slide 2 on the top place, so that its pre-printed pattern matched the geometry of the CaCl2 
slide.  

3. Use a goniometer TP 65 (Owis GmbH, Staufen, Germany) to co-planar the surfaces to enable the 
droplets' homogeneous diffusion.  

4. Use a UI-5490-SE camera (IDS Imaging Development Systems GmbH, Obersulm, Germany), to 
monitor the sandwiching process in real time and align both patterned slides.  
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5. After few seconds in contact, separate the patterned slides from each other and an array of hydrogel 
particles is obtained on the bottom glass slide. (See Note 16) 

Hydrogels on-chip  

6. Use the described procedure to produce immediately an array of hydrogel particles that remain fixed 
within the DMA even when the slide is immersed in liquid solution (Figure 2.13 A) 

Free-standing hydrogel particles 

7. Move the Slide 1 slide to the top of the device (Figure 2.13 B) and use the same sandwich method 
procedure. Immerse the array of hydrogel particles in liquid solution (buffer or cell culture medium) to 
detach the hydrogels from the DMA platform. 

 

 

Figure 2.13 Schematic representation of the DMA platform and workflow for the high-throughput fabrication of hydrogel 
particles via the sandwiching method.  

For the precise alignment and sandwiching of CaCl2 and alginate slides, mount both surfaces on a vacuum 

clamping system to ensure proper handling.  

2.4 In vitro studies on patterned superhydrophobic surfaces 

Many of strategies to study combinatorial biomaterial interactions as well as cell-materials and cell-cell 

interactions represented an advance in the development of devices for high-throughput screening. 

However, some needs for the Tissue Engineering field remained still to accomplish. With the use of 

polystyrene SH surfaces patterned with micro-indentations, a series of works in which a method that does 

not involve complicated processing or expensive equipments or materials is proposed in Chapter 4. In 

                                                 

16 The vacuum clamping system enabled fast and reproducible handling, allowing for highly coplanar removal of the upper 
glass slide and preventing the risk of cross contamination between droplets. 
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order to show the suitability of the developed platform distinct in vitro experiments were performed using 

such patterned SH surfaces, including:  

a) The efficacy of the mechanical agitation tested in a simple physical process, namely, the 
dissolution of salt crystals inside the droplets;  

b) The monitoring of a chemical reaction, namely the crosslinking of CHT with genipin with different 
concentrations of reagents;  

c) The evaluation of cell viability, in this case tested when cells are in contact with culture media 
at different pHs, and; 

d) The evaluation of the cytotoxicity of an antitumor drug at different concentrations in cell 
spheroids. 

 

For the last example, in Chapter 7, taking advantage of the high positional stability and adhesiveness of 

the quasi-spherical droplets even when the platform is inverted 180°, the production of 3D cell spheroids 

was explored. The applicability of this hanging droplet approach is described in the following sub-sections 

of 3D cell culture. 

2.4.1 Preparation of microreactor based on patterned SH surfaces  

In Chapter 4, the ability to fix with high stability arrays of controlled volumes of droplets, with minimum 

contact with the SH surfaces, was shown to be useful in the design of innovative robust droplet-based 

micro-reactors. Droplets were fixed in defined positions by the action of micro-indentations patterned with 

an array arrangement on polystyrene SH surfaces. A droplet-based micro-reactor was proposed using 

magnetic microspheres, enabling to create mechanical stresses inside the microliter-size droplets. 

Thus, droplets with and without magnetic microparticles were firstly deposited on a patterned SH surface. 

Cooper sulphate crystal (CuSO4) crystals were introduced inside the individual droplets, at time 0, and 

the platform was placed over a magnetic stirrer. The dissolution of the crystal was monitored by following 

with time the size of the crystal (h) comparing with its initial size (h0). The agitation power was easily 

controlled in the magnetic stirrer open the applicability in many high throughput biochemical and 

biological studies at a lab-on-chip scale. Further details are described in Protocol XIII. 

Protocol XIII 

1. Produce micro-indentations with 190 μm of size in the SH surface using an indentation force of 

2942 mN- see Figure 2.2. 

2. Pipette 10 µL of water droplet containing magnetic microspheres over a micro-indented SH 
surface using a micro-dispenser.  
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3. Apply to the droplet suspension a magnetic field by placing a magnetic stirrer (Fisher Scientific) 
with variable speed below the SH surface.  

4. Start the experience with an increasing speed until 100 rpm allowing that the magnetic 
microspheres form chain-like structure under the influence of the imposed magnetic field. 

5. Incorporate a CuSO4 into the droplet.  

6. Imaging: Use a Stereo Microscope + Lamp Schott KL 200 (model Stemi 1000 PG-HITEC, Zeiss) 
with 2.5X magnification, equipped with a digital camera with 5X optical zoom. 

 

2.4.2 Chemically Crosslinked Hydrogels 

Genipin is known as natural crosslinking agent with low cytotoxicity. Genipin reacts promptly with 

Chitosan, as well as with proteins or amines in general, as a bi-functional crosslinking compound, thus 

producing blue-colored fluorescent hydrogels. On the right side of the Figure 2.14, two Chitosan chains 

(represented by their structural units) react covalently with one mole of genipin to yield two newly formed 

chemical functions. 

 

Figure 2.14 Crosslinking reaction mechanism between Chitosan and genipin. Figure adapted from [51]. 

 

The reaction between Chitosan and genipin is well understood for a variety of experimental conditions 

with no cytotoxicity for human and animal cells [52], with vast applicability on the preparation of hydrogels 

for cartilage substitutes, delivery systems and the encapsulation of biological products [19, 53-55]. 

In Chapter 6, the crosslinking reaction of CHT with genipin was analyzed, using a combinatorial approach. 

For this purpose, in situ formation of hydrogels on microarray platform was evaluated starting with the 

deposition of combinations of liquid precursors in the form of droplets. Different droplet solutions 

containing different relative amounts of CHT and genipin were deposited in the micro-indentations of the 
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SH surface. The experiment was performed at 40ºC under saturated humidity to avoid droplets 

evaporation. CHT decomposition during heating has been widely established and the rate and degree of 

the polymer damage was found to accelerate with rising temperature and duration of heating [56]. The 

dark-blue coloration that appears in the hydrogels is associated with the oxygen radical-induced 

polymerization of genipin as well as its reaction with amino groups. Independent calibration experiments 

by reacting known amounts of glycine and genipin permitted to produce standard curves relating the 

intensity of the blue-color of the droplets and the extent of the reaction of the amine groups. The 

experiment was based on Protocol XIV. 

Protocol XIV 

1. Produce micro-indentations with 190 µm of size in the SH surface using an indentation force of 
2942 mN. 

2. CHT Solutions: Dissolve CHT in 1% v/v of acetic acid at concentrations of 0.1 mg.mL-1, 1 mg.mL-

1, 5 mg.mL-1, 7.5 mg.mL-1 and 10 mg.mL-1.  

3. Genipin solution: Genipin (Wako chemical, ref. 078-03021) in pure water (0.15 NaCl, pH 5.5) 
mixture to a final concentration of 1 mg.mL-1, 5 mg.mL-1, 7.5 mg.mL-1and 10 mg.mL-1.  

4. Dispense 10 µL of each polymeric solution over the micro-indentations with 190 μm size in a 
drop-by-drop logic. Each droplet separated by 5 mm, represents a different combination of CHT and 
genipin. (See Note 17) 

5. Place the SH chips in a desiccator with saturated humidity at 40 ºC. 

6. Each 30 minutes, capture images of the chip until one of the conditions being completely 
crosslinked, confirmed by the unchanging of the color intensity (dark-blue coloration). 

7. Calibration curve: Prepare different quantities of soluble glycine, ranging 0.2 to 2 mg.mL -1, 
including genipin at a concentration of 10 mg.mL-1.  

8. Analysis: Measure the pixel intensity from each glycine concentration over a total of 6 samples. 
Use the intensity of the pixels, grey scale 0-255, in which 0 correspond to dark color and 255 white 
color, to associate the color intensity of the solutions. Correlate the intensity color of the droplets of 
CHT with genipin with the pixels intensity of the standard curve. Calculate the percentage of reacted 
amine groups in each droplet dividing the number of reacted amino molecules of the repeating unit 
of CHT obtained by the calibration curve by the initial number of amine molecules. 

2.4.3 Combinatorial analysis of fibroblasts-like cells on patterned SH surfaces  

The variations of the pH of cell microenvironment can denature proteins or activate enzymes that normally 

are inactive around neutral pH. In Chapter 6, a combinatorial analysis of fibroblasts-like cells on patterned 

                                                 

17 Chitosan and genipin were mixed using the same quantity of the different concentrations leading to 20 different combinations. 
CHT solutions with the same concentrations without genipin were used as control. 
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SH surfaces was performed when cells are in contact with culture media at different pHs. Thus, cells 

were re-suspended in culture medium with different pHs (pH ranging from 1-14) adjusted with HCl and 

NaOH solutions. Droplets of 5 µL with 1x103 cells were seeded in the micro-indentations of patterned SH 

surfaces. Specimens were incubated at different times (5, 30, 60, 90 and 120 minutes) at 37ºC in a 

humidified 5% CO2 atmosphere. 

2.4.3.1 Drug screening tests  

Doxorubicin is an anti-cancer agent, widely used in human cancer chemotherapy that inhibits RNA and 

DNA synthesis [57]. This drug induces an alternative cell death mechanism to apoptosis. Doxorubicin 

intercalates between base pairs in the DNA helix, thereby preventing DNA replication and ultimately 

inhibiting protein synthesis. Additionally, doxorubicin inhibits topoisomerase II that results in an increased 

and stabilized cleavable enzyme-DNA linked complex during DNA replication and subsequently prevents 

the ligation of the nucleotide strand after double-strand breakage. Doxorubicin also forms oxygen free 

radicals resulting in cytotoxicity secondary to lipid peroxidation of cell membrane lipids; the formation of 

oxygen free radicals also contributes to the toxicity of the anthracycline antibiotics, namely the cardiac 

and cutaneous vascular effects [58]. 

In Chapter 6 and 7, different amounts of doxorubicin were introduced in the droplets to assess the dose-

dependent response of the formed tumour spheroids to this anticancer drug. After 48 hours of cell culture 

for spheroid formation, a volume of 2 μL of doxorubicin (Doxorubicin hydrochloride, Sigma-Aldrich) with 

different concentrations (0.1 mg.mL-1, 0.01 mg.mL-1 and 0.001 mg.mL-1) was dispensed in the different 

droplets. After 24h of incubation time at 37ºC in a humidified 5% CO2 atmosphere, live/dead images 

from fluorescence microscopy showed a high resistance from L929 cells to these drug concentrations. 

The same procedure was performed to 2D cell culture. 

2.5 In vitro studies on 3D hydrogels produced using superhydrophobic surfaces 

2.5.1 Magnetic hydrogel particles (cell co-culture) 

Using the Protocol IV to produce droplet microarray platform, free-standing hydrogels can be loaded with 

functional magnetic or other nanoparticles to enable the use of magnetic field for the remote manipulation 

of the hydrogels. In Chapter 8, magnetic hydrogel particles were produced following the Protocol XII. This 

method allowed the culturing of different types of cells inside hydrogel particles with different shapes. 

HeLa cells expressing GFP cells (green) were immobilized in circle-shaped free-standing hydrogels and 
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MLIy-mCherry cells (expressing fluorescent red) were immobilized in squared-shaped free-standing 

hydrogels, following Protocol XIV. 

Protocol XIV 

1. Prepare magnetic bead solution to a final concentration of 10 mg.mL-1 and then centrifuged at 
4000 rpm and 25ºC for 10 minutes.  

2. Remove the liquid and add 2% w/v alginate solution.  

3. Prepare two different solutions of magnetic beads containing alginate: in the first solution, add 
red fluorescent rat mammary carcinoma MLIy-CMV-mCherry-neo, and for the second solution add 
green fluorescent HeLa-GFP. 

4. Encapsulate green fluorescent cells inside alginate hydrogel particles prepared in 3 x 3 mm 
circular DMA, using Protocol IV.  

5. Encapsulate red fluorescent cells were encapsulated inside alginate hydrogel particles prepared 
in 3 x 3 square-sized DMA, using Protocol IV. 

6. Immerse hydrogels of different geometries with distinct cell types in the same culture medium. 

 

2.5.2 Drug uptake on hydrogel particles 

Dexamethasone, a synthetic glucocorticoid, is a potent steroid that is used to treat a variety of disorders. 

The ability of this agent to reduce the edema associated with the spread of malignant tumors form other 

organs to the brain led to therapeutic trials for high-altitude cerebral edema [56]. The rate of drug release 

by diffusion through the polymer matrix normally decreases with time, since the agent has a progressively 

longer distance to travel and therefore requires a longer diffusion time to release. The correct drug 

administration is often dependent on tailored delivery mechanisms from hydrogel or other polymeric 

matrices. The standard methods for the in vitro monitoring of molecules release are resource spending 

and laborious. As a simplifying alternative to these methods, in Chapter 8 is shown the ability to remotely 

compress hydrogel particle assemblies and the stimuli-responsive release of a small molecule drug 

incorporated inside the hydrogel using an external magnetic field as the stimulus.  

The dexamethasone uptake study on alginate free-standing hydrogel particles was evaluated using 

Protocol XV. 

Protocol XV 

1. Prepare magnetic bead solution to a final concentration of 10 mg.mL-1 and then centrifuged at 
4000 rpm and 25ºC for 10 minutes.  

2. Remove the liquid and add 2% w/v alginate added. 
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3. Add 10 µL of dexamethasone solution with 1 mL of prepared alginate solution with a final drug 
concentration of 25 µg/mL.  

4. Prepare magnetic hydrogel particles containing dexamethasone (n=40, 5 µL of each hydrogel 
particles) in 3 x 3 mm circular DMA slide.  

5. Prepare bulk alginate hydrogels (negative control) in falcon tube using 100 µL of 1M of CaCl2 
solution and 100 µL of 2 % w/v alginate solution containing magnetic beads and dexamethasone 
solution. 

6. Immerse magnetic hydrogel particles and bulk hydrogel in 10 mL of pure water solution up to 
240 minutes at room temperature.  

7. Read the absorbance of both formulations at 241 nm over time, with and without the application 
of external magnetic field. 

 

2.5.2 Modular building blocks 

An increase attention has been devoted to modular tissue engineering. This approach aim to address the 

challenge of recreating biomimetic structures by designing structural features on the microscale to build 

modular tissues that can be used as building blocks to create larger tissues. In Chapter 8, DMA platform 

was also used to form magnetic hydrogel particles incorporating live cells. These particles can be 

employed for the modular tissue engineering due to the possibility to manipulate both single particles and 

particles assemblies using external magnetic field. The ability to easily create and manipulate hydrogel 

particles of controlled size and geometry is essential for 3D cell studies and modular tissue engineering. 

Thus, magnetic hydrogel particles with 3 mm of diameter (n=250) were placed in glass vial (5 mL) and 

the assembly of hydrogels was carried out using a stereo microscope. By applying 50 times an external 

magnetic field, the length of the modular tissue assembly was further measured using ImageJ program.  

2.6 In vitro biological studies 

2.6.1 Cell expansion and culture conditions 

The biological response of cells to biomaterials in vitro is critical to estimate if a harmful reaction is 

triggered upon contact of a newly developed system with a living organism, common when biomedical 

applications are envisaged. Herein, cells were either seeded onto a substrate modified with multilayers, 

or as 3D cell spheroid or even seeded onto a cell culture support and incubated in the culture medium. 

In Chapters 3 and 5, mouse lung fibroblastic cell line (L929) and human primary osteosarcoma cell line 

(SaOs-2), from European Collection of cell Cultures (ECA CC, UK) were used to study the adhesion, 

viability and proliferation of the cells on the multilayer films. 
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In Chapters 6 and 7, the viability of L929 fibroblasts spheroids was evaluated.  

In Chapter 8, human cervical tumor cell line (HeLa expressing GFP) was used to evaluate the viability of 

the cells encapsulated in hydrogel particles. Red fluorescent rat mammary carcinoma MLIy-CMV-mCherry-

neo was used for cell co-culture.  

All cell types were expanded and culture using the Protocol XVI. 

Protocol XVI 

1. Supplemented DMEM cell culture medium: Dubelcco’s Modified Eagle Medium (DMEM) (Gibco, 
UK) supplemented with 10% heat- inactivated fetal bovine serum (BiochromAG, Germany) and 1% 
antibiotic/antimycotic solution (penicillin 100 units.mL-1 and streptomycin 100 mg.mL-1; Gibco, UK). 

2. Culture the cells with low glucose supplemented DMEM cell culture medium. 

3. For cell expansion, at 90% of confluence, wash the cells grown in tissue culture flasks with sterile 
PBS.  

4. Detach the cells by a chemical procedure with 0.05% trypsin-EDTA solution at 37 °C in a 
humidified air atmosphere of 5% CO2.  

5. After 5 min of incubation, add cell culture medium to inactivate the trypsin effect, and centrifuged 
at 1200 rpm for 5 min.  

6. Discard the supernatant. 

2.6.2 Cell culture on biomaterials or as cell spheroids 

2.6.2.1 Cell seeding on multilayer films 

In Chapter 3, samples containing multilayer films were sterilized by UV radiation for 1h. Afterwards, 30 

µL of supplemented DMEM containing a cell suspension with 5×103 cells was added to a 10 bi-layered 

CHT/HA-DN film, the respective negative control CHT/HA, the positive control (cover glasses) and 

polydopamine coated cover glasses, also used as a control (in triplicate). The polydopamine coating was 

performed as previously described Protocol VII. The samples were further incubated at 37 ºC in a 

humidified air atmosphere of 5% CO2. After 4 hours supplemented DMEM was added.  

In Chapter 5 all biological characterization of the multilayer films was performed using image-based 

analysis directly on the chip, taking advantage of the transparency of the spots.  

The biological response was evaluated on multilayer films containing distinct features, including:  

a) Films ending with the negatively charged polymer without any further modification; 

b) Films ended with the negatively charged polymers followed by fibronectin adsorption; 

c) Positively charged CHT-ended films followed by fibronectin adsorption; 

d) Positively charged CHT-ended films crosslinked with genipin. 
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Multilayer films consisting of CHT/HA-4DN, CHT/HA-DN, CHT/HA and CHT/ALG were composed by 5, 

10 and 15 bi-layers and were built on the transparent spots of patterned SH surfaces (see Protocol VIII). 

After the multilayer films being dried, droplets of genipin and fibronectin were dispensed atop of the 

created films. An array of 48 combinations of biomaterials based in an initial library of five polyelectrolytes 

was created. The design of the patterned chip is based on the construction of four parameters of each 

multilayer film, containing 6 replicates of the wettable spots with the same number of multilayers 

deposited. Since two cell types were studied in the same chip, a total of 48 distinct conditions for the 

same number film layers were used (see Figure 2.15). 

 

Figure 2.15 Experiment set-up for combinatorial analysis of the biological response on distinct multilayer films.  

Based on previous works, genipin was used in the concentration of 1 mg.mL-1, and the patterned slide 

was slide was incubated for 24 hours, in the incubator at 37ºC. After 23 hours of incubation, droplets of 

fibronectin with a concentration of 50 µg /mL [59] were added to other spots of the same patterned chip. 

Afterwards the chip was again incubated for 1 hour. The coated films with 5, 10 and 15 bilayers were 

carefully washed, and sterilized by UV radiation for 30 minutes. Droplets of 5 µL of supplemented DMEM 

containing a cell suspension with 5×103 cells was added on the top of the coated multilayer films. Then, 

the samples were incubated at 37 ºC in a humidified air atmosphere of 5% CO2. 

2.6.2.2 3D Hanging Droplet System 

The micro-indentations produced on the SH surfaces promote the fixation of the droplets over the highly 

water-repellent surfaces, even when the surface and cell suspension droplets are turned upside down. 

Therefore, it is possible to produce an array of spheroids on SH surfaces patterned with adhesive micro-

indentations using hanging droplet method- see Figure 2.16. 
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Figure 2.16 Experiment set-up of the spheroid formation. (A) Upper view scheme of the SH platform patterned with micro-
indentations able to suspend arrays of droplets containing cells. (B) Turning the platform 180º, the cell suspension inside the 
droplet (C) leads to the formation of spheroids due to the gravitational force applied to the cells. Drug-screening tests by adding 
the anti-cancer drug, doxorubicin, in the droplets containing cell spheroids. 

In Chapters 6 and 7, a SH platform containing droplets of cell suspension was fixed into the lids of 

polystyrene petri dishes (commercially available), and the bottom part was filled with cell culture media, 

in order to create a saturated environment and avoid the evaporation of the droplets. A volume of 5 μL 

of L929 cell suspension was dispensed by manual pipetting in each microindentation of the chip. The 

gravitational force applied on the cells in the hanged droplets induced its sedimentation and the formation 

of fibroblasts-like cell spheroids after 48h of seeding time. Each droplet in the chip formed a singular 

spheroid with a consistent cell population that is generated without the need of any scaffold or adhesive 

substances. In Chapter 7, the cell behavior of 3D spheroids was compared to monolayer cell culture upon 

being subjected to the effect of various concentrations of doxorubicin. For 2D cell culture, 1 mL of 

supplemented DMEM containing different cell suspensions was placed in a non-treated surface of 48-well 

cell plate (in triplicate). The plates were incubated at 37 ºC in a humidified air atmosphere of 5% CO2 at 

different incubation days. 

2.6.2.3 Cell encapsulation in biomaterials 

In Chapter 8 both live human cervical tumor cell line expressing GFP (HeLa-GFP) and MLTy-CMV-mCherry-

neo cells expressing cherry fluorescent protein were encapsulated in hydrogels particles (crosslinking with 

calcium chloride, CaCl2). Both cell types were mixed with 2% w/v alginate solution that was dispensed in 

wettable spots of the DMA platform, in a concentration of 6 x 105 cells per mL of alginate. This solution 

was then used to produce alginate hydrogels particles with the sandwich method previously described- 

see Protocol XII. Fixed and detached alginate hydrogel particles prepared in 1 x 1 mm size DMA with 
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HeLa expressing GFP encapsulated cells were immersed in culture medium. The detached alginate 

hydrogels particles prepared in 3 x 3 mm circle-sized DMA containing HeLa-GFP encapsulated cells were 

immersed in cell culture medium, with and without supplementation of CaCl2. Bulk alginate hydrogels 

(negative control) with HeLa-GFP cells were prepared in 24 well-plate using 1 M of CaCl2 solution and 2 

% w/v alginate solution with cells in a ratio of 1:1 and cell culture medium. Briefly, 200 µL of alginate 

solution containing cells was added into individual well (in triplicate) and further 200 µL CaCl2 solution 

was added in order to crosslink the polymer solution. Afterwards, 500 µL of cell culture medium was 

added on the top of bulk hydrogel. During the incubation time, the culture medium was exchanged every 

2 to 3 days.  

2.6.3 Cellular characterization 

2.6.3.1 Cell Viability 

LIVE/DEAD® assay 

Cell viability was evaluated by a non-destructive live/dead assay. Live/dead Kit (LifeTechnologies, USA) 

is a quick and easy two-color assay to determine viability of cells in a population based on plasma 

membrane integrity and esterase activity. Calcein AM is a cell-permeable and non-fluorescent compound. 

It is hydrolyzed in live cells, and the fluorescence intensity is proportional to the amount of live cells, as it 

becomes fluorescent after hydrolysis of AM group. Propidium iodide (PI) stains dead cells as it enters 

cells with damaged membrane. 

In Chapters 6 and 7, live/dead assay was assessed. Thus, 2 µL of PBS containing calcein-AM and PI was 

added to each spheroid at a ratio of 1:1000 and 1:500. Respectively. 

In Chapter 8, hydrogel particles (n = 3 per well in triplicate) and controls (n = 3 of cells suspensions and 

bulk hydrogels) were incubated for 1, 3, 5 and 7 days at 37ºC and in a humidified 5% of CO2 atmosphere. 

PI staining was performed during each time culture period. HeLa-expressing GFP cells contain a green 

fluorescent cell marker retained in the cytoplasm. The unviable cells lose their green fluorescence. At 

each time point, PI was added to each well at a ratio of 1:1000. Samples were incubated at 37ºC for 10 

minutes protected from the light. 
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2.6.3.2 Cell Metabolic activity 

AlamarBlue colorimetric assay 

The alamarBlue cell viability reagent is widely used to assess cell viability by simply adding the 10X, ready-

to-use solution to cells in culture media. The assay incorporates a fluorometric/colorimetric growth 

indicator based on detection of metabolic activity. An oxidation-reduction (REDOX) indicates that both 

fluoresces and changes color in response to chemical reduction of growth medium resulting from cell 

growth. In Chapters 3 and 7, cell metabolic activity was evaluated on multilayer films and monolayer cell 

culture, respectively. For both experiments, alamarBlue was used using the Protocol XVII. 

Protocol XVII 

1. Multilayer films: place the samples with adhered cells in a non-treated surface 24-well cell culture 
plate (in triplicate) and incubated at 37 °C and 5% CO2. Perform the assay using different time points, 
at 1, 3, 7, 14 and 21 days of culture, protected from light. 

2. 2D cell culture: place different cells density in a treated surface 48-well cell culture plate (in 
triplicate) and incubated at 37 °C and 5% CO2. After 48 hours, perform the assay protected from 
light. 

3. Remove the culture medium of each well and add 500 µL of supplemented DMEM containing 
alamarBlue solution with a dilution ratio of 1:10 to each well.  

4. Incubate the samples, protected from the light, at 37 °C and 5% CO2.  

5. After 3 h, transfer 100 µL of each well (in triplicate) to a 96-well plate.  

6. Read the absorbance at 570 nm and 600 nm using a microplate reader (Synergy HT, Bio-TEK). 

MTT viability assay  

MTT assay is based on the bioreductive ability of mitochondrial dehydrogenase enzymes present in viable 

cells to convert the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium (MTT) 

compound into a cell culture-soluble purple formazan product.  

In Chapter 8, alginate hydrogel particles were tested for cytotoxicity and suitability for live cell 

encapsulation using a MTT colorimetric assay, according to Protocol XVIII. 

Protocol XVIII 

1. Prepare alginate hydrogel particles (circular 3 x 3 mm size DMA) encapsulating HeLa expressing 
GFP cells. 

2. Place the hydrogel particles in a non-treated surface 24-well cell culture plate (n = 3 per well, in 
triplicate) and incubate at 37ºC and 5% CO2.  

3. Perform the assay using different time points, at 1, 3, 5 and 7 days of culture, protected from 
the light.  
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4. Remove the culture medium of each well and add 500 µL of serum-free DMEM containing MTT 
solution with a dilution ratio of 1:10 added to each well.  

5. Re-suspend the wells containing hydrogel participles using a pipette in order to release the cells 
encapsulated. 

6. Incubate the samples, protected from the light, at 37 °C and 5% CO2.  

7. After 3h, transfer 100 µL of each well (in triplicate) to a 96-well plate. 

8. Add 100 µL of dimethyl sulfoxide (DMSO) to each well to dissolve formazan crystals, and 
incubated for 1h at 37ºC and 5% CO2.  

9. Measure the amount of formazan product by absorbance at a wavelength of 570 nm using a 
multiwell spectrophotometer. (See Note 18) 

2.6.3.3 Cell number quantification 

DNA quantification 

Quantitative double-stranded DNA is a very accurate method to assess number of cells, since these two 

parameters are directly correlated. Use this method to assess cell-seeding efficiency into biomaterials, as 

well as to determine cell proliferation. For Chapter 3, DNA quantification was performed according to 

Protocol XIX. 

Protocol XIX 

1. Perform DNA quantification in order to evaluate cell proliferation in the samples using the Quant-
iTTM Pico-Green double-stranded DNA Assay Kit (InvitrogenTM, Molecular ProbesTM, Oregon, USA), 
according to the instructions of the manufacturer. 

2. For each culture time, use PBS to wash the wells of the plate and then add to each well 1 mL 
of ultrapure sterile water. (See Note 19)  

3. After transfer each solution to a 96-well white opaque plate (in triplicates), incubate the plate at 
room temperature protected from light.  

4. Generate the standard curve for DNA analysis with provided DNA from the assay kit.  

5. Read the fluorescence at excitation of 485/20 nm and emission of 528/20 nm using a 
microplate reader (Synergy HT, BioTek, U.S.A.).  

 

                                                 

18 The background was corrected by subtracting MTT blank solution. In Chapter 8, all these procedures took place for hydrogel 
particles cultured in culture medium with and without supplementation of CaCl2, bulk hydrogels, cells suspended in culture 
medium with and without CaCl2 supplementation, hydrogel particles with and without incorporation of magnetic beads, and 
cells suspended in culture medium with and without the supplementation of magnetic beads. 
19 In order to use the same conditions of the viability assay, and save reagent and material costs on the preparation of new 
multilayer films, the same samples used alamarBlue assay, can also be used for DNA quantification, if cautions during the 
washing with PBS are taken.  
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Cell nuclei staining 

Cells’ nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma). DAPI is a fluorescent stain 

that binds strongly to A-T rich regions in DNA. DAPI stains preferentially double-stranded DNA by 

delineating cells nuclei in blue. DAPI has an absorption maximum at a wavelength of 358 nm and its 

emission maximum is at 461 nm. In Chapter 3, at each defined time culture the multilayer films seeded 

with L929 and SaOs-2 cells were prepared for DAPI fluorescence assay. 

Protocol XX 

1. Prior to staining, at each time point, remove the culture medium and add 10 % formalin to each 
well (in triplicate).  

2. After 1 hour at room temperature, remove formalin and wash the samples with phosphate buffer 
saline (PBS).  

3. Add 1 mL of PBS containing 1 μL of DAPI to each well.  

4. After 1 hour at room temperature and protected from light, wash the samples and visualize 
cells´ nuclei using an Imager Z1 fluorescence microscope (Zeiss) and photographed using an Axio 
Cam MRm (Zeiss). 

 

In Chapter 5, after one day in culture, the entire patterned multilayer chip seeded with L929 and SaOs-2 

cells was rinsed thrice with sterile PBS and fixed with formalin. Samples were incubated in the dark with 

DAPI for 10 minutes (1:1000). After rinsing the samples, the nuclei were observed the same fluorescence 

microscope of the described protocol. 

In Chapter 7, prior to staining, the culture medium was removed and 5 µL of 10% formalin was dispensed 

to the droplets containing spheroids. Then, 2 µL of PBS containing DAPI (1:1000) was added to each 

droplet.  

2.6.3.4 Cell image analysis 

Quantification of Chitosan crosslinking 

In Chapter 6, the percentage of reacted amine groups of CHT for each combination with genipin was 

assessed by colorimetric assay using the WCIF Image J software. Images of the chip were captured in 

each 30 minutes until one of the conditions being completely crosslinked, confirmed by the unchanging 

of the color intensity. A standard calibration curve (logarithmic curve, r2=0.98) of pixel color intensity vs. 

glycine concentration was made. Different quantities of soluble glycine, ranging 0.2 to 2 mg.mL-1 were 

prepared including genipin at a concentration of 10 mg.mL-1. The measurements of the pixel intensity 

from each glycine concentration were performed over a total of 6 samples. The intensity of the pixels, 

grey scale 0-255, in which 0 correspond to dark color and 255 white color, was used to associate the 
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color intensity of the solutions. The intensity color of the droplets of CHT with genipin was correlated with 

the pixels intensity of the standard curve. The percentage of reacted amine groups in each droplet was 

determined: the number of reacted amino molecules of the repeating unit of CHT obtained by the 

calibration curve was divided by the initial number of amine molecules.  

Cell area quantification 

Fluorescent images of the cell nuclei and cytoskeleton were obtained after performing DAPI-Phalloidin 

TRITC (tetramethylrhodamine B isothiocyanate, Sigma-Aldrich) fluorescent assay at each time culture 

period. Phalloidin binds F-actin with high selectivity while TRITC provides red-orange fluorescence of 

unparalleled brightness and photostability. Demonstrating very little nonspecific staining, Rhodamine 

phalloidin allows high-contrast discrimination of actin staining. 

In Chapters 3, 5 and 7, cells’ nuclei were stained with DAPI and in Chapters 5 and 7, F-actin was stained 

with phalloidin-tetramethyl rhodamine isothiocyanate, according to Protocol XXI. Cell number was 

quantified through cell nuclei counting using particle analysis of ImageJ software (NIH, USA). Cell area 

was calculated by particle analysis of the F-actin staining images, using ImageJ software (NIH, USA) –see 

Figure 2.17. Each fluorescent image was divided in red and blue channels and transformed in a gray 

scale (grey scale intensity 0 - 255, in which 0 correspond to black colour and 255 white colour). The total 

cell number was achieved counting the cells of the blue channel. The area occupied by the cytoskeleton 

was determined processing to binary the grey figure of the red channel. The same threshold criterion was 

used in all images. The histogram of the each image was analyzed, and % of the area covered by the cells 

was determined dividing the total number of while pixels covered by the cells with the total area analyzed. 
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Figure 2.17 Example of an original image, where the number of cells (stained with DAPI) and cell density (% of the area covered 
by the cells) were quantified by ImageJ analysis. 

Protocol XXI 

1. Prior to cell staining, rinse the entire patterned chip thrice with sterile PBS and fix with formalin 
2.5% (v/v). 

2. Incubate the samples in the dark with Phalloidin-TRITC solution in PBS (ratio 1:100) for 30 min, 
then with DAPI in PBS for 10 min (ratio 1:1000).  

3. Wash the samples (at least 3 times) with PBS and visualized in the dark using fluorescence 
microscopy.  

4. Visualize, in the dark, the cytoskeleton and nuclei of the cells using an Imager Z1 fluorescence 
microscope (Zeiss) and photographed using an Axio Cam MRm (Zeiss).  

5. Use WCIF ImageJ software (NIH, USA) to calculate the percentage of the area covered by the 
cells adhered on the multilayer films. 

2.6.3.5 Cell viability and cell quantification 

In Chapters 3, 5 and 7 cell quantification was performed by staining the cells nuclei with DAPI. In Chapters 

3, 5 cells´ nuclei were observed using an Imager Z1 fluorescence microscope (Zeiss) and photographed 

using an Axio Cam MRm (Zeiss). In Chapter 7, the cells’ nuclei were observed using an inverted confocal 

microscopy (Leica, TCS SP8). WCIF ImageJ software (NIH, USA) software was used to quantify the cells 
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adhered on the multilayer films (Chapters 3 and 5) and to observe total number of cells of the formed 

spheroids (Chapter 7). 

In Chapters 6 and 7, cells stained with Calcein AM or PI in each sample were quantified using transmitted 

light microscopy (Axio Imager Z1m, Zeiss) and inverted confocal microscopy (Leica, TCS SP8). ImageJ 

was used to evaluate the percentage of live/dead cells of each droplet condition. Each image of stained 

spheroids obtained from confocal microscope was divided in green and red channels and transformed in 

a gray scale. The number in each channel (grey scale intensity 0 - 255, in which 0 correspond to black 

colour and 255 white colour) was counted and divided for the number of total analysed area. The same 

threshold criterion was used in all images.  

In Chapter 8, cell mortality of ALG hydrogel particles (n = 3 per well in triplicate) and controls (n = 3 of 

cells suspensions and bulk hydrogels) was evaluated using PI staining. PI was added to each well at a 

ratio of 1:1000. Samples were incubated at 37ºC for 10 minutes protected from the light. Images of the 

formed hydrogels were taken with the fluorescent microscope BZ-9000 Keyence (Japan) to enable 

accurate quantification. Double staining was obtained in Z-stack mode with a resolution of 90 µm between 

the slides for the hydrogel particles. 

2.6.3.6 Statistical analysis 

The statistical analysis analyzes significant differences between formulations. Perform using two-way 

analysis of variance (ANOVA) with Bonferroni post-test using GraphPad Prism 5.0 software. Adopt the 

follow nomenclature: statistical differences in grouped by time point analysis mark with (*), (**) and (***), 

which stand for p-value < 0.05; p < 0.01 and p < 0.001, respectively. All results should be presented as 

mean ± standard deviation. 

In Chapter 3, data were grouped by formulation, namely, Control (positive control), polydopa, CHT/HA-

DN, and CHT/HA (negative control), to assess time-course significant differences of each formulation. 

The statistical differences relating to the time point before was evaluating using symbols as # and § to 

represent CHT/HA and CHT/HA-DN groups respectively. Single symbol (# and §) represent p< 0.05; 

double symbols (## and§§) p < 0.01 and triple symbols (### and §§§) p < 0.001.  

In Chapter 5 data were grouped by formulation, namely CHT/HA-4DN, CHT/HA-DN, CHT/HA, and 

CHT/ALG multilayer films containing 5, 10 and 15 bilayers. The statistical differences relating to the time 

point before was evaluating using symbol # to represent the statistical differences relating to the control 
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(CHT/HA) films with the same number of bilayers, namely double symbols (##, p < 0.01) and triple 

symbols (###, p < 0.001). 

In Chapter 7, data were grouped by formulation, namely 2D cell culture and 3D spheroid culture to assess 

time-course significant differences of each formulation. The statistical differences relating to the time point 

before was evaluating using symbol # to represent 3D spheroid. Double symbols (##) represent p < 0.01 

and triple symbols (###) represent p < 0.001. All results were presented as mean ± standard deviation. 

In Chapter 8, MTT and fluorescent assay data were grouped by time point, namely 1, 3, 5 and 7 days to 

analyze significant differences between formulations. The statistical differences relating to the time point 

before was evaluating using symbol #. Single symbol (#) represent p < 0.05, double symbols (##) p < 

0.01 and triple symbols (###) p < 0.001. All the results were presented as mean ± standard deviation. 
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CHAPTER 3. NANOSTRUCTURED POLYMERIC COATINGS BASED ON CHITOSAN AND DOPAMINE-
MODIFIED HYALURONIC ACID FOR BIOMEDICAL APPLICATIONS * 

 

3.1 Abstract 

In a marine environment, specific proteins are secreted by mussels and used as a bioglue to stick to a 

surface. These mussel proteins present an unusual amino acid 3,4-dihydroxyphenylalanine (known as 

DOPA). The outstanding adhesive properties of these materials in the sea harsh conditions have been 

attributed to the presence of the catechol groups present in DOPA. Inspired by the structure and 

composition of these adhesive proteins, we used dopamine-modified hyaluronic acid (HA-DN) prepared 

by carbodiimide chemistry to form thin and surface-adherent dopamine films. This conjugate was 

characterized by distinct techniques, such as nuclear magnetic resonance (NMR) and ultra-violet 

spectrophotometry (UV). Multilayer films were developed based on chitosan (CHT) and HA-DN to form 

polymeric coatings using the Layer-by-Layer (LbL) methodology. The nanostructured films formation was 

monitored by quartz crystal microbalance (QCM-D). The film surface was characterized by atomic force 

microscopy (AFM) and scanning electron microscopy (SEM). Water contact angle measurements were 

also conducted. The adhesion properties were analyzed showing that the nanostructured films with DN 

promote an improved adhesion. In vitro tests showed an enhanced cell adhesion, proliferation and viability 

for the biomimetic films with catechol groups, demonstrating their potential to be used in distinct 

biomedical applications. 

 

 

 

 

 

                                                 

* This chapter is based on the publication: Neto A. I., Cibrão A. C., Correia C. R., Carvalho R. R., Luz G. M., Ferrer G. G., 
Botelho G., Picart C., Alves N. M., and Mano J. F. Nanostructured Polymeric Coatings Based on Chitosan and Dopamine-
Modified Hyaluronic Acid for Biomedical Applications. Small, 12, 2459–2469, 2014. 
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3.2 Introduction 

It is well known that biomaterials interact with cells and tissues through their interfaces, so surface 

properties are determinant on cell behavior [1, 2]. In some situations it is also important that biomaterials 

adhere to tissues and organs [3]. The development of adhesive substrates that would enhance cell 

attachment and proliferation and could also adhere to tissues would constitute a substantial breakthrough 

for tissue engineering and other biomedical applications. Mussel adhesive proteins (MAPs) found in 

marine mussels form outstandingly moisture- resistant adhesive bonds capable of surviving to the 

destructive conditions of the ocean. Such proteins provide the role of cement, which upon secretion 

become quickly solidified in wet environments via chemical crosslinking into an insoluble plaque, binding 

the animal to surfaces [4]. It is known that MAPs contain considerable concentrations of an amino acid, 

3,4-dihydroxy-L-phenylalanine (DOPA), which is formed by postranslational modification of tyrosine. A key 

aspect of DOPA and its analog dopamine (DN) is the ortho-dihydroxyphenyl (catechol) functional group, 

which forms strong bonds with various inorganic/organic surfaces [5-7]. Several authors have developed 

new adhesives trying to mimic the adhesion properties found in marine mussels [8-12]. For example, 

Deming and co-workers synthesized simple co-polypeptides of L-lysine and DOPA with different 

compositions [9]. Yu et al. synthesized copolymers of DOPA and L-lysine that form moisture-resistant 

adhesive bonds with a variety of substrates (aluminum, steel, glass and plastics) when suitably oxidized 

[8]. Anderson et al. also showed that the adhesion of DOPA/N5- (2-hydroxyethyl)-L-glutamine films to 

mica and TiO2 surfaces increases with DOPA concentration [12]. Lee et al [11] developed new thermo-

sensitive and injectable DOPA modified hyaluronic acid (HA)/Pluronic hydrogels and showed that these 

hydrogels exhibited excellent tissue-adhesion properties with superior in vivo gel stability. 

MAPs are in fact a source of inspiration for the development of nanostructured materials. Some 

techniques, such as layer-by-layer (LbL) have been used in the production of such functional materials. 

LbL is a simple methodology that allows the possibility to coat surfaces through multiple deposition steps, 

with an ability to control the build-up of complex geometries at the nanometer length scale. This 

constitutes a great advantage in comparison to other thin film assembly techniques. Multilayer films were 

produced by LbL using chitosan (CHT) and dopamine modified hyaluronic acid (HA-DN) in the present 

work, in order to try to combine the adhesion properties found in marine mussels with a simple film 

production method and with the known advantages of CHT and HA for biomedical applications.  

In fact, HA and CHT are very popular biomaterials that have been often to form nanostructured coatings 

[13-20]. HA is a polysaccharide that can be found in tissues and body fluids of vertebrates and also in 
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some bacteria [21]. It is a linear polymer and a naturally occurring non-sulfated glucosaminoglycan 

composed of D-N-acetylglucosamine and D-glucuronic acid [11, 22]. HA is a negatively charged 

polyelctrolyte above its pKa (≈ 2.9) [23]. Because of its excellent lubricity and bacterial inhibitory effect, 

HA is suitable for tissue engineering applications [22, 24]. CHT, due to the primary amines present in its 

structure, is a positively charged polyelectrolyte in acidic medium, with a pKa ≈ 6.24 It is non toxic, 

biodegradable and has an excellent biocompatibility. So, CHT is a great candidate for a series of 

biomedical applications [25-27].  

Several works have demonstrated the advantages of using the materials chosen in the present work in 

the biomedical field. For example, the surface of titanium, a common implant material for orthopaedic 

applications, has been modified with HA and CHT coatings, allowing to promote osteoblast functions [24]. 

Also, Lee et al.[4] have incorporated catechol groups (which are present in DN) into coatings of distinct 

substrates and induced the reduction of silver ions to metallic silver when immersed in an aqueous metal 

salt solution, providing antibacterial properties to the coated surfaces. 

There are only a few studies where LbL films inspired by MAPs were studied [4, 28, 29]. A recent work 

of Zhang et al. [29], showed that multilayer films of dopamine-modified hyaluronic acid/chitosan 

(DHA/CHI) built on the surface of Ti–24Nb–2Zr (TNZ) alloy can improve osteoblast proliferation and 

biocompatibility for orthopedics applications, when compared with to original ones. 

In this work, we hypothesize that the formation of multilayers films of conjugate HA-DN and CHT can 

produce surfaces with distinct properties, when compared with the conventional CHT/HA ones. The 

greatest advantage that the current approach presents over other reported methods is that we try to 

combine an enhanced cell response with a significantly improved adhesive strength, whereas the other 

reported methods have only showed improvements on cell behaviour. The combination of this particular 

system could be extremely advantageous regarding biomedical applications. 

The formation of CHT and HA-DN multilayer films by the LbL technique was investigated using quartz 

crystal microbalance with dissipation monitoring (QCM-D). The film surface was characterized by atomic 

force microscopy (AFM) and scanning electron microscopy (SEM). The wettability was analyzed by water 

contact angle measurements. The mechanical adhesive properties and the in vitro cell behavior were 

evaluated on such nanostructured films inspired on mussel adhesive proteins. 
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3.3 Results and Discussion 

3.3.1 HA-DN Conjugate synthesis and characterization 

In order to know if the synthesis of the conjugate was successful the product of the synthesis was analyzed 

by two techniques: NMR and UV spectroscopy. 

The 1H-NMR spectrum of the unmodified hyaluronic acid is shown in Figure 3.1 A and is consistent with 

the one found in literature [30-32], where the multiplets located at δ = 2.028 ppm are associated with 

the protons of N-COCH3 groups. Figure 3.1 B shows the 1H-NMR spectrum of dopamine. The multiplets 

centered at δ = 2.876 ppm and δ = 3.227 ppm that can be observed in this figure are associated with 

the protons of the aliphatic group, according to the literature [33]. The region between δ = 6.7 ppm and 

δ = 7.0 ppm corresponds to the protons in orto and meta coupling position of the ring. 

 

Figure 3.1 1H-NMR spectra of A) hyaluronic acid (HA), B) dopamine and C) the synthesized conjugate (HA-DN) with an expanded 
view. 13C-NMR spectra of the conjugate with expanded view.  

By using the experimental conditions previously described, the conjugate was obtained and characterized 

by 1H-NMR spectrum - see Figure 3.1C. It is known 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 and in this solvent the NH 

linkage interchange with water so no new signal appears. In order to overcome this limitation and using 

the conditions described in the experimental section, the conjugate was obtained and characterized by 
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13C-NMR. The 13C-NMR spectrum of the unmodified hyaluronic acid is consistent with published results 

[34]. According to the literature [35, 36], the carbonyl chemical shift of HA should be between 173 and 

174 ppm. The 13C-NMR new signal of around 175 ppm shown in Figure 3.1 D confirms that the HA-DN 

conjugate was successfully synthesized.  

The results obtained by UV-Vis spectroscopy are presented in Figure 3.2. It can be seen that, at 

approximately 280 nm, one band appears for the HA-DN conjugate, being not observed in HA - see Figure 

3.2 A.  

In fact, dopamine presents a band in the UV spectrum at this wavelength [37]. These results indicate the 

presence of dopamine in the synthesized product in agreement with the NMR results. Several spectra of 

solutions with different concentrations of dopamine can be seen in Figure 3.2 B; they all have an excitation 

band at approximately 280 nm, similar to the conjugate band. Using the measured absorbance of the 

conjugate, obtained at 280 nm, it was determined that the concentration of DN units in the HA-DN solution 

was 2.86x10-4 M. Therefore, the degree of dopamine substitution in the synthesized conjugate is 11%, 

being different than the ones found in other works [4, 6, 11]. However some conditions, such as the 

relative proportions of the reagents used and/or the time of the reaction, employed in the synthesis of 

HA-DN differ from the ones used in these studies. 

 

Figure 3.2 A) UV-Vis spectra of the conjugate (HA-DN) and the control (HA). B) Spectra of dopamine solutions with different 
concentrations; the spectrum of the conjugate is also shown for comparison. 

3.3.2 Build-up of CHT/ HA-DN multilayer films and surface characterization 

The development of LbL films containing materials inspired by MAPs is still very scarce. Lee et al. [4] 

were the first to propose this kind of films and successfully assembled HA-DN with poly(ethylenimine). 
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The composition, structure and the crosslinking methodology lead to the development of LbL films with 

high strength. Charlot et al. [28] prepared robust antimicrobial films on stainless steel based on the LbL 

deposition of polyelectrolytes that contained DOPA. A polycationic copolymer (N-methacrylated DOPA) 

with (2-(methacryloxy) ethyl trimethylammonium chloride) known as P(DOPA)-co-P(DMAEMA+), was 

synthesized and co-deposited with precursors of silver nanoparticles as the first layer. Multilayer films 

obtained by alternating this nanoparticle-loaded polycationic copolymer with polystyrene sulfonate, a 

commercial polyanion, resulted in stainless steel with high antibacterial activity against Gram-negative E. 

coli bacteria [28].  

In the present work the formation of LbL films of CHT/HA-DN and CHT/HA was investigated in situ using 

QCM-D- see Figure 3.3 A. For graphical simplification, the results in this figure present ∆f/υ and ∆D as 

a function of time for the 7th harmonic. It can be seen that the normalized frequency ∆f/υ decreases 

with each CHT, HA-DN or HA injection, indicating that mass is added during each deposition step. When 

rising with NaCl solution after CHT, HA-DN or HA adsorption, an increase in ∆f/υ is observed due to the 

desorption of a small fraction of free polyelectrolyte. Regarding ∆D, an increase is observed after each 

CHT, HA-DN or HA injection due to the viscoelastic nature of the adsorbed layers, typical of polymeric 

systems. 

 

 

Figure 3.3 Build-up assemblies of chitosan (CHT), conjugate (HA-DN and hyaluronic acid (HA) up to 10 deposition layers in 
0.15 M of NaCl at pH 5.5. A) Quartz-crystal microbalance with dissipation monitoring (QCM-D) with normalized frequency 
(∆f/υ) and dissipation (∆D) variations at the 7th overtone as a function of the time. B) Cumulative thickness evolution of 

CHT/HA-DN and CHT/HA polymeric films as a function of the number of deposition layers. Thickness measurements were 
estimated using a Voigt viscoelastic model. 

Figure 3.3 A also shows that ∆f/υ and ∆D variations are higher for the CHT/HA film than for the CHT/HA-

DN film. The lower ∆D variation of CHT/HA-DN (Figure 3.3 A) indicates the formation of a thinner, more 
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rigid and less water-rich film. Figure 3.3 B shows that the CHT/HA film presents an exponential film 

growth, which could explain the higher f/υ variation for this system, whereas the CHT/HA-DN film 

represents a linear trend line. Other authors have reported an exponential growth of polyelectrolyte films 

containing chitosan and hyaluronic acid [38, 39], in agreement with our results for the control films. Two 

explanations for an exponential growth mechanism have been proposed in literature: one relies on the 

diffusion of polyelectrolyte “in” and “out” of the film during each bilayer step [38, 39] whereas the second 

one relies on the increase in film surface roughness as the film builds up [40, 41].In order to clarify the 

mechanism of the exponential growth, the surface roughness of the developed and control films was 

analysed by AFM- see Figure 3.4. In fact, it was found that the roughness of the CHT/HA films is higher 

than the one of the CHT/HA-DN films, suggesting that the CHT/HA interface is getting rougher and the 

surface area is increasing so that more CHT or HA can absorb. Figure 3.4 also shows the results of an 

additional characterization of the film surface by SEM and water contact angle measurements. The results 

for the control (glass slide) are also shown for the sake of comparison.  

 

Figure 3.4 Representative images of scanning electron microscopy (SEM) and atomic force microscopy (AFM) of CHT/HA-DN 
and CHT/HA films with 10 bilayers. The images of the control (glass slide) are also shown for the sake of comparison. The 
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root mean Square (Rq), average roughness (Ra) of the studied surfaces (n=3) and corresponding water contact angle (WCA, 
n=5, 3 μL drop volume) are indicated below the images. 

The changes in the water contact angle and topography of the glass control provided evidence of the 

presence of the coatings. SEM and AFM results also showed the rougher surface of the coatings when 

compared with the control surface. Moreover, it was found that the water contact angle values of the 

CHT/HA-DN and CHT/HA films are similar, although the CHT/HA-DN value is slightly lower (around 73º) 

than the one of the CHT/HA films (around 77º). Water contact angles of nearly 50º were reported for 

polydopamine coated glass substrates [42], which are significantly lower than the ones measured for the 

developed CHT/HA-DN coatings. In our case, as the dopamine fraction in the films is small, the 

corresponding contact angle is also small. 

Further information on the viscoelastic properties of the formed films were obtained by applying a Voigt 

based model [43]. The data of Figure 3.3 B were fitted according to this model. By assuming a fluid 

density of 1000 kg.m-3, a fluid viscosity of 1m.Pa.s and a layer density of 1100kg.m-3 it was possible to 

estimate the thickness as a function of the number of layers during the build-up of the film - see Figure 

3.3 B. Lee and co-workers, measured the thickness of LbL films based on poly(ethylenimine) and HA-DN 

with 20 bilayers and they obtained a thickness of approximately 45 nm [4]. We found that the thickness 

of the CHT/HA-DN film with 10 layers is approximately 75 nm and for CHT/HA is 130 nm at pH 5.5. It 

can also be seen that the thickness of the HA-DN film is lower than the one of HA film, as expected taking 

into account the ∆D variation and the different growth, as already discussed earlier. It must be noted that 

the estimated values of thickness are based on the assumption that the adsorbed layer has an uniform 

thickness, a necessary requirement for the used viscoelastic model [44-46]. The thickness values 

estimated by fitting of the QCM-D data were further confirmed by ellipsometry measurements. Films built 

in the same conditions as the ones used in the QCM-D experiments were analysed by ellipsometry. The 

thickness values were 94.06 ± 4.42 nm and 124.42 ± 2.50 nm for the CHT/HA-DN and the CHT/HA 

films, respectively, which are in agreement with the QCM-D results. 

It should be pointed that the conjugation of dopamine to the COOH groups of HA should affect its pKa. 

However, as the degree of DOPA substitution in the prepared conjugate was just 11% as measured by 

UV-spectrophotometry, and given the neutral nature of the molecule, this change should not be so 

significant. In fact, the QCM data showed that is possible to build the films by LbL at pH 5.5, meaning 

that HA-DN is still negatively charged. 
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3.3.3 Adhesion properties of the CHT/HA-DN films 

The adhesion strength of multilayer and nanostructured films using the LbL technology was studied for 

the first time. The adhesion of CHT/HA-DN and CHT/HA (negative control) films to a glass substrate was 

evaluated using a universal mechanical testing machine, according to the standard procedure ASTM 

D1002. Figure 3.5 A presents representative load-extension curves of both coatings, showing that the 

final displacement of CHT/HA-DN is higher, which indicates a higher adhesive strength compared with 

the control, CHT/HA. The adhesive strength results of the multilayer films are shown in Figure 5B. In 

fact, it can be seen in Figure 3.5 B that the adhesive strength of CHT/HA-DN is 2.32 ± 2.20 MPa and for 

CHT/HA is 0.75 ± 0.14 MPa. It is most likely that the increase in the adhesion force is due to the strong 

adhesion force of the catechol moieties in the modified HA. It should be mentioned that adhesion tests 

were also performed with films stained with eosin, which specifically stains the CHT component of the 

films. It was observed that, after plate detachment, both plates were stained, as shown in the 

representative image of the glass plates at the rupture point that is included in Figure 3.5. This is an 

indication that break occurred somewhere between the layers of the film. 

 

Figure 3.5 A) Force vs Displacement curves of CHT/HA and CHT/HA-DN films. B) Adhesive strength of CHT/HA and CHT/HA-
DN films between glass slides. Data are means SD (n=5; **= p<0.01). Representative image of the glass slides at rupture 
point. 

Yamada et al. used the tyrosinase-catalyzed reactions of dopamine to try to confer adhesive properties to 

semidilute solutions of CHT and analysed their adhesive strength using glass as the substrate [47]. 

Adhesive shear strengths of over 0.4 MPa were observed for these modified CHT samples, while control 

CHT solutions conferred no adhesive strength. These values are about one order of magnitude lower than 

the results of this work. 
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Yu et al. measured the adhesive strength of DOPA and L-lysine copolymers using the same mechanical 

testing protocol adopted in this work and found that they formed moisture-resistant adhesive bonds with 

a variety of substrates (aluminum, steel, glass and plastics) [8]. They obtained values of adhesive strength 

were between 0.5 and 4 MPa, depending on the substrate and the oxidation conditions. Distinct oxidizing 

agents, air (O2), NaIO4, H2O2 and mushroom tyrosinase were used in that work [8]. The authors found that 

successful adhesiveness was dependent on oxidation conditions and that the choice of oxidant was 

partially substrate-specific. In our case, the measured adhesive properties presented in Figure 3.5 

correspond to un-oxidized films, and high adhesion strength was found for the films containing dopamine 

without the need of using oxidizing agents. Nevertheless, mechanical adhesion tests were also performed 

using sodium periodate as the oxidizing agent, which was found in literature to be an effective oxidizing 

agent of the catechol groups [48]. For the used sodium periodate concentration (5 mM, based on the 

typical concentration values used by other authors to oxidize the catechol groups) no significant changes 

were found on the adhesion of these films: an adhesive strength of 2.34 ± 0.13MPa was obtained for the 

oxidized film. 

Additional mechanical tests were performed in order to measure the adhesion strength of polydopamine 

coatings typically reported in literature [42, 49] under the same conditions used for the developed LbL 

coatings. It was found that the polydopamine coatings presented a practically null adhesive strength, i.e., 

the glass plaques coated with polydopamine detached immediately after the beginning of the mechanical 

tests. 

3.3.4 Evaluation of cell behavior 

Saos-2 and L929 cells were used for the analysis of cell behavior of the developed films. These two cell 

lines were chosen because these are standard cell lines typically used in the biomedical field. Moreover, 

it is well known that cell response is quite dependent on the cell type [2]. Hence, it was intended to analyse 

the cell behaviour of the developed coatings with cells that present distinct phenotypes, in this case Saos-

2 cells as a model for human osteoblastic cells and L929 cells to analyse fibroblasts response. The use 

of these cell lines allowed to analyse if the observed trends on cell response were the same or were 

independent of cell type. 

Saos-2 and L929 cells (Figure 3.6 A and B, respectively) were seeded on the top of CHT/HA-DN and 

CHT/HA 10-bilayered films. Subsequently, the biological performance of the nanostructured multilayers 

films was evaluated up to 21 days of culture. At predetermined time intervals, namely, 1, 3, 7, 14, and 

21 days, the samples were compared concerning cell adhesion, viability, and proliferation. The cell 
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response results for the glass-only control were included in Figure 3.6, for the sake of comparison, and 

they showed a good cell response as typically observed for mammalian cells when the substrate is glass. 

To evaluate cell adhesion, a DAPI fluorescence assay was performed on the surfaces seeded with Saos-

2 or L929 cells (Figures 3.6 A.i-iii and 3.6 B.i-iii, respectively). DAPI assay images show that the 

incorporation of DN on the multilayers led to an improved cell attachment by comparing CHT/HA to 

CHT/HA-DN in both cell types. These differences are evidenced by the quantification results of the 

percentage of adhered cells per area presented in Figures 3.6 A.iii and 3.6 B.iii. The good adhesion on 

CHT/HA-DN films suggests that this system could have potential applicability in the development of 

adhesive coatings for a variety of implants requiring improved cell response. As the fabrication of these 

multilayered films is based on a dipping process, it would be possible to process coatings on substrates 

with complex geometry.  
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Figure 3.6 A) Fluorescence images of cells stained with DAPI for A) SaOs-2 and B) L929 at 1, 3, 7, 14 and 21 days of culture. 
Multilayer films of CHT/HA-DN and CHT/HA (negative control), cover glasses (positive control) and polydopamine coatings 
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were tested. Cellular density quantification was measured in the multilayer films for SaOs-2 (A.iii) and L929 (B.iii) cells. Viability 
of all formulations was tested for SaOs-2 (A.iv) and L929 (B.iv) cells by alamar blue. Absorbance was read at wavelength of 
570 nm and 600 nm. DNA quantification of all formulations was tested for SaOs-2 (A.v) and L929 (B.v) cells. Statistical 
differences in grouped by time point analysis were marked with (*), (**) and (***), which stand for p-value < 0.05; p < 0.01 
and p < 0.001, respectively.  For evaluate the statistical differences relating to the time point before, single symbol (# and §) 
represent p< 0.05; double symbols (## and§§) p < 0.01 and triple symbols (### and §§§) p < 0.001. All results were 
presented as mean ± standard deviation. 

Cell viability was evaluated by alamar blue colorimetric assay. Despite of all formulations presented a 

good amount of well spread cells, CHT/HA-DN films also presented enhanced cell viability for L929 and 

SaOs-2 cells when compared to the negative and positive controls. Specifically, for films with SaOs-2 cells, 

from day 3, CHT/HA-DN films present significant differences compared to CHT/HA films (Figure 3.6 

A.iv). Additionally, only the viability of CHT/HA-DN films significantly increases with time.  These results 

are an indicator factor that the materials employed to construct the multilayers did not jeopardize the 

viability of the films. Moreover, for films with L929 cells (Figure 3.6 B.iv) besides the higher amount of 

cells adhered, only on day 21 were detected differences statistically significant between both multilayer 

films, due the lack of adhesion in the case of CHT/HA films. Ultimately, a DNA quantification assay was 

performed to evaluate cell proliferation. Results showed that CHT/HA-DN films had the highest 

proliferation for both cell types (Figure 3.6 A.v and 3.6 B.v). Additionally, these films had a continuous 

proliferation increase up to 14 days of culture for both cells type. Significant differences between the two 

multilayer films could be noticed at days 14 and 21 for both cells. 

Other recent works have showed that the use of mussel adhesive proteins may contribute for a higher 

cell adhesion to the substrate [11, 42, 49]. An HA-DN/Pluronic hydrogel, developed by Lee and co-

workers [11] was subcutaneously injected into a 6-week-old mice. Both inflammatory response and 

fibrosis were barely visible after 21 days. This suggests that the HA-DN/Pluronic hydrogel is biocompatible 

and non-immunogenic. Also, the hydrogel mass was adhered onto the nearby serous tissue of parietal 

peritoneum, which implied that the HA-DN/Pluronic hydrogel was adhesive to the tissue surface due to 

the adhesive function of unreacted catechol moieties remaining in the hydrogel structure. Ku et al. coated 

different substrates with polydopamine [42]. They investigated mouse osteoblast MC3T-E1 cells adhesion 

on the coated substrates. When the osteoblasts were seeded onto non-adhesive polyethylene (PE), 

poly(tetrafluoroethylene) (PTFE), silicon rubber and poly(dimethyl-siloxane) (PDMS) substrates, the cells 

barely adhered and spread. On the other hand, the substrates coated with polydopamine exhibited normal 

adhesion. Ku and Park coated PCL nanofibers with polydopamine and when compared to unmodified 

and gelatin-coated nanofibers, human umbilical vein endothelial cells (HUVECs) exhibited highly 

enhanced adhesion and viability on the polydopamine coated fibers [49]. 
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The cell response results for polydopamine-only controls, i.e. coatings using glass as the substrate and 

prepared using the typical conditions adopted for these coatings [42, 49]  (see experimental section), 

were also included in Figure 3.6 for the sake of comparison. As expected, these controls showed an 

enhanced cell response in agreement with the results of the above mentioned works [42, 49]. Therefore, 

the greatest advantage that the developed LbL coatings present over the typical polydopamine coatings 

is that they combine an enhanced cell adhesion, proliferation and viability (Figure 3.6) with a significantly 

improved adhesive strength (Figure 3.5), whereas the polydopamine coatings have only revealed 

improvements on cell response. In fact, as mentioned before, it was found that the polydopamine coatings 

present a practically null adhesive strength. The enhanced adhesive strength of the developed films is 

particularly important in specific applications, for example they can be used as coatings of a variety of 

implants to improve both cell response and adhesion strength in a simple and versatile way. 

The increase of cell adhesion on polydopamine coated PCL fibers was attributed to the 

adsorption/immobilization of serum proteins on the poly-dopamine ad-layer [49]. This layer can react 

with amine- or thiol-functionalized molecules via Shiff- base or Michael addition chemistry; thus, serum 

proteins, some of them supporting cell adhesion, can strongly attach to polydopamine coatings. Since 

the proteins adsorbed on polydopamine coating maintained their native structure and activity [50], the 

serum proteins attached to polydopamine layer serve as cell adhesion sites. However, as in our case the 

culture medium was not supplemented with serum, this is not the explanation for the enhanced cell 

adhesion on our dopamine containing LbL films. Furthermore, the mechanism behind enhanced cellular 

adhesion might be explained by potentially enhanced surface roughness, which could follow deposition 

of the polysaccharide-based films or by differences in the wettability of the surfaces. However, as 

discussed before, the results of Figure 3.4 revealed that the mechanism behind the enhanced cellular 

adhesion of the CHT/HA-DN films may not be explained by potentially enhanced surface roughness or by 

the slight difference in hydrophilicity. Ku et al. [42] also found that cells adhere on polydopamine - 

modified PTFE surfaces exhibiting well-stretched actin bundles similar to those shown in cells that adhered 

on normal glass substrate. The cells on polydopamine ad-layers indicate that underwent the general 

adhesion processes, i.e., substrate attachment /spreading/ cytoskeleton development. Moreover, it 

should be referred that the presence of polydopamine in the coatings proposed by other authors and in 

the films developed in the present work could even act as a strong anchor between cells and substrates 

without any covalent grafting [10]. In fact the presence of the characteristic groups of DOPA and dopamine 

enable the formation of both covalent and non-covalent interaction [10, 51]. 
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3.4 Conclusion 

HA-DN conjugates with a substitution degree of 11% were synthesized. Moreover, it was possible to 

successfully prepare LbL films of HA-DN and CHT. QCM-D data showed that it is possible to assemble 

CHT/HA-DN films. The thickness of a 10 layer film could reach nearly 75 nm. The adhesive strength of 

the CHT/HA-DN films to a glass substrate was found to be significantly higher than the one of the control 

film. The evaluation of cell behavior demonstrated that the CHT/HA-DN films present enhanced cell 

adhesion, proliferation and viability. These films could be potentially used as adhesive coatings of distinct 

implants in order to improve both cell response and adhesion strength in a simple and versatile way. 

3.5 Experimental Section 

Materials: Chitosan (CHT) with a N-deacetylation degree of 80% and a molecular weight obtained by 

viscosimetry of 770 kDa was purchased from Sigma, and purified afterwards. Hyaluronic acid (HA) with 

a molecular weight of 595 kDa was purchased from Sigma (ref. 53747) as hyaluronic acid sodium salt 

from Streptococcus equi. Dopamine hydrochloride (DN) (ref. H8502) and N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) (ref. 03450, purum, ≥ 98.0% (AT)) were purchased from Sigma 

and used without any further purification. Sodium periodate (NaIO4) was purchased from Sigma (ref. 

311448). Tris- HCl solution was purchased from Sigma (ref. 252859) as Tris (hydroxymethyl) 

aminomethane. 

Synthesis of HA-DN: HA-DN conjugates were synthesized using EDC as an activation agent of the carboxyl 

groups on HA chains, based on the procedure proposed by Lee and co-workers [4] Briefly, 1g of HA was 

dissolved in 100 mL of phosphate buffered saline (PBS) solution and the pH was adjusted to 5.5 with an 

hydrochloric acid (HCl) aqueous solution. The solution was purged with nitrogen for 30 minutes. Then, 

338 mg of EDC and 474 mg of DN were added and the pH of the reaction solution was maintained at 

5.5 for 2 hours. Unreacted chemicals and urea byproducts were removed by extensive dialysis, and 

afterwards, the conjugate was lyophilized. In order to avoid oxidation, the conjugate was stored at 4ºC in 

a desiccator under vacuum and protected from the light.  

Ultraviolet (UV) spectrophotometry and nuclear magnetic resonance (NMR) analysis of HA-DN: The degree 

of substitution of dopamine in the conjugate was determined using a UV-vis spectrophotometer (Shimadzu 

UV-2501 PC) and 1cm quartz cells. A solution of 1mg.mL-1 in 0.15M sodium chloride (NaCl) was prepared 

for the UV analysis. The samples were dissolved in deuterated water (D2O) for 24 hours at concentrations 

of 1mg.mL-1 and 10 mg.mL-1, for 1H-NMR and 13C-NMR analyses respectively. The results were obtained 
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using a spectrometer Varian Unity plus 300 and tetramethylsilane (TMS) as the internal standard. The 

spectra were recorded at 298 K and 300 MHz for 1H-NMR analysis and 333 K and 75.4 MHz for 13C-NMR 

analysis. 

Quartz crystal microbalance (QCM-D): The formation of the multilayers of CHT and HA-DN was followed 

in situ by QCM-D (Q-Sense, E4 system). The mass change results from the variation of the normalized 

resonant frequency (∆f/ υ) of an oscillating quartz crystal when adsorption occurs on the surface and 

the dissipation factor (∆D) 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 and 

dampens 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,...). 

CHT was used as the polycation while HA-DN acted as the polyanion. Fresh polyelectrolyte solutions were 

prepared by dissolution of HA-DN and CHT in 0.15 M of NaCl to yield a final concentration of 0.5 mg.mL-

1. 

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 minutes in 

acetone, ethanol and isopropanol and then dried with flowing nitrogen gas avoiding contamination prior 

to use. In order to ensure that the crystals are perfectly clean and therefore show a null frequency, all the 

experiments started with a NaCl baseline. Then, the polyelectrolyte solutions were injected into the cell 

during 10 minutes at a flow rate of 100 μL.min-1 using a peristaltic pump, beginning with CHT. A rinsing 

step of 10 minutes 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 NaOH. CHT/HA films 

were also prepared for comparison. Films with 10 layers were produced. All experiments were conducted 

at 25 ºC. During the entire process ∆f/υ and ∆D shifts were continuously recorded as a function of time. 

The QCM-D response of a viscoelastic film, such as the films produced in this work, can be modeled 

using a Voigt based model [43] defined as a spring and dashpot in parallel under no slip conditions. The 

changes in the resonant frequency (equation 1) and in the dissipation factor (equation 2) according to 

Voinova and co-workers [43] are: 
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where ω is the angular frequency of the oscillation and ρ0 and h0 are the density and thickness of the 

crystal, respectively. The viscosity of the bulk liquid is ηB, δB (= 2 (ηB / ρB ω)1/2) is the viscous penetration 

depth of the shear wave in the bulk liquid and ρB is the liquid´s density. The thickness, density, viscosity 

and elastic shear modulus of the adsorbed layer are represented by hL, ρL, ηL and μL respectively. 

Thickness measurements were performed using the Voigt viscoelastic model implemented in the QTools 

software from Q-Sense and also using an Ellipsometer equipment (SpecEI-2000-vis, Mikropack). Changes 

in resonant frequency and dissipation of the 7th overtone were fitted. 

Surface characterization: The surface morphology of the samples was observed using a Leica Cambridge 

S-360 scanning electron microscope (SEM). All samples were coated with a conductive layer of sputtered 

gold. The SEM micrographs were taken at an accelerating voltage of 15 kV and at different magnifications.  

The surface roughness of the samples was analyzed by atomic force microscope (AFM). AFM 

measurements were performed in a MultiMode STM microscope controlled by the NanoScope III from 

Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. At least five measurements 

were performed in the different sample, which had been previously air-dried.  

Water contact angle measurements were also performed at room temperature using an OCA 15 plus 

goniometer (DataPhysics Instruments). The values were obtained by the sessile drop method. The used 

liquid was ultrapure water and the drop volume was 3 μL. At least five measurements were carried out 

for each sample. 

Adhesion tests: The adhesion properties of the multilayer films using glass as the substrate were evaluated 

using a universal mechanical testing machine (Instron model 5540, USA), following the ASTM D1002 

standard. Fresh polyelectrolyte solutions were prepared by dissolution of HA and HA-DN in 0.15M of NaCl 

solution and CHT in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1. 

Glass plaques with 3 mm of thickness were dipped alternately in the polyelectrolyte solutions during 10 

minutes, beginning with CHT. A rinsing step of 5 minutes with 0.15 M NaCl solution was included between 

the adsorptions of each polyelectrolyte. Films with 10 bilayers were produced onto the surface of each 

glass plaque. Then, these films were washed until a neutral pH was achieved, in order to perform the 

mechanical tests at the same pH as the biological tests. Additionally, glass plaques coated with oxidized 
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films were prepared by immersion in a 5 mM sodium periodate solution during 2 hours, after the 

procedure previously described. The oxidized agent and oxidation time were chosen based on literature 

[48]. In fact, sodium periodate is an effective oxidizing agent of the catechol groups. 

Glass plaques with a polydopamine coating were also prepared using the procedure described by Lee H. 

et al. [10]. Briefly, the glass slides were immersed into a dopamine solution (2 mg.mL -1 in 10 mM tris-

HCl, pH 8.5) at 25 ºC. pH-induced oxidation changes the solution color to dark brown. The substrates 

were immersed in the polydopamine solution overnight. Then, the coated surfaces were rinsed with 

ultrapure water and dried at room temperature. 

All the adhesion experiments were conducted at 25 ºC. A pair of plates was put in contact and covered 

areas with 10 x 20 mm2 were superimposed and maintained at 40 ºC overnight. Then, the bonded glass 

slides were placed on the testing machine and a crosshead speed of 5 mm.min-1 was employed. The 

samples were stressed until enough force was applied to trigger their detachment and pull them apart. 

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. 

Evaluation of cell behavior: Two cell lines, namely, a mouse lung fibroblastic cell line (L929) and a human 

primary osteosarcoma cell line (SaOs-2), were obtained from European Collection of cell Cultures (ECA 

CC, UK). The cells were cultured with low glucose DMEM supplemented with 3.7 mg.mL−1 sodium 

bicarbonate, 10% FBS, and 1% penicillin−streptomycin 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. At 90% of confluence, cells grown in tissue culture flasks were washed with PBS 

and subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 

°C in a humidified air atmosphere of 5% CO2. To inactivate the trypsin 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.  

Prior to cell seeding, the samples were sterilized by UV radiation for 1h. 30 µL of supplemented DMEM 

containing a cell suspension with 5×103 cells was added to a 10 bilayered CHT/HA-DN film, the respective 

negative control CHT/HA, the positive control (cover glasses) and polydopamine coated cover glasses, 

also used as a control (in triplicate). The polydopamine coating was performed adopting the same 

conditions used for the mechanical adhesion tests. Then, the samples were incubated at 37 ºC in a 

humidified air atmosphere of 5% CO2. After 4 hours supplemented DMEM was added.  

To obtain fluorescent images, DAPI fluorescent assay was performed at each time culture period. DAPI 

stains preferentially double-stranded DNA by delineating cells nuclei in blue. Prior to staining, at each 
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time point, the culture medium was removed and 10% formalin was added to each well (in triplicate). 

After 1 hour at room temperature, formalin was removed and the samples were washed with phosphate 

buffer saline (PBS). 1 mL of PBS containing 1 µL of DAPI was added to each well. After 1 hour at room 

temperature protected from light, samples were washed three times with PBS and immediately visualized 

in the dark by fluorescence microscopy. ImageJ software was used to quantify the cells adhered on the 

multilayer films. 

The samples were tested for cytotoxicity using alamarBlue 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, 7, 14 and 21 days of culture, the assay was performed, protected from 

light. The culture medium was removed and 500 µL of supplemented DMEM containing alamarBlue 

solution with a dilution ratio of 1:10 was added to each well. The samples were then incubated in the 

dark at 37 °C and 5% CO2. After 3 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 HT, Bio-TEK).  

A DNA quantification assay was also performed in order 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 PBS, 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 hour. Ultimately, the plates 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 protected from light for 10 minutes. 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 HT, BioTek, U.S.A.).  

Statistical Analysis was performed to analyze significant differences between formulations. Data of viability 

and DNA were grouped by formulation, namely, Control (positive control), polydopa, CHT/HA-DN, and 

CHT/HA (negative control), to assess time-course significant differences of each formulation. Statistical 

analysis of both data cases was performed using two-way analysis of variance (ANOVA) with Bonferroni 

post-test using GraphPad Prism 5.0 software. The adopted nomenclature was the following: statistical 

differences in grouped by time point analysis were marked with (*), (**) and (***), which stand for p-value 

< 0.05; p < 0.01 and p < 0.001, respectively.  For evaluate the statistical differences relating to the time 

point before, symbols as # and § were used to represent CHT/HA and CHT/HA-DN groups respectively.  
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Single symbol (# and §) represent p< 0.05; double symbols (## and§§) p < 0.01 and triple symbols (### 

and §§§) p < 0.001. All results were presented as mean ± standard deviation. 
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CHAPTER 4. COMBINING BIOMIMETIC PRINCIPLES FROM THE LOTUS LEAF AND MUSSEL 
ADHESIVE: POLYSTYRENE FILMS WITH SUPERHYDROPHOBIC AND ADHESIVE LAYERS * 

 

4.1 Abstract 

Lotus leaves are well known for their extremely water repellent surfaces. Marine mussels are also a 

popular research topic when considering biological adhesives. Both organisms have inspired the 

development of several biomimetic materials. Herein we describe a two-sided film made almost entirely 

from polystyrene onto which the properties of both lotus leaves and mussel adhesive are incorporated. 

On one side of the film, imparting micrometer and nanometer scale hierarchical roughness yields 

superhydrophobicity and water repellency, which facilitates rapid fluid flow. The other side of the film is 

modified with a copolymer mimic of 3,4-dihydroxyphenylalanine (DOPA)-containing mussel adhesive 

proteins. This copolymer incorporates 3,4-dihydroxystyrene, to represent DOPA, randomly into a 

polystyrene host polymer. The flexibility of the polystyrene backing film enabled rolling of the assembly 

into a tubular shape. Inside the polystyrene tube was the superhydrophobic lotus mimic. The mussel 

adhesive mimic, on the outer layer, was used to glue the tube to itself, thus maintaining the tubular shape. 

The film was also successfully glued to a variety of flat substrates. These two-dimensional and three-

dimensional assemblies can be used to direct and localize the flow of fluids, with partitioning between 

superhydrophobic and relatively hydrophilic regions. Such assemblies may facilitate the design of liquid 

transport for industrial and biomedical devices. 

 

 

 

 

 

 

 

 

 

                                                 

* Neto A. I., Meredith H. J., Jenkins C. L., Wilker J. J., and Mano J. F. Combining Biomimetic Principles from the Lotus Leaf 
and Mussel Adhesive: Polystyrene Films with Superhydrophobic and Adhesive Layers. RSC Advances, 3, 9352-9356, 2013. 
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4.2 Introduction 

Nature has inspired the development of several novel materials for single applications [1, 2]. Examples 

include bioinspired robots for neuroscience [3], self-cleaning surfaces modeled after plants and insects 

[4], shape memory polymers similar to spider silk [5], high strength adhesives analogous to geckos and 

mussels [6, 7], self-healing polymer composites based on vascular networks [8], and scaffolds for tissue 

engineering much like the extracellular matrix [9]. Incorporation of multiple biomimetic principles into one 

system is less common [10-16]. By integrating properties from multiple organisms we are able to create 

an evolved system that broadens the scope of materials as well as the potential applications. Here we 

present two-dimensional and three-dimensional assemblies that simultaneously display superhydrophobic 

surfaces similar to the lotus leaf and the bonding properties of mussel adhesive proteins (Figure 4.1).  

4.2.1 Lotus leaf 

The extreme water repellent behavior displayed by lotus leaves is an example of design elegance in nature. 

This superhydrophobic effect is a result of both the low surface energy of a waxy coating and a hierarchical 

roughness at the micrometer and nanometer scales [1, 4]. Several other plant species also exhibit 

superhydrophobicity, including banana tree leaves, rice leaves, and red rose petals (Figure 4.1A) [1, 17]. 

These properties have inspired the fabrication of several synthetic superhydrophobic surfaces [18-21]. 

Phase-separation methodologies and UV/Ozone (UVO) irradiation are both methods that are able to alter 

surface wettability, thus give rise to superhydrophobic and superhydrophilic properties, respectively [22, 

23]. 

 

Figure 4.1 Schematic representation of the sequential steps used to create asymmetric polystyrene films exhibiting: (i) the 
natural superhydrophobic surface (A) with extreme water-based liquids repellency (C) in one region and (ii) mussel-inspired 
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(D) macromolecules (E) with high strength adhesive features (F) in another region. Films were modified to produce 
superhydrophobic surfaces made of roughened polystyrene (B) and adhesive surfaces using a biomimetic polystyrene-based 
copolymer (E). 

While substrates displaying the superhydrophobic effect are present in various fields, applications in 

medicine are scarce. Within a biomedical context, this superhydrophobic concept may be useful when 

constructing artificial blood vessels and urethral implants. In such vascular applications, 

superhydrophobic surfaces may prevent cellular and platelet adsorption [24-26]. These superhydrophobic 

surface modifications can improve the in vivo performance of expanded poly(tetrafluoroethylene) (ePTFE) 

vascular grafts [27]. Prior reports state that water repellency prevented the adhesion and proliferation of 

stem cells when compared with smoother surfaces [28]. We can envision that biomimetic 

superhydrophobicity may also be of use for ex vivo devices such as plastics for storage or mixture of 

liquids and plastics for micropipettes within which sample adhesion is not desired. 

4.2.2 Mussel adhesive 

Proteins secreted by mussels are cross-linked to generate an impressive adhesive that can bond strongly 

to virtually all inorganic and organic surfaces, even in wet environments (Figure 4.1 D) [29]. These unique 

proteins contain the unusual amino acid 3,4-dihydroxyphenylalanine (DOPA), which is formed by 

posttranslational modification of tyrosine [30]. Cross-linking of DOPA by oxidation [31, 32], metal binding 

with redox reactions [33-35], or enzymatic mechanisms [31, 32, 36], couples the proteins to cure the 

glue and provide high strength adhesion.  

There is an expanding class of synthetic polymers that incorporate mussel adhesion chemistry [37]. The 

use of different DOPA-modified polymers allows the development of new antifouling coatings [38-41], 

hydrogels [42, 43], loaded nanocapsules [44, 45], and free radical scavengers [46], among several other 

applications [47-50]. Here we are using a simple polystyrene-based copolymer mimic of mussel adhesive 

proteins (Figure 4.1 E). This biomimetic polymer, poly(3,4-dihydroxystyrene-co-styrene), exhibits 

significant bulk adhesion [51, 52]. The styrene and 3,4-  dihydroxystyrene monomers are distributed 

randomly throughout  the polystyrene host [51], which is analogous to how  DOPA residues are located 

within mussel adhesive proteins [53]. By working with a mussel adhesive mimic built from polystyrene, 

we are then able to combine technologies with other polystyrene-based materials.  
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4.2.3 Combining biomimetic materials 

One way to alter the function of materials is by constructing specific patterns. This approach has been 

demonstrated using soft lithography to create superhydrophilic patterns on a superhydrophobic surface 

[13]. Another design strategy is to bring two biomimetic concepts together into one material. This field, 

however, is less well developed, with only a limited selection of examples presented so far [10-16]. 

Herein, we demonstrate that two biomimetic concepts can be used together for developing devices with 

multifunctional capabilities. The superhydrophobic properties of a lotus leaf (Figure 4.1 C) is joined with 

the adhesive bonding of marine mussels (Figure 4.1 F). Polystyrene provides the starting point for both 

systems (Figure 4.1 B). Derivatization of the polystyrene / film to exhibit superhydrophobicity yields 

materials that restrict the flow of liquids to within specific regions and facilitates transport through others. 

These polystyrene membranes with both superhydrophobic and adhesive domains can also be fashioned 

into three-dimensional tube structures by employing the adhesion to provide bonding for construction. 

Such materials may provide the basis for microfluidic devices as well as synthetic blood or fluid flow 

vessels. 

4.3 Experimental section 

Commercial polystyrene sheets of 0.19 mm thickness were purchased from Goodfellow, UK. These 

sheets provided the film templates. A one step phase separation methodology was used to modify one of 

the smooth sides of the polymeric film to exhibit superhydrophobicity by incorporating hierarchical 

roughness [23]. This topology was achieved by first creating a pre-solution of 70% v/v polystyrene 

(injection molding grade) in tetrahydrofuran (Fluka). Then 1.4 mL of ethanol (Panreac) was stirred into 2 

mL  

of the polystyrene pre-solution. One side of the polystyrene sheet was then coated with this mixture. 

Following deposition, the modified sheet was immersed in ethanol for 1 min to induce polymer 

precipitation. A rough and porous surface resulted, thereby providing superhydrophobic properties. The 

assembly was dried at ambient temperature.  

Surface morphology of the superhydrophobic samples was analysed by scanning electron microscopy 

(Leica Cambridge, UK). Surface wettability was assessed with contact angle measurements using an OCA 

15+ goniometer (DataPhysics, Germany). Static water contact angle (WCA) measurements were carried 

out with the sessile drop method.  
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Figure 4.2 Patterns of superhydrophobic polystyrene surround UVO-modified polystyrene, which is hydrophilic, relatively 
speaking. This pattern confines water to only the regions surrounded by superhydrophobicity. In this particular example, 
volumes of colored water are completely restrained within squared-shaped zones. 

Patterned superhydrophobic surfaces with hydrophilic regions were prepared using a mask with open 

areas of 1 x 1 cm2 (Figure 4.2). The superhydrophobic substrates were covered with the mask and 

exposed to 10 min of UVO irradiation (Bioforce, Nanoscience) using a high intensity mercury vapour lamp 

(254 nm). The surface modification occurred only at the open mask regions. The resulting surface 

contained lines of superhydrophobic polystyrene surrounding the 1 x 1 cm2 regions of UVO-modified 

polystyrene that was more hydrophilic. 

An adhesive copolymer, poly(3,4-dihydroxystyrene-co-styrene), containing 75 mole percent styrene and 

25 mole percent of 3,4-dihydroxystyrene monomers was synthesized according to methods reported 

previously [51]. This copolymer was dissolved in a 1:1 volume ratio of acetone:dichloromethane by adding 

0.30 g of polymer per 1 mL of solvent. The tetrabutylammonium periodate, (N(C4H9)4)(IO4), cross-linker 

was prepared according to a literature procedure [54]. The same solvent (1 mL) was used to dissolve 

0.29 g of (N(C4H9)4)(IO4). This cross-linker was added to the adhesive polymer in a 3:1 ratio of 3,4-

dihydroxystyrene: (IO4)-. The polymer solution (21 μL) was placed on the opposite side of the 

superhydrophobic substrate. The cross-linker (7 μL) was then added dropwise to the polymer solution to 

induce cross-linking.  

Adhesion strength for the biomimetic copolymer was determined using a universal mechanical testing 

system (Instron 5540, USA). Smooth polystyrene was bonded to steel, glass, Teflon 

(polytetrafluoroethylene) and pig skin in a lap shear configuration using the copolymer (Figure 4.4 A). 

Each assembly, with an overlap area of 2.5 x 1.0 cm2, was cured at room temperature for 24 hours. The 

samples were pulled apart in shear until failure at a crosshead speed of 1.3 mm/min following the ASTM 

D1002-05 standard [55]. The average force to break and standard deviations were determined using five 

bonded substrates of each type.  
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4.4 Results and discussion 

4.4.1 Superhydrophobic and hydrophilic patterning 

Microfluidic systems have been reported previously, taking advantage of superhydrophobic surfaces to 

form channels of low friction fluid flow [23]. In one recent example, hydrophilic polydopamine was 

patterned atop a superhydrophobic sheet in order to direct the flow of water droplets [13]. Consequently, 

we were inspired to form patterns in which the localization of aqueous solutions could be controlled by 

judicious placement of the superhydrophobic and hydrophilic regions. This enabled us to form an 

arrangement of these properties on one surface, controlled within XY space. Figure 4.2 shows how UVO 

patterning was used to create a surface upon which hydrophilic features were surrounded by 

superhydrophobic areas. The resulting surfaces control liquid deposition into the patterned spaces. These 

regions can sustain significant volumes of liquids relative to the footprint size, and are well confined by 

superhydrophobic regions. 

4.4.2 Combining lotus leaves and mussel adhesive 

In addition to patterning, asymmetric surfaces could be deposited onto a polystyrene film. One side of 

the film was modified structurally to contain the superhydrophobic features similar to the lotus leaf. A 

mussel mimetic adhesive copolymer was deposited onto the other side. In doing so, two unique 

biomimetic polystyrene-based materials were combined onto one flexible membrane.   

 

Figure 4.3 (A) Water droplet on smooth polystyrene; (B) water droplet on superhydrophobic polystyrene surface with (C) rough 
morphology at both micro and nano scales; (D) water droplet on a polystyrene surface coated with the biomimetic adhesive 
copolymer. 

A water contact angle of 98.9º ± 1.1º was found for the unmodified polystyrene surface (Figure 4.3 A). 

When the solution of adhesive poly(3,4-dihydroxystyrene-co-styrene) was placed onto the polystyrene film, 
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the water contact angle decreased to 73.8º ± 1.05º (Figure 4.3 D). The presence of pendant catechol 

groups in the copolymer is the likely source of this increase in hydrophilicity. After modifying the 

polystyrene surface to introduce superhydrophobicity, the water contact angle increased to 156.2º ± 0.3º 

(Figure 4.3 B). Scanning electron microscopy shows that this surface is made up of nanometer-sized 

spheres (50 – 200 nm), agglomerated to form larger structures on the micrometer scale (Figure 4.3 C). 

Qualitatively, we observed that with such surfaces water droplets roll easily off, perhaps a result of both 

this hierarchical roughness and the low surface energy of the underlying polystyrene 

4.4.3 Adhesive bonding 

Lap shear adhesion testing was conducted to evaluate the bonding performance of modified polystyrene 

films when attached to a variety of substrates. 

 

Figure 4.4 Adhesion tests of the polystyrene film coated with poly(3,4-dihydroxystyrene-co-styrene) on distinct substrates. A) 
Drops of (1) copolymer and (2) cross-linker solutions were placed onto smooth polystyrene surfaces in a lap shear 
configuration. B) Adhesion strength performance of different substrates (steel, glass, Teflon and pig skin) glued to polystyrene 
membrane backings. 

Lap shear adhesion testing was conducted to evaluate the bonding performance of modified polystyrene 

films when attached to a variety of substrates. High adhesion strength for the copolymer alone, without 

the polystyrene backings, was recently reported on several surfaces and shown to be comparable to 

commercial products such as cyanoacrylate Krazy Glue [52]. Addition of periodate (IO4)- induces 

crosslinking of poly(3,4-dihydroxystyrene-co-styrene), further enhancing the adhesion properties of the 

copolymer [52]. Mechanical testing here revealed that the polystyrene film modified with poly(3,4-
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dihydroxystyrene-co-styrene) was able to adhere to all surfaces (Figure 4.4 B). The film adhered most 

strongly to steel and glass substrates, which present somewhat similar strengths of 1.64 ± 0.05 MPa and 

1.40 ± 0.12 MPa, respectively (Figure 4.4 B). The bond strengths for Teflon (0.13 ± 0.01 MPa) and pig 

skin (0.05 ± 0.002 MPa) were lower. The low surface energy of Teflon and the wet nature of pig skin 

makes bonding to these substrates difficult. 

4.4.4 Constructing three-dimensional assemblies 

Taking into account flexibility of the starting polystyrene backing, we were able to change the film geometry 

and form three-dimensional shapes using bonding from the mussel mimic. Changing thickness of the 

initial polystyrene films also offered control over flexibility. A tube was constructed containing the 

superhydrophobic inner wall. The assembly was made by rolling the film over itself, with the 

superhydrophobic surface on the inside and the adhesive layer on the outside. The adhesive layer was 

overlapped with itself, thus holding the assembly together. No tape or external bracing was needed to 

maintain this shape. The superhydrophobic inner layer allowed water-based liquid to flow easily, with very 

little drag. Figure 4.5 shows colored drops of water rolling rapidly through the tube interior, without wetting 

the superhydrophobic surface.  

 

Figure 4.5 Bioinspired asymmetric films with superhydrophobic features in one region and adhesive properties in another 
region. A tubular structure was formed by curling of the superhydrophobic inner membrane surface until joining of the outside 
adhesive region. Colored drops show rapid, non-wetting water rolling over the superhydrophobic area.  

4.5 Conclusions 

Polystyrene has been derivatized in two ways to mimic the properties of both a superhydrophobic lotus 

leaf and a strongly adhering mussel. These characteristics were combined into a three-dimensional tube 

system allowing fluid flow much like a low resistance blood vessel. Superhydrophobic and hydrophilic 

features could also be patterned onto one surface, thereby constraining the localization of water. We hope 

that these efforts will contribute to future advances in materials development, especially the biomedical 

management of fluid flow, by showing that multiple bioinspired approaches can be combined into one 

system. 
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CHAPTER 5. HIGH-THROUGHPUT TOPOGRAPHIC, MECHANICAL AND BIOLOGICAL SCREENING OF 
MULTILAYER FILMS CONTAINING MUSSEL-INSPIRED BIOPOLYMERS * 

 

5.1 Abstract 

We report a high-content screening method to characterize multifunctional multilayer films that combine 

mechanical adhesion and favorable biological response. Distinct combinations of nanostructured films 

were produced using layer-by-layer methodology and their morphological, physicochemical and biological 

properties were analyzed in a single microarray chip. Inspired by the composition of the adhesive proteins 

in mussels, we studied thin films containing dopamine-modified hyaluronic acid. Flat biomimetic 

superhydrophobic patterned chips produced by a bench-top methodology were used for the build-up of 

arrays of multilayer films. The wettability contrasts imprinted onto the chips allowed to produce individual, 

position controlled, multilayer films in the wettable regions. The flat configuration of the chip permits to 

perform a series of non-destructive measurements directly on the individual spots. In situ adhesion 

properties were directly measured in each spot, showing that nanostructured films richer in dopamine 

promote the adhesion. In vitro tests showed an enhanced cell adhesion for the films with more catechol 

groups. The advantages presented by this platform includes: ability to control the uniformity and size of 

the multilayers films; it's suitability to be used as a new low cost toolbox and for high-content cellular 

screening; and capability for monitoring in situ a variety of distinct material properties. 
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5.2 Introduction 

In the field of nanotechnology many efforts have been made to control shape, size distribution and surface 

chemistry of nanostructures [1]. Specifically, adsorption of biopolymers in defined spatial surface 

arrangements offers a promising skill for the generation of innovative nanostructures, suitable for a broad 

range of applications in the fields of biomedical materials, tissue engineering, and diagnosis. So, 

development of novel tailored simple and versatile strategies for throughput biopolymer surface 

modification and its corresponding characterization have become a challenging area of continuous 

research over the years [2, 3]. Among the different approaches so far reported, the layer-by-layer (LbL) 

deposition technique as popularized by Decher et al. [4], represents an effective and reproducible method, 

with a wide range of advantages, particularly in the biomedical field, as detailed next: (i) this technique 

can be performed in virtually any kind of substrate (planar, porous, colloidal, among others) and different 

surface chemistries, (ii) the film organization can be spatio-temporal controlled and (iii) the assembly can 

be performed under "mild" conditions with a large variety of inexpensive materials compatible with 

physiological media, permitting also the integration of large amounts of bioactive molecules and extra-

cellular matrix components in the films [5, 6]. Moreover, the final biological, physicochemical and 

mechanical properties of the multilayered films can be finely tuned by controlling multiple factors, such 

as the nature of the inserted components, their distribution along the thickness of the film (e.g. the nature 

of the top layer), the number of layers, the introduction of any additional molecules, or the post-treatment 

of the film (e.g. crosslinking). However, even successful as previously described, this technique most 

often requires expensive and time-consuming methodologies that represent a great shortcoming limiting 

its applicability. Hence, novel experimental approaches that allow for a rapid, simple and accurate 

screening of multilayer arrays obtained from the large portfolio of available biopolymers, processing 

conditions and combinations of them, are needed.  

High-throughput screening (HTS) technologies represent an excellent tool with this aim [7-11]. Distinct 

HTS procedures have already been used for the production of LbL constructs based on: selective 

deposition [12], microfluidics [13, 14], disruption of hydrogen-bonded multilayers [15, 16] and 

photoreactive multilayers [17]. For instance, Barret et al. reported a combinatorial analysis of 5000 

individual synthetic polyelectrolyte multilayers with modulated two-dimensional physical properties and 

thicknesses gradients simply by rotating the substrate along the deposition process [18]. Hammond and 

co-workers [19], used a capillary flow technique to produce gradients, based on patterned isolated spots 

of a microfluidic chip with LbL thin film constructs.  However, in spite of these pioneering examples, the 
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preparation of discrete and nanostructured multilayered LbL films on a single substrate that allow for a 

fast HTS screening has not yet being reported.  

Herein we fill this gap with the use of a superhydrophobic, flexible and flat platform decorated with 

patterned arrays of wettable regions acting as liquid reservoirs, where several combinations of 

nanostructured multilayer films can be obtained with a full control in space and time. A schematic 

representation of the patterned chip along with the fabrication procedure and the corresponding 

characterization of the arrays is shown in Figure 5.1. This new setup can allow for the first time to 

individually analyze several distinct small-sized multilayer films within a single chip, where the number of 

layers, crosslinking, protein adsorption and nature of terminal layers are systematically tuned. As a proof-

of-concept to demonstrate the feasibility of our approach, we have studied how the functionalization of 

polyelectrolytes with different amounts of dopamine (DN) affect the surface properties (morphology and 

wettability), the mechanical behavior and cell adhesion performance of the resulting LbL films through a 

combinatorial analysis of different experiments. The conjugation of polymers with DN, inspired by the 

structure and composition of an unusual amino acid presented in mussels protein (3,4-

dihydroxyphenylalanine, DOPA) [20], has already been shown to improve the adhesive properties of the 

coatings [21-24]. For instance, multilayered films of hyaluronic acid (HA) and DN showed applicability for 

tissue engineering and biomedical applications [25]. However, and in spite of its clear interest, there was 

a lack of detailed and systematic studies that allow for a proper understanding, and therefore optimization, 

of films containing DN. This fact has been achieved here thanks to our new high-throughput chip where 

several different combinations of HA-DN and chitosan (CHT) are studied and compared between them 

(CHT and alginate (ALG) are also studied for comparison purposes).  
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Figure 5.1 a) Preparation of superhydrophobic (SH) chips patterned with arrays of wettable regions prepared as detailed next: 
Initially an array of stickers in a polystyrene untreated film is formed; step 1 refers to the same array upon inducing a roughness 
increase with an additional in situ deposition of polystyrene, and therefore inducing an increase of the SH character at the 
macroscopic level. In step 2 wettable areas are obtained by removing the stickers; b) Build-up of layer-by-layer films using 
different combinations of polyelectrolytes solutions in the wettable spots surrounded by SH domains. Afterwards, surface 
characterization (c), mechanical adhesion properties (d) and biological response of the multilayer films (e) are assessed directly 
on the different spots. Scale bar: 50 μm. 

5.3 Results and Discussion 

5.3.1 Study of the LbL multilayer films formation 

Initially, LbL films containing the targeted polymeric combinations to be deposited on the chip were first 

obtained as bulk surfaces and the film growth studied to get more insight into their formation. The choice 

of polycationic polysaccharides is very limited and among them, chitosan (CHT) the de-acetylated form 

of chitin, was selected because being far the most widespread biopolymer used in polyelectrolyte 

multilayer films due to its numerous interesting properties [26], including biodegradability, 

biocompatibility, and antibacterial properties. As a negatively charged polymer we have used HA. This is 

a polysaccharide containing alternating N-acetyl-d-glucosamine and d-glucuronic acid monosaccharide 

units. As an integral component of extracellular matrix [27], HA is an attractive building block for new 

biocompatible and biodegradable materials that can be used for drug delivery and tissue engineering [28, 

29]. Moreover, HA is well known to complex with CHT; for instance, LbL deposition of a combination of 

both polymers has already been used to repair damaged blood vessels [30]. Finally, to bring more insights 

upon catechol substitution, two conjugated biopolymers based on DN-modified hyaluronic acid (HA-DN 
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and HA-4DN), that differ in the amount of DN conjugated, the later having a four-fold excess of the 

dopamine used in the reaction, have also been studied. 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 (for more details see 

Experimental Section) [31]. UV-Vis spectra of the different polymers used in this work are shown in Figure 

5.2. Using the measured absorbance, the obtained concentration of dopamine units in both conjugates 

was 11% and 15% for HA-DN and HA-4DN, respectively. Once the selection of functional polymers was 

done, the progress of LbL assembly was monitored by quartz crystal microbalance with dissipation (QCM-

D), as shown in Figure 5.2b. This technique is able to detect mass changes in the order of nanograms 

per square centimeter while it measures the viscoelastic properties of the surface [32]. During QCM-D 

measurements, a favorable and successful construction is identified by a decrease in ∆f caused by a 

mass adsorption at the top of the sensor. The ∆f/υ (where υ is the overtone) decreased upon flushing 

the substrate with the sequence of polyelectrolytes, due to the deposition of the new polymer layer on the 

surface of the crystal. At the same time, monitoring of ∆D gives an indication of the film viscoelastic 

properties. An increase in ∆D represents a shift towards a film with a higher viscous component and 

damping properties that characterize a softer and hydrated film that is deposited over the metallic sensor. 

Figure 5.2b shows the normalized frequency, ∆f/υ and dissipation variation, ∆D, for the 5th overtone 

(25 MHz) of the three targeted polymeric multilayers (5 layers) grown on gold-coated quartz sensors: 

(CHT/HA-DN)5, (CHT/HA-4DN)5 and (CHT/HA)5. In addition to the different CHT/HA mixtures, a negatively 

charged polymer such as ALG was also used for comparison purposes [33-35]. Each solution adsorption 

step corresponds to a decrease of ∆f with each CHT, HA-4DN, HA-DN, HA or ALG injection and a 

subsequent increase in ∆f/υ due to desorption of a small fraction of free polyelectrolyte during the rising 

step. In parallel, an increase of ∆D is found, meaning that the materials deposited onto the crystal surface 

exhibit viscoelastic properties. Typically, a lower ∆D variation indicates that the film layer becomes denser 

and a strong asymmetric growth occurs, displaying a linear growth law. Parameters, such as the chemical 

nature of the polymer pair or the concentration of salt added to solutions used for deposition and/or 

rinsing have also a strong influence on the nature of the film formed [36]. 
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Figure 5.2 a) UV-Vis spectra of the conjugates (HA-DN and HA-4DN) and the controls (HA and ALG), b) QCM-D monitoring of 
the LbL construction of CHT with the conjugates (HA-DN, HA-4DN) and CHT with the controls (HA and ALG) up to 5 deposition 
bi-layers in 0.15M of NaCl, maintaining the pH at 5.5.  

We also revealed that multilayer films containing catechol groups exhibit a linear film growth, thus giving 

rise to more rigid thin films. The results evidence the assembly of chitosan with the conjugates within the 

microarrays as those used as control as already reported [37-41]. Build-up of the multilayer film using 

the new conjugate (HA-4DN) has never been reported before. 

5.3.2 Multichip fabrication and topographic characterization 

The working principle behind the platform developed in this work consists of a polystyrene (PS) 

superhydrophobic (SH) surface patterned with wettable regions produced by a bench-top methodology. 

Briefly, square-shaped stickers were attached to polystyrene film, and afterwards the resulting surface 

treated and coated with rough polystyrene by a phase-separation method [42]. Afterwards, the stickers 
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were totally removed and the whole surface washed with pure ethanol in order to avoid possible traces of 

the adhesive (Figure 5.1a). While the dots obtained upon removal of the stickers exhibit a proper 

wettability, macroscopically the film still retains its SH behavior thanks to the peculiar lotus-like features 

including micro- and nano- roughness and low surface energy [43]. By using such wettability contrast, in 

each spot, sequentially deposition of droplets with different polyelectrolytes, combined with washing 

solutions, were performed to assemble the multilayers (Figure 5.1b). An array of 48 spots, combining 5, 

10 or 15 bilayers prepared from a library of five polyelectrolytes (4 distinct pairs), was designed with 4 

replicates per combination to obtain statistical information. 

Representative scanning electron microscopy (SEM) images shown in Figure 5.3 revealed the final surface 

topography of the polymeric arrays obtained directly from the developed substrate.  A more quantitative 

analysis was done by atomic force microscopy (AFM) (see also Figure 5.3). The root mean square (Rq) 

and average roughness (Ra) obtained by AFM topographical studies are summarized in Table 1. As can 

be seen there, all the surfaces exhibit a roughness that increases upon increasing the number of 

deposited layers, in agreement with the work reported by Lee and co-workers [44]. 

 

Figure 5.3 a) Representative AFM and SEM images of CHT/HA-DN, CHT/HA-4DN, CHT/HA and CHT/ALG films with 5, 10 
and 15 bilayers, assembled in the wettable spots of the patterned SH surface.  The images of the control (polystyrene surface) 
are also shown for comparison purposes. Scale bar of SEM images: 5 µm. 
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Table 5. 1 Root mean square (Rq), average roughness (Ra) and water contact angle (WCA, 3 µL drop volume) of the studied 
multilayered surfaces (n=5) taken directly from the developed chips. 

 CHT/HA-DN CHT/HA-4DN 

Nº of layers 5 10 15 5 10 15 

Rq (nm) 10.2 ± 0.7 10.8 ± 1.7 41.2 ± 5.6 9.1 ± 0.4 11.2 ± 2.2 47.9 ± 6.1 

Ra (nm) 7.9 ± 0.6 7.6 ± 1.1 32.9 ± 4.6 6.9 ± 0.7 7.1 ± 0.2 39.9 ± 4.0 

WCA (º) 66.9 ± 3.7 78.7 ± 4.1 84.9 ± 2.1 71.4 ± 4.9 79.5 ± 2.5 89.2 ± 3.7 

 CHT/HA CHT/ALG Control 

Nº of layers 5 10 15 5 10 15 No Layers 

Rq (nm) 6.4 ± 1.2 13 ± 0.9 65.9 ± 1.8 13.6 ± 3.8 87.8 ± 21.2 156.5 ± 13.3 1.7 ± 0.2 

Ra (nm) 3.7 ± 0.2 10.4 ± 0.9 52.9 ± 2.4 7.9 ± 1.8 69.6 ± 15.9 122.6 ± 19.4 1.4 ± 0.1 

WCA (º) 61.7 ± 1.3 77.6 ± 1.6 82 ± 3.4 66.4 ± 4.1 53.5 ± 0.7 18.1 ± 1.6 92.2 ± 4.1 

 

Diffusion processes take place during the assembly of the CHT/HA and CHT/ALG systems, which growth 

in an exponential regime. So, the final thickness of these films is mainly related to the ability of CHT to 

diffuse “in” and “out” in the whole film during each deposition step and also to the non-desorption of the 

CHT/HA and CHT/ALG layers during the rinsing steps. The results suggest that the interface of CHT/HA 

and CHT/ALG is getting rougher and the surface area is increasing due to the fact that the surface 

becomes hydrated. Hydration is a critical parameter in polyelectrolyte multilayer films, impacting film 

thickness, mechanical/ viscoelastic properties, swelling ability, transport properties and molecular 

mobility [45]. 

Related with the surface topography, the wettability of the films was also evaluated in situ by water contact 

angle (WCA) measurements and the results included in Table 5.1. The volume of the water droplets was 

small enough so that the WCA measurements could be performed in the individual spots. The changes 

in the water contact angle and topography of the glass control provided additional evidence of the 

presence of the coatings. As a main tendency, except for the CHT/ALG combination, it was found that 

the WCA values increase upon increasing the number of deposited layers. Moreover, a gradual increase 

of the catechol content is translated into a small increase of the WCA; for instance, the CHT/HA-4DN 

value for 15 layers is around 89°, which is slightly larger than CHT/HA-DN films for the same number of 

layers (around 85°) and CHT/HA (around 82°). 

5.3.3 In situ mechanical test 

Methods for screening adhesiveness rely on the measurement of either tensile or shear strengths; 

according to Thirawong et al. [46]. The first test usually uses perpendicular forces necessary to separate 
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two surfaces in contact, while the second determines the force that causes an adhesive to slide on a 

surface in direction parallel to the plane of contact. In the present study tensile strengths were chosen 

and measured for multilayer films with 5, 10, and 15 bilayers built-up in the wettable spots of the SH 

chip. For this, iron pillars containing the surface base with the same size and shape of the spots, were 

put in contact with the top of the films. The mechanical properties of the films were then assessed after 

24 hours of contact using the lap adhesive strength test according to the standard protocol ASTM D1002. 

For these measurements, the pillars were pulled until the total detachment from the base of the chip is 

achieved. Representative load-extension curves for the detachment of the pillars from the coatings are 

presented in Figure 5.4a. 

 

Figure 5.4 a) Representative Force vs Displacement curves for the pull-out experiments over CHT/ HA-4DN, CHT/ HA-DN, 
CHT/ HA, CHT/ ALG multilayer films. b) Adhesive strength between the multilayer films produced over the wettable regions 
of the SH microarray and the iron pillars. Data are means SD (n=5; *= p<0.1 and ***= p<0.001). The statistical differences 
relating to CHT/HA films with the same number of bilayers are represented by doubles symbols (##, p<0.01) and triple 
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symbols (###, p<0.001). Representative image of an adhesion measurement in a single spot where an iron pillar is pulled out 
with a constant strain rate. 

As can be seen there, the elongation modulus of the distinct multilayer films is similar, but the final 

displacement of the films containing DOPA is higher, due to its larger adhesive strength. The lap shear 

strength of the different multilayer films is shown in Figure 5.4 b. It is clear, that upon increasing the 

number of multilayered films, the adhesion force increases. In addition, multilayer films containing higher 

amount of catechol group present higher strength. Worth to mention, the obtained adhesion values for 

the experiments performed using small-sized surfaces are in agreement with results already reported 

using cm-scale surfaces and conventional tests [25]. For instance, spots with 10 bilayers and a contact 

area of 4 mm2, achieved values varying between 0.65 ± 0.06 MPa and 0.24 ± 0.02 MPa, for CHT/HA-

DN and CHT/HA, respectively, in agreement with those previously reported for the same systems using 

larger surfaces [25]. 

5.3.4 In vitro cell studies 

The biological performance of the multilayers was assessed using two cell types (L929 – murine 

fibroblasts, and SaOs-2 – human osteoblast-like cells), both relevant and standard cell lines commonly 

used in biomedical studies. All biological characterization was performed using image-based analysis 

directly on the chip, taking advantage of the transparency of the spots. Chips were prepared with spots 

containing multilayer films composed by 5, 10 and 15 bilayers and featuring the following characteristics: 

I) films ending with the negatively charged polymer without any further modification; II) films ended with 

the negatively charged polymers followed by fibronectin adsorption; III) positively charged CHT-ended 

films followed by fibronectin adsorption and; (IV) positively charged CHT-ended films crosslinked with 

genipin. As can be immediately deduced, two new components (fibronectin and genipin) have been added 

for these studies since both tested cells are dependent on the presence of proteins for anchorage and 

extracellular instructions, which turns the composition of the absorbed layer a key point to modulate cell 

behavior [47]. Fibronectin is an extracellular matrix glycoprotein that plays crucial role in many cell 

functions such as adhesion. It contains the tripeptide arginine-glycine-aspartic acid (RGD) which is an 

integrin cell recognition site and that turns it a good candidate to promote cell adhesion onto biomaterials 

[48, 49]. Genipin is a natural product derived from geniposides and has been extensively investigated in 

the crosslinking of amine-containing polymers (e.g. chitosan, collagen or gelatin) as well as in multilayered 

films [41, 50].  
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In a typical experiment first multilayer films were locally coated with the crosslinking solution or the protein 

solution (except in the case of the control substrates). Both L929 and SaOs-2 were then seeded on the 

above-mentioned multilayer films by simple confined deposition of cells suspension droplets in the 

different spots. Thus, independently on the nature of the multilayer film any desired combination of cells 

or cell densities can be tested on individual basis. Cell adhesion was assessed by on-spot image-based 

analysis after 24 hours in culture. Figure 5.5 shows representative images of the cells nuclei and stained 

cytoskeleton revealing their attachment and spreading on the LbL films.  

 

 

Figure 5.5 Representative fluorescence microscope images of the coated spots with L929 and SaOs-2 cells stained with DAPI/ 
phalloidin after being cultured for 24h. Multilayer films of CHT/ALG, CHT/HA, CHT/HA-DM and CHT/HA-4DN with 5, 10 and 
15 bilayers were tested over the patterned chip. Cells attachment was also evaluated in the multilayer patterns coated with 
fibronectin (over positively or negatively terminating multilayers) or crosslinked with genipin. Scale bar: 50 μm 

Having a quick look to Figure 5.5 one can immediately determine that, from a qualitative point of view, 

there are noticeable differences between the different arrays: I) cells adhered mostly onto surfaces 

containing DOPA in their composition; II) cells tended to adhere more in films with higher number of 

layers; and III) crosslinking also revealed potential to improve cell attachment. The quantitative percentage 

of area covered by the adhered cells, obtained from image analysis, is represented in Figure 5.6. Typically, 
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cells assume distinct morphologies depending on the physicochemical and architectural features of the 

substrate [51]. The cells seeded on the CHT/HA and CHT/ALG multilayer films presented lower adhesion 

accompanied by round morphology. The higher surface hydration-level and softness, compared with the 

crosslinked films, may justify such performance decay [41, 45]. The presence of DOPA in the films, 

besides enhancing cell attachment [22], allowed a cell spreading enhancement along the multilayer films, 

showing a higher percentage of area covered. The individual cell morphology was also analyzed upon 

culturing the cells on different multilayer films (Figure 5.6b). An image-based tool (ImageJ) was used to 

evaluate both the area covered by each cell and the number of cells adhered in the films. Each 

fluorescence image was divided into grey scale, and the area occupied by the cytoskeleton was 

determined. The analysis permitted also to count the total number of cell nuclei per spot. Figure 5.6c 

shows the correlation between cell number and the fraction of the area covered by the cells. All 

formulations have presented suitable cells attachment, but the positive effect of the incorporation of DOPA 

is evident. Cells are more elongated, and thus, with higher area occupied, and the morphology became 

more spread and trapezoidal-like shape for DOPA multilayer films covered by genipin and fibronectin. 

Multilayer films with CHT-ended layers and with pre-adsorption of fibronectin show higher cell attachment 

compared with the multilayer films ended with negative charged biopolymers. This could be explained 

due to the fact that fibronectin has an acidic isoelectric point, presenting a negative net charge above pH 

5-6, which would enhance their electrostatic binding to the positive terminal multilayers rather than to the 

negative ones. Some studies have suggested surfaces containing positively charged functional groups to 

enhance cell attachment and spreading [52]. The physicochemical properties of the multilayer films are 

also reported to influence the cell attachment process [41, 53-56]. Both cell types have shown similar 

behavior on the crosslinked multilayers, relatively to the controls (unmodified multilayers). The 

crosslinking process decreases water content and increases stiffness in multilayers [41, 55]. 

Consequently, L929 and SaOs-2 attachment tended to increase for the multilayers crosslinked with 

genipin. This observation corroborates previous studies where a similar trend was reported with different 

cell types [21, 40, 41, 57-59]. Previously, we evidenced the suitability of such platform for micro-tissues 

formation and drug screening [60, 61], as well as, high-content in vivo studies [62]. This work clearly 

demonstrated that the technology could be extended to the screening of more complex biomaterials (in 

this case nanostructured multilayers) and to other physico-chemical analysis, such as topography, 

wettability and adhesion. 
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Figure 5.6 a) L929 and SaOs-2 cellular density (% of the area covered by the cells) quantified using image analysis in the 
studied multilayer films for (n=3). b) Example of an original image, where the number of cells and cell density (% of the area 
covered by the cells) were quantified by image analysis; this procedure was performed in all studied multilayer films for L929 
and SaOs-2 cells. c) Correlation between the number of cells adhered per spot and density (percentage of the area covered) 
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of L929 cells (solid symbols) and SaOs-2 cells (open symbols). Cells attachment was studied over 5 bilayer films of CHT/ALG 
(blue color), CHT/HA (red color), CHT/HA-DN (green color) and CHT/HA-4DN (orange color), also coated with fibronectin and 
crosslinked with genipin. Scale bar: 50 μm 

5.4 Conclusions 

The preparation of discrete and structured multilayered regions deposited on a single chip that allow for 

a fast HTS screening has been reported. The platform presents several advantages in comparison with 

other microarrays already described: I) The size and composition of the platform, as well as, the geometry 

of the wettable spots, can be easily controlled in an individual form, and the assays in the liquid state 

occur only in the desired wettable area without cross-talking between spots, II) the SH platform is solely 

physically modified polystyrene which guarantees the lack of cytotoxicity and the chemical stability of the 

platform; III) the use of micro-size droplets for the production of nanostructure films and biological assays 

allows a drastic reduction of the volume in which the cells are grown; cell culture media can be changed 

easily without destroying the multilayer films; IV) drugs or other molecules can be added at any time, and 

if precautions are taken the mechanical impact in the cells is reduced; V) the platform is compatible with 

or easily adapted to many characterization can be performed using image-based analysis directly on the 

chip taking the benefit of the transparency of the spots and VI)  high-throughput combinatorial analysis 

may be performed in situ using different cell types. 

As a proof-of-concept for the feasibility of this new approach we have demonstrated the influence of doping 

biopolymers such as HA with functional dopamine molecules on three specific LbL properties of interest: 

(1) final roughness, wettability, and morphology; (2) discrete measurement of adhesion properties of the 

films and (3) in situ examination of cells adhesion. Overall, multilayer films containing catechol groups 

presented higher mechanical adhesion strength and enhanced cell adhesion, showing potential to be 

used as a new generation of wound healing bandages or surgical sealants, or even, as surface coatings 

for optimized cell-substrate interaction. 

According with the results obtained, we do believe that this versatile and cost-effective platform for 

enabling high throughput screening may also have potential in several other biomedical areas, including 

tissue engineering, regenerative medicine and drug discovery, among others. Moreover, this method can 

be operated as a single lab bench-top apparatus or combined with liquid–handling robotics to extend the 

library size, allowing this user-friendly platform to achieve considerable advances for miniaturized bio-

analytical and biomedical analysis in the near future. 
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5.5 Experimental Section  

Materials: Medium molecular weight chitosan (CHT) was purchased from Sigma-Aldrich (ref 448877, 

Brookshield viscosity 200-800 cP, molecular weight 190-310 kDa) and purified by a series of filtering 

steps and precipitation in water and ethanol, followed by freeze-drying. Hyaluronic acid (HA) - hyaluronic 

acid sodium salt from Streptococcus equi - was purchased from Sigma (ref. 53747, molecular weight of 

595 kDa). Dopamine hydrochloride (DN) (ref. H8502) and N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) (ref. 03450, purum, ≥ 98.0% (AT)) were purchased from Sigma 

and used without any further purification. Alginate (ALG) -alginic acid sodium salt from brown algae – was 

purchased from Fluka (ref. 71238, molecular weight 100-200 kDa). Genipin was purchased from Wako 

chemical (ref. 078-03021). Human plasma fibronectin (HFN) was purchased from Sigma- Aldrich (95% 

pure, 0.1%). Tetrahydrofuran (THF) was from Fluka (p.a.>99.5%) and ethanol absolute from Panreac. 

Smooth polystyrene (PS) sheets were purchased from Goodfellow, UK, with 0.19 mm of thickness, ref. 

ST311190/1. 

Synthesis of HA-DN: HA-DN conjugates were synthesized using EDC as an activation agent of the carboxyl 

groups on HA chains, based on the procedure proposed by Lee and co-workers [44]. Briefly, 1g of HA 

was dissolved in 100 mL of phosphate buffered saline (PBS) solution and the pH was adjusted to 5.5 

with an hydrochloric acid (HCl) aqueous solution. The solution was purged with nitrogen for 30 minutes. 

Then, 338 mg of EDC and 474 mg of DN were added and the pH of the reaction solution was maintained 

at 5.5 for 2 hours. Unreacted chemicals and urea byproducts were removed by extensive dialysis, and 

afterwards the conjugate was lyophilized. In order to avoid oxidation, the conjugate was stored at 4ºC in 

a desiccator under vacuum and protected from the light.  

Ultraviolet (UV) spectrophotometry and Quartz crystal microbalance (QCM-D): The degree of substitution 

of dopamine in the conjugate was determined using a UV-vis spectrophotometer (Shimadzu UV-2501 PC) 

and 1cm quartz cells. A solution of 1mg.mL-1 in 0.15M sodium chloride (NaCl) was prepared for the UV 

analysis. A Q-sense E4 quartz-crystal microbalance (Q-sense AB, Sweden) with a dissipation monitoring 

system was used to monitor the adsorption of CHT-DN, CHT-4DN, CHT-HA and CHT-ALG, onto gold 

coated quartz crystal in situ. The crystals were previously cleaned with sequential sonication for 3 minutes 

in acetone, ethanol and isopropanol and then dried with flowing nitrogen gas avoiding contamination prior 

to use. In order to ensure that the crystals are perfectly clean and therefore show a null frequency, all the 

experiments started with a NaCl baseline. The quartz crystal was excited at multiple overtones: 1, 3, 5, 

7, 9, 11 and 13, corresponding respectively to 5, 15, 25, 35, 45, 55, 65 MHz. Adsorption took place at 

25 ºC using solutions at 0.5 mg.mL-1, 0.15M NaCl and at a constant flow rate of 100 mL.min-1, with an 
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adsorption time of 10 min (starting with CHT) and an intermediate rinsing step of 10 min. The frequency 

of each overtone was normalized to the fundamental resonant frequency of the quartz crystal, by dividing 

it by ν (where ν is the number of the overtone, ν = 1, 3, 5,...). 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 adsorption of mass does not fully couple to the oscillation of the crystal and dampens 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.  CHT was used as the polycation 

(always the first deposited layer) while HA-DN, HA-4DN, HA and ALG acted as the polyanion (used as 

ended-polymer layer). The multilayer systems were assembled at pH 5.5. The pH was adjusted with HCl 

or NaOH. Films with 10 layers were produced.  

Fabrication of Patterned SH Surfaces: Small portions of polystyrene (PS) were cut from commercially 

available smooth PS sheets.  Polyvinyl chloride (PVC) stickers (Oracal, USA) were glued into PS surface 

in the form of an array of 2x2 mm2 squares separated by 2 mm. The PS surfaces containing square-

shaped stickers were modified according to a phase separation protocol described elsewhere [42]. Briefly, 

superhydrophobic surfaces were produced by dissolving 70% v/v solution of PS (Styrolution PS 158 K) in 

tetrahydrofuran solvent for approx. 2 hours to form a pre-solution. Then, 1.4 mL of ethanol was added 

into 2 mL of PS pre-solution and the mixed solution was stirred. A necessary volume to cover the PS 

substrate with this mixture was dipped onto a cleaned PS smooth surface. After several seconds in air, 

the substrate with the mixture was immersed in ethanol for 1 min in order to force the polymer 

precipitation, leading to the formation of a rough and porous topography at both the nano- and microscale 

levels. Afterwards the surface was dried at ambient temperature. The stickers were then removed from 

the surface and the protected regions remained untreated and, consequently, were kept wettable and 

transparent – see Figure 5.1a. Prior material deposition, the wettable polystyrene spots were exposed to 

UV-ozone irradiation (procleaner 220, BioForce Nanoscience), in order to modify chemically the spots 

incorporating negative charged-groups. 

Preparation of the multilayer films: Multilayer films were constructed manually in the wettable spots of 

the patterned superhydrophobic surfaces, by pipetting alternately droplets of 5 µL of the polyelectrolyte 

solutions during 10 minutes, beginning with CHT. The droplets were removed using a pipette, and then, 

a rinsing step of 5 minutes with droplets of 0.15 M NaCl solution was included between the adsorptions 

of each polyelectrolyte. 

On-chip surface characterization: The surface morphology of the multilayered film on the chip was 

observed using a Leica Cambridge S-360 scanning electron microscope (SEM). All samples were coated 
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with a conductive layer of sputtered gold. The SEM micrographs were taken at an accelerating voltage of 

15 kV and at different magnifications.  

The surface roughness of the samples was analyzed by atomic force microscope (AFM). AFM 

measurements were performed in a MultiMode STM microscope controlled by the NanoScope III from 

Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. At least five measurements 

were performed in the different sample, which had been previously air-dried.  

Water contact angle measurements were also performed at room temperature using an OCA 15plus 

goniometer (DataPhysics Instruments, Germany). The values were obtained by the sessile drop method. 

The used liquid was ultrapure water and the drop volume was 3 μL. This volume was small enough so 

that the droplets could occupy an area lower than the area of the multilayers in the spots. At least five 

measurements were carried out for each sample. Films with 5, 10 and 15 bilayers were produced onto 

the wettable spots of the SH chip. For each multilayer film construction, an array of 15 combinations, 

containing 5, 10 and 15 bilayers of the same biomaterials was designed (5 replicates per combination 

were used). 

Adhesion tests: The adhesion properties of the multilayer films was evaluated using a universal 

mechanical testing machine (Instron model 5540, USA), following the ASTM D1002 standard.  Fresh 

polyelectrolyte solutions were prepared by dissolution of HA-4DN, HA-DN, HA and ALG in 0.15M of NaCl 

solution and CHT in 1% acetic acid, with a pH 5.5 to yield a final concentration of 0.5 mg.mL-1.  

Films with 5, 10 and 15 bilayers were produced onto the wettable spots of the SH chip. For each 

multilayer film construction, an array of 15 combinations, containing 5, 10 and 15 bilayers of the same 

biomaterials was designed (5 replicates per combination were used). 

All the adhesion experiments were conducted at 25 ºC. Iron pillars (base of 2 x 2 mm2 and height of 10 

mm) with a small square piece of glass (base of 3 x 3 mm2) glued on the bottom surface of each pillar, 

were put in contact with the multilayer films and were superimposed and maintained at 40 ºC overnight 

- see scheme in Figure 5.1. The small glasses were used o guarantee that the whole nanofilm created is 

in contact and adhered in the smooth glass surface. Then, the bonded multilayer films and the pillars 

were placed on the testing machine and tensile tests were individually performed using a crosshead speed 

of 5 mm.min-1 until detachment. All iron pillars had a hole on the top, where a “fishing wire” was passed 

by, in order to pull the pillars. The pillar could be made of other materials or the base could be from any 

other substance. 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. 



 

 

 
142 

Statistical analysis was performed to analyze significant differences between formulations, using two-way 

analysis of variance (ANOVA) with Bonferroni post-test using GraphPad Prism 5.0 software. The adopted 

nomenclature was the following: statistical differences in grouped by time point analysis were marked 

with (*), and (***), which stand for p-value < 0.05 and p < 0.001, respectively, and the statistical 

differences relating to CHT/HA films with the same number of bilayers were marked by doubles symbols 

(##, p<0.01) and triple symbols (###, p<0.001). 

Evaluation of cell behavior: Two cell lines, namely, a mouse lung fibroblastic cell line (L929) and a human 

primary osteosarcoma cell line (SaOs-2), were obtained from European Collection of cell Cultures (ECA 

CC, UK). The cells were cultured with low glucose DMEM supplemented with 3.7 mg.mL−1 sodium 

bicarbonate, 10% FBS, and 1% penicillin−streptomycin 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. At 90% of confluence, cells grown in tissue culture flasks were washed with PBS 

and subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 

°C in a humidified air atmosphere of 5% CO2. To inactivate the trypsin 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.  

Prior to cell seeding, the multilayer films with 5, 10 and 15 bilayers were built on the patterned 

superhydrophobic surface. After drying, droplets of genipin and fibronectin were dispensed atop of the 

created films. An array of 48 combinations of biomaterials based in an initial library of five polyelectrolytes 

was created. The design of the patterned chip is based on the construction of four parameters of each 

multilayer film, containing 6 replicates of the wettable spots with the same number of multilayers 

deposited. Since two cell types were studied in the same chip, a total of 48 distinct conditions for the 

same number film layers were used. Based on previous works, genipin was used in the concentration of 

1 mg.mL-1,[41] and the patterned slide was slide was incubated for 24 hours, in the incubator at 37ºC. 

After 23 hours of incubation, droplets of fibronectin with a concentration of 50 µg.mL -1 [8] were added to 

other spots of the same patterned chip. Afterwards the chip was again incubated for 1 hour.  The coated 

films with 5, 10 and 15 bilayers were carefully washed, and sterilized by UV radiation for 30 minutes. 

Droplets of 5 µL of supplemented DMEM containing a cell suspension with 5×103 cells was added on the 

top of the coated multilayer films. Then, the samples were incubated at 37 ºC in a humidified air 

atmosphere of 5% CO2.  

After one day in culture, and prior to cell staining, the entire patterned chip was rinsed thrice with sterile 

PBS and fixed with formalin 2.5% (v/v) for cytoskeleton and nuclei staining with phalloidin–

tetramethylrhodamine B isothiocyanate (Phalloidin- TRITC, Sigma-Aldrich) and 4,6-diamino-2-phenyindole 
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dilactate (DAPI, Sigma-Aldrich). Samples were incubated in the dark with Phalloidin-TRITC solutions 

(1:100) for 30 minutes, then with DAPI for 10 minutes (1:1000). After rinsing the samples, the 

cytoskeleton and nuclei were observed using an Imager Z1 fluorescence microscope (Zeiss) and 

photographed using an Axio Cam MRm (Zeiss).  ImageJ software was used to calculate the percentage 

of the area covered by the cells adhered on the multilayer films. 
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CHAPTER 6. BIOMIMETIC MINIATURIZED PLATFORM ABLE TO SUSTAIN ARRAYS OF LIQUID 
DROPLETS FOR HIGH-THROUGHPUT COMBINATORIAL TESTS * 

 

6.1 Abstract 

The development of high-throughput and combinatorial technologies is helping to speed up research that 

is applicable in many areas of chemistry, engineering and biology. We propose a new model of flat devices 

for high-throughput screening of accelerated evaluations of multiplexed processes and reactions taking 

place in aqueous-based environments. Superhydrophobic (SH) biomimetic surface based on so-called 

lotus effect were produced onto which array of micro-indentations to fix liquid droplets, based on the rose 

petals effect. The developed platforms were able to sustain arrays of quasi-spherical micro droplets 

allowing to isolate and confine different combinations of substances and living cells. We showed that 

distinct compartmentalized physical, chemical and biological processes may take place and be monitored 

in each droplet. The devices permit the addition/removal of liquid and mechanical stirring by adding the 

magnetic microparticles in each droplet. By facing down the chip, it was possible to produce arrays of 

cells spheroids developed by gravity in the suspended droplets, with potential to be used as micro-tissues 

in drug screening tests.  

 

 

 

 

 

 

 

 

 

                                                 

* Neto A. I., Correia C. R., Custódio C. A., and Mano J. F. Biomimetic Miniaturized Platform Able to Sustain Arrays of Liquid 
Droplets for High-Throughput Combinatorial Tests. Advanced Functional Materials, 24, 5096–5103, 2014. 
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6.2 Introduction 

The development of combinatorial methods can accelerate the scientific outcome, and thus the expansion 

of new materials and processes, when the effect of multiple variables is required [1]. For example, high-

throughput screening have been employed in the study of interactions between biomaterials, cells and 

soluble factors, helping to identify the optimal conditions for particular biomedical applications [2-4]. 

Microarrays enable to assemble numerous cell-material or cell-cell combinations to analyze different 

parameters, including cell adhesion, proliferation, differentiation and gene expression that can be 

monitored on a single microarray chip [5-7]. Array-based technologies have broad applications in drug 

discovery, microbiology, cell biology and in many other non-biomedical fields. The high content and small 

scale of the micro arrays provide parallel processing and monitoring of chemical and biological assays 

using low amounts of liquids. The conventional microtiter plate-based assays have moved away from the 

conventional 96-well format to the 384 well system, or even the 1536-well platform or high dense 

microfluidic devices [8]. Tung et al. [9] report a new technology enable to culture 384 spheroids in a 

hanging drop approach and in the same platform. However, the developed platform presents a single 

pattern and is fabricated by the injection molding technology. The cost associated to the production of 

such innovative platforms requires high precision and expertise equipment, which can be extremely 

expensive. Current developments in microfluidic, microarrays systems and micro-reactors devices are 

directed towards further reductions in sample volumes, increasing analytical throughput and to integrate 

the pre- and post assay processing. Microarrays, such as DNA and protein quantification, have showed 

indispensable roles in genomic and proteomic research [10]. However, in chemical microarrays, the 

evaluation of a large number of chemical structures and biological targets [11], has been a longstanding 

process. The problem is associated with the fact that such microarrays do not allow to perform individual 

analysis. In our group, we made advances in this field, by creating an innovative platform for the 

individually dispense of miniaturized biomaterials, cells and culture medium, based on the use 

superhydrophobic (SH) surfaces patterned with wettable regions [12-16]. The topography of these SH 

surfaces exhibit peculiar features like micro- and nano- hierarchical roughness, leading to low surface 

energy, mimicking SH surfaces found in the nature, such as the Lotus leaf. We hypothesize that such SH 

substrates could be used to work with individual liquid volumes for a series of tests. Our main motivation 

is the handling of small amount of liquid volumes, which is an important task in miniaturized bio-analytical 

and biomedical systems, since decreasing the size of the samples can reduce significantly the required 

time for the analysis and associated costs. 
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In this work we propose the use of SH platforms to arrange quasi-spherical aqueous-based droplets with 

the capability to support and monitor a series of chemical and biological reactions on a lab-on-chip scale. 

Such platforms could have several advantages in comparison with the microarrays presented in the 

literature. The size and composition can be easily controlled in an individual form, and the processes in 

the liquid state occur with minimum contact with the solid substrate. Furthermore, the SH platform is 

solely physically modified polystyrene (PS) [17-19], which guarantees the lack of cytotoxicity and the 

chemical stability of the platform.  

We demonstrated that it is possible to add agitation capability in the developed droplet-based micro-

reactor using magnetic microspheres, enabling to create mechanical stresses inside the microliter-size 

droplets. The droplets are fixed in defined positions by the action of micro-indentations patterned with an 

array arrangement on polystyrene SH surfaces. Different experiments were performed to demonstrate 

the suitability of the developed platform, including: (i) the efficacy of the mechanical agitation tested in a 

simple physical process, namely the dissolution of salt crystals inside the droplets; (ii) the monitoring of 

a chemical reaction, namely the crosslinking of chitosan (CHT) with genipin with different concentrations 

of reagents; (iii) the evaluation of cell viability, in this case tested when cells are in contact with culture 

media at different pHs; and (iv) the evaluation of the cytotoxicity of an antitumor drug at different 

concentrations in cells spheroids. For the last example, we took advantage of the high positional stability 

and adhesiveness of the droplets that allowed to invert 180º the SH platform. Therefore, cells initially 

suspended in the droplets give rise to spheroids, formed by gravity. The developed cell spheroids were 

used as micro-tissues for a drug delivery assay. The viability of the cells in the spheroids was assessed 

using image-based analysis tools upon adding doxorubicin, a drug used in cancer chemotherapy, in 

different concentrations. 

6.3 Results and Discussion 

6.3.1 Preparation and wettability characterization of SH patterned chips 

Polystyrene SH surfaces were prepared by phase-separation methodology, mimicking the extreme water 

repellency of lotus leave by presenting a water contact angle (WCA) higher than 150º. This feature was 

achieved by the introduction of micro- and nano- roughness (Figure 6.1a), without further chemical 

modification of the polymeric structure. Such substrates presented a similar topography previously 

observed in polystyrene SH substrates [19]. The developed surfaces patterned with adhesive micro-

indentations (Figure 6.1b) were used as support for arrays of aqueous solutions-based droplets. Micro-
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indentations with different sizes were produced on the rough surface in order to fix liquid droplets, 

mimicking the effect of rose petals. In these surfaces, water droplets show spherical shape, but they 

cannot roll off the surface even when the surface is turned upside down [20-22], because of the peculiar 

morphology characterized by micro papillae with cuticular folds on top. In contrast to the lotus surface 

where the air pockets formed between cell papilla provide low adhesion to droplets, the rose petal surface 

prevent air pocket formation and droplets penetrate into the cuticular folds by capillary forces [23, 24]. 

The micro- and nanostructures of the surface of rose petals are larger than those found on the lotus 

leaves, allowing droplets to penetrate into the larger grooves of the petals, causing the Cassie 

impregnating wetting state [23]. 

 

Figure 6.1 a) Microstructure of polystyrene SH surface observed by SEM (two magnifications). b) Upper view of a SH platform 
patterned with micro-indentations to fix water droplets in the desired areas (c). d) Scheme of the water droplet position in the 
micro-indentations magnifying the effect of the penetration of the liquid in the mark. e) Water contact angle (WCA) 
measurement of water droplets with different volumes dispensed in the micro-indentations with different sizes.  

Water droplets placed on the micro-indentations exhibit a close spherical shape promoted by the extreme 

water repellent of the SH surface but are fixed by the depression features. By producing multiple 

indentations over the SH surfaces one can generate attachment points to produce arrays of droplets with 

any geometrical disposition and distances between them (Figure 6.1c). The indentations created on low 

surface-energy SH surfaces present some advantages when compared with high adhesive SH surfaces, 

due to the possibility to confine and stabilize droplets only on the desired places with minimum contact 

area between the droplet and the SH surface (Figure 6.1d).  

The WCA was measured for droplets with distinct volumes placed over indentations of different sizes 

(Figure 6.1e). Small volumes of droplets in the micro-indentations present WCA higher than 150º, 
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showing that the smallest indentations on the SH surface are able to fix the droplets on the surface, 

without compromising the water repellency of the surface. 

 

 

Figure 6.2 Sliding angle of droplets with different water volumes on patterned SH surfaces with different micro-indentation 
sizes (see legend). Representative images are shown of water droplets with 4 μL deposited in micro-indentations with 190 μm 

of size in the surfaces with different tilt levels.  

To assess the adhesive behavior of the indented points, the sliding angle was measured at different 

conditions of indentation sizes and droplet volumes - see Figure 6.2. The sliding angle is defined as the 

critical angle where a water droplet of certain volume and weight begins to slide down the sloping surface. 

The results show that when the liquid volume is lower than 4 µL, the water droplet cannot roll on neither 

be fixed on the surface for all micro-indentations sizes analyzed, even when the tilt of the surface is 90º. 

As expected, increasing the volume deposited in the micro-indentation decreases the sliding angles, since 

the capillary forces exert a less adhesion effect onto bigger droplets. Furthermore, the stability of the 

smallest droplets in the surfaces allows the WCA remaining inalterable, even after returning form a tilt of 

90º (Figure 6.2 - representative images). 

We hypothesized that the ability to fix with high stability arrays of controlled volumes of droplets, with 

minimum contact with the SH surfaces, could be useful in the design of innovative robust droplet-based 

microreactors.  
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6.3.2 Microdroplets based microreactor built on patterned SH surfaces 

Droplet-based microreactor technology, such as microemulsions, array-based microreactors or 

microfluidic systems has attracted a great interest since it enables the miniaturization of reactions [25-

28]. These systems permitted significant advances in protein crystallization, enzymatic kinetics, cell 

encapsulation, drug delivery or in other biochemical reactions [25] using several methods such as 

electrowetting [29], dielectrophoresis and magnetism [30, 31]. Shikida et al. [32] developed a magnetic 

bead-cluster handling system in which the droplets are driving from one well to the next, through a narrow 

connection by requiring the displacement of an external magnet. Based on this technology, SH surfaces 

have been used to manipulate the movement of magnetic droplets with a permanent magnet underneath 

[29, 33], with applicability in biotechnology and biomedicine, e.g. for high throughput biochemical 

analysis and microassays [34, 35]. In this work, we present an alternative possibility for create motion by 

activating the mobility of magnetic microparticles in fixed droplets to induce internal mechanical 

agitations. Water droplets with and without magnetic microparticles were firstly deposited on a patterned 

SH surface. CuSO4 crystals were introduced inside the droplets, at time 0, and the platform was placed 

over a magnetic stirrer. The dissolution of the crystal was monitored by following with time the size of the 

crystal (h) comparing with its initial size (h0) (Figure 6.3).  

 

Figure 6.3 Miniaturized droplet based-reactor using water droplets with and without magnetic microparticles on patterned SH 
surface. Crystals of cooper sulphate were introduced inside the droplets, at time 0, and the platform, which contains droplets 
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with magnetic particles inside, was placed over a magnetic stirrer. The dissolution of the crystal was monitored by following 
the size of the crystal (h) comparing with its initial size (h0). 

The droplets that contained magnetic beads, the crystal with h0 of about 2 mm was completely dissolved 

after 12 minutes (Figure 6.3). On the other hand, without mechanical agitation the dissolution time was 

the double. Obviously, the agitation power may be easily controlled in the magnetic stirrer. This result 

shows that the usual agitation and mixing processes performed in many chemical and engineering 

processes may be miniaturized in microliter volumes over the proposed platforms. Such example of 

controlled agitation can be essential in many biochemical and biological processes allowing the high 

throughput and effective study of complex processes at a lab-on-chip scale.  

6.3.3 Monitoring of a crosslinking reaction through combinatorial chemical analysis 

One current problem on the development of chemical microarrays is that compounds with different 

structures and properties are traditionally screened in a solution phase, and individual reactions need to 

be isolated in wells plates or tubes. There are several reasons to use droplets rather than well plates, 

namely smaller volumes, higher speeds and the isolation of the droplet content from the solid surface. 

Small volumes conserve expensive reagents and reduce the time required to assay extremely large 

libraries. Hydrogels have attracted a great interest in many fields, including biomedicine due to their 

general high biocompatibility, ability to encapsulate cells, mechanical and structural properties similar to 

soft tissues and their ability to be injected as a liquid in which gels in situ using minimally invasive 

procedures [36-38]. We have proposed SH-based chips to assess how cells interact with hydrogels in 

combinatorial studies [14]. 

Herein, we propose to analyze the formation of hydrogels on the developed platforms, starting with the 

deposition of combinations of liquid precursors in the form of droplets. We designed a combinatorial 

analysis to follow the crosslinking reaction of chitosan (CHT) with genipin, a natural crosslinking agent 

with low cytotoxicity. CHT hydrogels have been widely used in different biomedical applications [39-41]. 

In particular, crosslinked CHT with genipin have been used on the preparation of elastic and hydrogels 

for cartilage substitutes, drug delivery systems and the encapsulation of biological products [42-45]. 

Results show that the resulting crosslinked complexes are not cytotoxic [46]. The deposition of different 

droplet solutions containing different relative amounts of CHT and genipin was carried out in the 

developed microarray: distinct concentrations of 0.1, 1, 5, 7.5 and 10 mg.mL-1 of CHT and genipin were 

analysed. The prepared solutions were dispensed in each spot with individual volumes of 10 μL. The 

same CHT solutions without genipin were used as control. The experiment was performed at 40ºC under 
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saturated humidity to avoid droplets evaporation. Figure 6.4a shows the time evolution of the droplets in 

the array during the reaction. The dark-blue coloration that appears in the formed hydrogels is associated 

with the reaction between the amino groups of CHT and genipin [44]. Independent calibration 

experiments by reacting known amounts of glycine and genipin permitted to produce standard curves 

relating the intensity of the blue-color of the droplets and the extent of the reaction of the amine groups. 

An intensity map is shown in Figure 6.4b for the array analyzed, where the evolution of the extent of 

reaction of the amine group of CHT is represented as function of the time for each combinations analyzed. 

 

Figure 6.4 Combinatorial analysis following the reaction between CHT and genipin in arrays of droplets microreactors. a) 
Droplets with different concentrations of CHT and genipin were dispensed on a patterned SH surface. b) The intensity map 
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display the evolution of the crosslinking reaction between CHT and genipin for each concentration of reagents analysed. The 
increase of blue intensity is correlated to the percentage of reacted amine groups of CHT at different time points. 

When the concentration of CHT and genipin increased, faster and more amino groups reacted, reaching 

values above 60% after 3 hours of incubation. The system used could be extended to more complex 

combinations, for example, by including mixtures of different polymers able to react with genipin. For 

example, Silva et al. [42] studied the crosslinking of the mixture of CHT and silk fibroin. The primary 

structure of fibroin chains contains a low percentage of amine-containing aminoacids, such as lysine and 

arginine that contributes for crosslinking sites upon reaction with genipin. We envisage the possibility to 

monitoring many other reactions occurring in aqueous media, provided that changes of color (even 

outside the visible spectrum) take place, such as addition or substitution reactions or redox processes.  

6.3.4 High-throughput screening of cell-based assays 

Microarrays platforms can address in vitro problems by creating distinct combinations of chemical/ 

biochemical microenvironment to study cellular behavior [47]. The advantage of the method proposed is 

that different biomaterials or even different types of cells can be easily deposited in each liquid spot with 

a minimum contact with the supporting solid material. As a simple demonstration of such hypothesis, we 

evaluated the influence of the pH in the cellular medium on the viability of fibroblasts-like cells.  
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Figure 6.5 a) Fluorescence microscope images of the microarray composed of culture medium droplets at different pH (vertical 
axis) containing 1x103 L929 cells/droplet taken at different incubation times (horizontal axis). b) Representative top-view image 
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map for the relative amount of live (green)/ dead (red) cells per spot corresponding to the same microarray tested with different 
pHs and culture times. 

It is know that the effect of the pH in cells culture medium plays many critical roles in cell biological 

processes, such as viability, proliferation and apoptosis, ion transport and multidrug resistance [48]. 

Irregular pH values are usually associated with many diseases such as cancer [49]. Tumor 

microenvironments are often acidic, with pH levels as low as 6.2 [50]. Inside the cells, the variations of 

the pH can denature proteins or activate enzymes that normally are inactive around neutral pH. Knightom 

et al. [51] showed that acidic conditions promote angiogenesis of injured tissues. Figure 6.5 shows the 

viability of L929 cells suspended in culture media with different pH at different incubation times. Figure 

6.5a shows the corresponding live/dead cell staining, obtained by the direct observation of the array of 

droplets dispensed in the platform (Figure 6.5b). As expected, and according to the literature [52-54], the 

fluorescence images confirmed that the favorable pH for cells to survive is between 6 and 8. In very acid 

and very alkaline medium, all cells died before 5 minutes. High-throughput image analysis of the 

micrographs permitted to built an intensity map of the values of the percentage of live/dead cells of the 

individual condition (Figure 6.5c), in which green and red colors represent the relative amount of living 

and dead cells. The results suggest that the proposed droplet-array chip may potentially be used to follow 

the cellular behavior of non-adherent cells, any cells in suspension or to investigate the effect of the 

surrounding atmosphere. 

Most cell-based assays are currently performed on monolayer cultures (2D substrates) [13] or array plates 

[9, 55, 56] where cells adhere over a solid substrate, spread and form stress fibers between focal 

adhesions. The use of microarrays for combinatorial analysis present several advantages: high stability, 

well control and homogeneous cell environment, and facilitated microscope analysis and medium 

changes. However, in native tissues, many types of cells interact with other cells and with an extracellular 

matrix (ECM) within three-dimensional (3D) structures. The cell-cell and cell-ECM interactions provide 

mechanical and biochemical cue that can influence cellular functions and differentiation. Herein, we 

propose a new process for the formation of arrays of 3D cells agglomerates to be used in drug screening. 

In the developed platform, the cells are maintained in suspension, confined within a miniature liquid cage 

surrounded essentially by the gaseous environment of the device. The micro-indentations produced on 

the SH surfaces promote the fixation of the droplets over the high water repellent surfaces, even when 

the surface and cells suspension droplets are turned upside down. Therefore, it is possible to produce an 

array of microliter volume droplets with an inverse configuration that could be useful for high-throughput 
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monitoring. Extending the screening of cells in suspension of the last example, we employed the new 

arrangement to test the behavior of cells in an aggregated form- see Figure 6.6. 

 

 

Figure 6.6 a) Scheme of SH surfaces patterned with micro-indentations able to suspend arrays of droplets containing cells; 
upon 24h spheroids are formed and drug-screening tests may be performed on the individual droplets. b) Fluorescent images 
of L929 spheroids obtained from confocal microscope 24h after the addition of various concentrations of doxorubicin. c) 
Percentage of live (green)/dead (red) cells per spot in the different conditions shown in b). 

The commonly used methods to produce uniform cellular spheroids included: the hanging drop culture, 

microfluidic spheroid formation, non-adherent micropatterned surfaces and culture in microwell plates 

[56-61]. With the proposed platform it is possible to produce arrays of sedimented spheroids and test 

them in the same platform- see scheme in Figure 6.6a. Under this configuration, the cells in the 

suspended droplets give rise to spheroids formed by gravity. In this case, the cells do not have any contact 
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with solid substrate, and the clusters of cells, cultured in this environment, allow that cell-cell interactions 

dominate over cell-substrate interactions. The gravitational force applied on the cells in the hanging drop 

suspended cultures caused sedimentation and then aggregates became visible after 24h.  

The platform used in this work present several advantages compared to the conventional methods used 

on the spheroids formation: the use of micro-size droplets for cell growth assays allow the drastic 

reduction of the volume in which the cells are grown; the use of SH surfaces mimicking the effect of rose 

petals, permits a minimum contact of the liquid to the surface, avoiding any interferences such as protein 

adsorption or release of molecules from the platform to the liquid media; cells culture medium can be 

changed easily without destroying the micro-tissues; drugs or other molecules can be added in any time, 

and if minimum precautions are taken, the mechanical impact in the spheroids is reduced; the platform 

is compatible or easily adapted with many analysis techniques, such as inverted confocal microscopes, 

in which droplets of cells suspension remain inverted on the SH surface; high-throughput combinatorial 

analysis may be performed in situ using different cells densities or drugs concentrations.  For the proof-

of-concept, droplets containing fibroblasts-like cells with two densities (30000 and 40000 cells/droplet) 

were dispensed on the inverted platform in order to promote the spheroids formation. After 24 h different 

amounts of doxorubicin were introduced in the droplets to assess the dose-dependent response of the 

formed tumor spheroids to this anticancer drug. The viability of the cells in the spheroids was measured 

after 24 hours using live/ dead staining images by confocal microscopy (Figure 6.6b). Images were 

selected out of the confocal stack to avoid overlapping of the same cells between images. Figure 6.6c 

shows the resulting analysis of the fraction of live and dead cells in the different conditions. As expected, 

with the increase of the doxorubicin concentration, cell viability decreased in both types of spheroids. The 

percentage of living cells is higher in the smaller spheroid. This should be due to the fact that assess of 

nutrients and the release of waste is less efficient in the larger and denser spheroid, giving rise to more 

extensive cell dead. The images of the Figure 6.6b clearly show that dead cells are mostly accumulated 

in the inner regions of the spheroids. 

6.3 Conclusions 

A new concept of substrates for anchoring aqueous-based microliter droplets was developed based on 

the use of superhydrophobic flat substrates with controlled positional adhesion. Such microarray chips 

are proposed to be used as a new low cost toolbox for high-throughput analysis in aqueous-based media. 

The platforms permit to screen physical, chemical and biological processes involving the combination of 

distinct elements and conditions, confined in spherical liquid mini-reactors. Events taking place in both 
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homogeneous and heterogeneous environments can be monitored inside the fixed droplets onto which 

relevant manipulations can be made including: mechanical agitations, mixture, adding/ removal of liquids 

and molecules or positioning the droplets at any angle relatively to the platform. Besides following more 

conventional chemical reactions the developed supports may also have potential to be used in biology or 

biomedical applications, including in the field of tissue engineering/regenerative medicine, biochemical 

and biological reactions, diagnosis, analytical analysis, drug discovery and drug delivery monitoring. 

6.4 Experimental Section  

Fabrication of patterned SH surfaces: Smooth polystyrene (PS) sheets, purchased from Goodfellow, UK, 

with 0.19 mm of thickness, ref. ST311190/1, were modified into SH substrates using a one-step phase-

separation methodology under ambient condition. The surface modification was produced by dissolving 

70% v/v solution of PS (Styrolution PS 158K) in tetrahydrofuran (THF, from Sigma-Aldrich) solvent for 

approx. 2 hours to form a pre-solution. Then, 1.4 mL of ethanol, from Panreac, was added into 2 mL of 

PS pre-solution and the mixed solution was stirred. A necessary volume to cover the PS substrate with 

this mixture was dipped onto a cleaned PS smooth sheet. After several seconds on air, the substrate with 

the mixture was immersed in ethanol for 1 min in order to force the polymer precipitation, leading to the 

formation of a rough and porous topography at both the nano and micro scale level. Afterwards the 

surface was dried at ambient temperature. 

Micro-indentations over the SH surfaces were produced using a microhardeness tester equipment (Leica 

VMHT 30) applying loads of 2942 mN, 4903 mN and 19610 mN with a dwell time of 10 s. A sharp rigid 

Vickers diamond pyramid indenter (included angle α=136º) penetrated into the surface with a constant 

load during a complete loading–unloading cycle producing individual indentations. To produce the 

pedestals able to sustain arrays of droplets the indentations were placed in the surface at a distance of 

5 mm from each other, with a square configuration.  

The wettability of the smooth and polystyrene SH surfaces was assessed by contact angle measurements. 

Static water contact angle (WCA) measurements were carried out using an OCA15+ goniometer 

(DataPhysics, Germany) using the sessile drop method. Distilled water (4 μL) was dropped on the 

surfaces and pictures were taken after stabilization of the water drop. The adhesion of droplets with 

different volumes in the micro-indentations with different sizes of the SH surfaces were also studied: the 

sliding WCA of droplets with different volumes was analysed in each micro-indentations by sloping SH 

surfaces until 90º. 
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Surface morphology of the SH samples was analysed by scanning electron microscopy, SEM (Leica 

Cambridge, UK). 

Preparation of micro-reactor based on patterned SH surfaces: Micro-indentations with 190 μm of size 

were produced in the SH surface using an indentation force of 2942 mN. Magnetic beads (Fe3O4, diameter 

ranging from 5-50 μm) were suspended and stirred until homogeneity in water with a concentration of 

10 mg.mL-1. A 10 μL water droplet with magnetic microspheres impregnated was deposited over a micro-

indented SH surface using a microdispenser. The droplet suspension was subjected to a magnetic field 

by placing a magnetic stirrer (Fisher Scientific) with variable speed below the SH surface. The experience 

started with an increasing speed until 100 rpm allowing that the magnetic microspheres form chain-like 

structure under the influence of the imposed magnetic field. A cooper sulphate crystal was then 

incorporated into the droplet. Images of the droplets during the dissolution of the crystal were obtained 

using a Stereo Microscope + Lamp Schott KL 200 (model Stemi 1000 PG-HITEC, Zeiss) with 2.5X 

magnification, equipped with a digital camera with 5X optical zoom. 

Chemically crosslinked hydrogels: Water-soluble highly purified chitosan, CHT (Protasan UP CL 213, 

viscosity 107 mPa.s, molecular weight Mw = 2.7x105 g.mol-1, 83% degree of deacetylation) was purchased 

from NovaMatrix. Genipin was purchased from Wako chemicals (ref nº 078-03021). Solutions of CHT 

were prepared using 1% v/v of acetic acid at concentrations of 0.1 mg.mL-1, 1 mg.mL-1, 5 mg.mL-1, 7.5 

mg.mL-1 and 10 mg.mL-1. Genipin solutions were prepared in ultra pure water at concentrations of 1 

mg.mL-1, 5 mg.mL-1, 7.5 mg.mL-1 and 10 mg.mL-1. Both materials were mixed using the same quantity of 

the different concentrations leading to 20 different combinations. CHT solutions with the same 

concentrations without genipin were used as control. 

The solutions were dropped in the chips prepared using the SH surfaces patterned with micro-

indentations (190 μm size). The polymeric solutions were dispensed over the micro-indentations in a 

drop-by-drop logic in individual volumes of 10 μL. Each droplet separated by 5 mm, represents a different 

combination of CHT and genipin. After dispensing the solutions, the SH chips were placed in a desiccator 

with saturated humidity at 40ºC. Images of the chip were captured in each 30 minutes until one of the 

conditions being completely crosslinked, confirmed by the unchanging of the color intensity. The 

percentage of reacted amine groups of CHT for each combination with genipin was quantified by 

colorimetric assay using the WCIF Image J software. A standard calibration curve (logarithmic curve, 

r2=0.98) of pixel color intensity vs. glycine concentration was made. Different quantities of soluble glycine, 

ranging 0.2 to 2 mg.mL-1 were prepared including genipin at a concentration of 10 mg.mL-1. The 

measurements of the pixel intensity from each glycine concentration were performed over a total of 6 



 

 

 
162 

samples. The intensity of the pixels, grey scale 0-255, in which 0 correspond to dark color and 255 white 

color, was used to associate the color intensity of the solutions. The intensity color of the droplets of CHT 

with genipin was correlated with the pixels intensity of the standard curve. The percentage of reacted 

amine groups in each droplet was determined: the number of reacted amino molecules of the repeating 

unit of CHT obtained by the calibration curve was divided by the initial number of amine molecules.  

Cell Expansion and Cell Culture: The immortalized mouse lung fibroblast cell line L929 was purchased 

from the European Collection of Cell Cultures and was used as well established cell line for viability 

studies. Cells were expanded in low glucose Dulbecco’s Modified Eagle’s Medium (DMEM), from Sigma-

Aldrich, supplemented with 3.7 g·L−1 sodium bicarbonate, 10% heat-inactivated fetal bovine serum (FBS, 

Invitrogen) and 1% antibiotic/antimycotic (final concentration of penicillin 100 units.mL-1 and streptomycin 

100 mg.mL-1; Gibco) at pH 7.4. Cells were grown in 75 cm2 tissue culture flasks and incubated at 37 °C 

in a humidified air atmosphere of 5% CO2. Every 3−4 days, fresh medium was added. At 90% of 

confluence, L929 cells grown in tissue culture flasks were washed with PBS and subsequently detached 

by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 °C in a humidified air 

atmosphere of 5% CO2. To inactivate the trypsin effect, cell culture medium was added. 

On-chip biological testing: Combinatorial analysis of fibroblasts-like cells on patterned SH surfaces was 

performed. Cells were re-suspended in culture medium with different pHs (pH ranging from 1-14) 

adjusted with HCl and NaOH solutions. Droplets of 5 µL with 1x103 cells were seeded in the micro-

indentations of patterned SH surfaces. Specimens were incubated at different times (5, 30, 60, 90 and 

120 minutes) at 37ºC in a humidified 5% CO2 atmosphere. The cell viability was evaluated by a non-

destructive live/dead assay. 2 µL of phosphate buffer saline PBS (Sigma-Aldrich) containing calcein-AM 

(1:500) and propidium iodide (1:1000) was placed at each droplet. Calcein-AM and propidium iodide 

dyes were purchased from Molecular Probes-Invitrogen. Samples were then incubated at 37ºC for 10min 

and protected from the light. Droplets were visualized in the dark by fluorescence microscopy (Axioimage 

RZ1M, Zeiss). Living cells appeared in green and dead cells in red.  

3D hanging droplet system: A hanging drops system used for the formation of spheroids was also 

performed using SH surfaces patterned with adhesive micro-indentations. Prior to cell seeding, the SH 

surfaces were sterilized by UV radiation for 30 min. Suspensions with different fibroblasts-like cell 

densities (6x106 and 8x106 cells.mL-1) were prepared. Droplets of 5 µL of each cell suspensions (in 

triplicate) were placed over the micro-indentations of the platform. Then, the platform was inverted 180º 

and incubated for 24h at 37ºC in a humidified 5% CO2 atmosphere. The platform containing droplets of 

cell suspensions was fixed into the lids of polystyrene petri dishes, and the bottom part was filled with 
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cell culture media, in order to create a saturated environment and avoid the evaporation of the droplets. 

After 24 hours of cell culture for spheroids formation, 2 µL of doxorubicin (Doxorubicin hydrochloride, 

Sigma-Aldrich) with different concentrations (0.1 mg.mL-1, 0.01 mg.mL-1 and 0.001 mg.mL-1) were 

dispensed in the different droplets. The chip was again incubated for 24 hours at 37ºC in a humidified 

5% CO2 atmosphere. The liquid content of the droplets with cell aggregates were carefully exchange with 

PBS. Afterwards, live/dead assay was performed. 2 µL of PBS containing calcein-AM and propidium was 

added to each condition to staining the spheroids. Pictures of the formed aggregates were taken in the 

confocal microscope to provide an accurate quantification (Olympus FluoView FV 1000). 

Cell behaviour analysis: Image analysis tool (WCIF Image J software) was used to evaluate the percentage 

of live/dead cells of each droplet condition. Each image of stained cells with culture medium with different 

pHs obtained from fluorescent microscope was divided in green and red channels and transformed in a 

gray scale. The same procedure was made for each image of stained spheroid obtained from confocal 

microscope. The number in each channel (grey scale intensity 0-255, in which 0 correspond to black 

colour and 255 white colour) was counted and divided for the number of total analysed area (300 x 300 

pixels2). The same threshold criterion was used in all images.  

6.5 Acknowledgements 

The authors acknowledge the financial support from the FCT- Fundação para a Ciência e para a 

Tecnologia through the Ph.D. grants with the references SFRH/BD/73119/2010, 

SFRH/BD/69529/2010 and SFRH/BD/61390/2009. We also acknowledge the financial support of 

FEDER through the program Operacional Factores de Competitividade - COMPETE and from FCT - the 

Fundação para a Ciência e para a Tecnologia under the project PTDC/CTM-Bio/1814/2012. 

 6.6 References  

[1] C.G. Simon, Jr., S. Lin-Gibson, Combinatorial And High-Throughput Screening Of Biomaterials, Adv Mater, 
23 (2011) 369-387. 

[2] M.R. Zonca, Jr., P.S. Yune, C.L. Heldt, G. Belfort, Y. Xie, High-Throughput Screening Of Substrate 
Chemistry For Embryonic Stem Cell Attachment, Expansion, And Maintaining Pluripotency, Macromol 
Biosci, 13 (2013) 177-190. 

[3] S.W. Cranford, J. De Boer, C. Van Blitterswijk, M.J. Buehler, Materiomics: An -Omics Approach To 
Biomaterials Research, Adv Mater, 25 (2013) 802-824. 

[4] M. Schenone, V. Dancik, B.K. Wagner, P.A. Clemons, Target Identification And Mechanism Of Action In 
Chemical Biology And Drug Discovery, Nature Chemical Biology, 9 (2013) 232-240. 

[5] A.L. Hook, D.G. Anderson, R. Langer, P. Williams, M.C. Davies, M.R. Alexander, High Throughput Methods 
Applied In Biomaterial Development And Discovery, Biomaterials, 31 (2010) 187-198. 



 

 

 
164 

[6] A.N. Efremov, E. Stanganello, A. Welle, S. Scholpp, P.A. Levkin, Micropatterned Superhydrophobic 
Structures For The Simultaneous Culture Of Multiple Cell Types And The Study Of Cell-Cell 
Communication, Biomaterials, 34 (2013) 1757-1763. 

[7] D.M. Titmarsh, H.Y. Chen, E.J. Wolvetang, J.J. Cooper-White, Arrayed Cellular Environments For Stem 
Cells And Regenerative Medicine, Biotechnology Journal, 8 (2013) 167-179. 

[8] S.A. Sundberg, High-Throughput And Ultra-High-Throughput Screening: Solution- And Cell-Based 
Approaches, Current Opinion In Biotechnology, 11 (2000) 47-53. 

[9] Y.C. Tung, A.Y. Hsiao, S.G. Allen, Y.S. Torisawa, M. Ho, S. Takayama, High-Throughput 3D Spheroid 
Culture And Drug Testing Using A 384 Hanging Drop Array, Analyst, 136 (2011) 473-478. 

[10] C. Timm, C.M. Niemeyer, On-Chip Protein Biosynthesis, Angew Chem Int Ed Engl, 52 (2013) 2652-
2654. 

[11] Y.M. Foong, J. Fu, S.Q. Yao, M. Uttamchandani, Current Advances In Peptide And Small Molecule 
Microarray Technologies, Curr Opin Chem Biol, 16 (2012) 234-242. 

[12] G.M. Luz, Á.J. Leite, A.I. Neto, W. Song, J.F. Mano, Wettable Arrays Onto Superhydrophobic Surfaces 
For Bioactivity Testing Of Inorganic Nanoparticles, Mater. Lett., 65 (2011) 296-299. 

[13] A.I. Neto, C.A. Custódio, W. Song, J.F. Mano, High-Throughput Evaluation Of Interactions Between 
Biomaterials, Proteins And Cells Using Patterned Superhydrophobic Substrates, Soft Matter, 7 (2011) 
4147. 

[14] C.L. Salgado, M.B. Oliveira, J.F. Mano, Combinatorial Cell-3D Biomaterials Cytocompatibility Screening 
For Tissue Engineering Using Bioinspired Superhydrophobic Substrates, Integr Biol, 4 (2012) 318-327. 

[15] M.B. Oliveira, J.F. Mano, On-Chip Assessment Of The Protein-Release Profile From 3D Hydrogel Arrays, 
Anal Chem, 85 (2013) 2391-2396. 

[16] M.B. Oliveira, C.L. Salgado, W. Song, J.F. Mano, Combinatorial On-Chip Study Of Miniaturized 3D Porous 
Scaffolds Using A Patterned Superhydrophobic Platform, Small, 9 (2013) 768-778. 

[17] N.M. Oliveira, A.I. Neto, W. Song, J.F. Mano, Two-Dimensional Open Microfluidic Devices By Tuning The 
Wettability On Patterned Superhydrophobic Polymeric Surface, Appl. Phys. Exp., 3 (2010) 085205. 

[18] S.M. Oliveira, W.L. Song, N.M. Alves, J.F. Mano, Chemical Modification Of Bioinspired Superhydrophobic 
Polystyrene Surfaces To Control Cell Attachment/Proliferation, Soft Matter, 7 (2011) 8932-8941. 

[19] A.I. Neto, H.J. Meredith, C.L. Jenkins, J.J. Wilker, J.F. Mano, Combining Biomimetic Principles From The 
Lotus Leaf And Mussel Adhesive: Polystyrene Films With Superhydrophobic And Adhesive Layers, RSC 
Advances, 3 (2013) 9352. 

[20] X. Hong, X.F. Gao, L. Jiang, Application Of Superhydrophobic Surface With High Adhesive Force In No 
Lost Transport Of Superparamagnetic Microdroplet, Journal Of The American Chemical Society, 129 
(2007) 1478-+. 

[21] L. Feng, Y.A. Zhang, J.M. Xi, Y. Zhu, N. Wang, F. Xia, L. Jiang, Petal Effect: A Superhydrophobic State 
With High Adhesive Force, Langmuir, 24 (2008) 4114-4119. 

[22] Y.Y. Yan, N. Gao, W. Barthlott, Mimicking Natural Superhydrophobic Surfaces And Grasping The Wetting 
Process: A Review On Recent Progress In Preparing Superhydrophobic Surfaces, Adv Colloid Interface Sci, 
169 (2011) 80-105. 

[23] M. Nosonovsky, B. Bhushan, Lotus Versus Rose: Biomimetic Surface Effects, In, 2012, Pp. 25-40. 

[24] Z. Cheng, M. Du, H. Lai, N. Zhang, K. Sun, From Petal Effect To Lotus Effect: A Facile Solution Immersion 
Process For The Fabrication Of Super-Hydrophobic Surfaces With Controlled Adhesion, Nanoscale, 5 
(2013) 2776-2783. 



 

 

 
165 

[25] H. Song, D.L. Chen, R.F. Ismagilov, Reactions In Droplets In Microfluidic Channels, Angew Chem Int Ed 
Engl, 45 (2006) 7336-7356. 

[26] S.Y. Teh, R. Lin, L.H. Hung, A.P. Lee, Droplet Microfluidics, Lab Chip, 8 (2008) 198-220. 

[27] B. Su, S. Wang, Y. Song, L. Jiang, A Miniature Droplet Reactor Built On Nanoparticle-Derived 
Superhydrophobic Pedestals, Nano Res, 4 (2010) 266-273. 

[28] M.A.M. Gijs, F. Lacharme, U. Lehmann, Microfluidic Applications Of Magnetic Particles For Biological 
Analysis And Catalysis, Chemical Reviews, 110 (2010) 1518-1563. 

[29] A. Accardo, F. Mecarini, M. Leoncini, F. Brandi, E. Di Cola, M. Burghammer, C. Riekel, E. Di Fabrizio, 
Fast, Active Droplet Interaction: Coalescence And Reactive Mixing Controlled By Electrowetting On A 
Superhydrophobic Surface, Lab Chip, 13 (2013) 332-335. 

[30] Z. Long, A.M. Shetty, M.J. Solomon, R.G. Larson, Fundamentals Of Magnet-Actuated Droplet 
Manipulation On An Open Hydrophobic Surface, Lab Chip, 9 (2009) 1567-1575. 

[31] D. De Bruyker, M.I. Recht, A.A. Bhagat, F.E. Torres, A.G. Bell, R.H. Bruce, Rapid Mixing Of Sub-Microlitre 
Drops By Magnetic Micro-Stirring, Lab Chip, 11 (2011) 3313-3319. 

[32] M. Shikida, K. Takayanagi, K. Inouchi, H. Honda, K. Sato, Using Wettability And Interfacial Tension To 
Handle Droplets Of Magnetic Beads In A Micro-Chemical-Analysis System, Sens. Actuators, B, 113 (2006) 
563-569. 

[33] J. Schneider, A. Egatz-Gómez, S. Melle, S. Lindsay, P. Domínguez-García, M.A. Rubio, M. Márquez, A.A. 
García, Motion Of Viscous Drops On Superhydrophobic Surfaces Due To Magnetic Gradients, Colloids 
Surf., A, 323 (2008) 19-27. 

[34] J.S. Sander, R.M. Erb, C. Denier, A.R. Studart, Magnetic Transport, Mixing And Release Of Cargo With 
Tailored Nanoliter Droplets, Adv Mater, 24 (2012) 2582-2587, 2510. 

[35] F. Sarvi, Z. Yue, K. Hourigan, M.C. Thompson, P.P.Y. Chan, Surface-Functionalization Of PDMS For 
Potential Micro-Bioreactor And Embryonic Stem Cell Culture Applications, J. Mater. Chem. B, 1 (2013) 
987. 

[36] J.L. Drury, D.J. Mooney, Hydrogels For Tissue Engineering: Scaffold Design Variables And Applications, 
Biomaterials, 24 (2003) 4337-4351. 

[37] A. Khademhosseini, R. Langer, Microengineered Hydrogels For Tissue Engineering, Biomaterials, 28 
(2007) 5087-5092. 

[38] D. Seliktar, Designing Cell-Compatible Hydrogels For Biomedical Applications, Science, 336 (2012) 
1124-1128. 

[39] J.K.F. Suh, H.W.T. Matthew, Application Of Chitosan-Based Polysaccharide Biomaterials In Cartilage 
Tissue Engineering: A Review, Biomaterials, 21 (2000) 2589-2598. 

[40] J.F. Mano, G.A. Silva, H.S. Azevedo, P.B. Malafaya, R.A. Sousa, S.S. Silva, L.F. Boesel, J.M. Oliveira, 
T.C. Santos, A.P. Marques, N.M. Neves, R.L. Reis, Natural Origin Biodegradable Systems In Tissue 
Engineering And Regenerative Medicine: Present Status And Some Moving Trends, J R Soc Interface, 4 
(2007) 999-1030. 

[41] N.M. Alves, J.F. Mano, Chitosan Derivatives Obtained By Chemical Modifications For Biomedical And 
Environmental Applications, Int J Biol Macromol, 43 (2008) 401-414. 

[42] S.S. Silva, A. Motta, M.T. Rodrigues, A.F.M. Pinheiro, M.E. Gomes, J.F. Mano, R.L. Reis, C. Migliaresi, 
Novel Genipin-Cross-Linked Chitosan/Silk Fibroin Sponges For Cartilage Engineering Strategies, 
Biomacromolecules, 9 (2008) 2764-2774. 

[43] R.A.A. Muzzarelli, Genipin-Crosslinked Chitosan Hydrogels As Biomedical And Pharmaceutical Aids, 
Carbohydr Polym, 77 (2009) 1-9. 



 

 

 
166 

[44] L.P. Yan, Y.J. Wang, L. Ren, G. Wu, S.G. Caridade, J.B. Fan, L.Y. Wang, P.H. Ji, J.M. Oliveira, J.T. Oliveira, 
J.F. Mano, R.L. Reis, Genipin-Cross-Linked Collagen/Chitosan Biomimetic Scaffolds For Articular Cartilage 
Tissue Engineering Applications, J. Biomed. Mater. Res., Part A, 95A (2010) 465-475. 

[45] M. Arteche Pujana, L. Perez-Alvarez, L.C. Cesteros Iturbe, I. Katime, Biodegradable Chitosan Nanogels 
Crosslinked With Genipin, Carbohydr Polym, 94 (2013) 836-842. 

[46] F.L. Mi, Y.C. Tan, H.F. Liang, H.W. Sung, In Vivo Biocompatibility And Degradability Of A Novel Injectable-
Chitosan-Based Implant, Biomaterials, 23 (2002) 181-191. 

[47] T.G. Fernandes, M.M. Diogo, D.S. Clark, J.S. Dordick, J.M. Cabral, High-Throughput Cellular Microarray 
Platforms: Applications In Drug Discovery, Toxicology And Stem Cell Research, Trends Biotechnol, 27 
(2009) 342-349. 

[48] X.X. Zhang, Z. Wang, X. Yue, Y. Ma, D.O. Kiesewetter, X. Chen, Ph-Sensitive Fluorescent Dyes: Are They 
Really Ph-Sensitive In Cells?, Mol Pharm, 10 (2013) 1910-1917. 

[49] A. Hulikova, A.L. Harris, R.D. Vaughan-Jones, P. Swietach, Regulation Of Intracellular Ph In Cancer Cell 
Lines Under Normoxia And Hypoxia, J Cell Physiol, 228 (2013) 743-752. 

[50] T.M. Cao, T. Takatani, M.R. King, Effect Of Extracellular Ph On Selectin Adhesion: Theory And 
Experiment, Biophys J, 104 (2013) 292-299. 

[51] D.R. Knighton, T.K. Hunt, H. Scheuenstuhl, B.J. Halliday, Z. Werb, M.J. Banda, Oxygen-Tension 
Regulates The Expression Of Angiogenesis Factor By Macrophages, Science, 221 (1983) 1283-1285. 

[52] Y. Bae, S. Fukushima, A. Harada, K. Kataoka, Design Of Environment-Sensitive Supramolecular 
Assemblies For Intracellular Drug Delivery: Polymeric Micelles That Are Responsive To Intracellular Ph 
Change, Angew Chem Int Ed Engl, 42 (2003) 4640-4643. 

[53] Y. Lu, J.J. Chen, L. Mu, Q. Xue, Y. Wu, P.H. Wu, J. Li, A.O. Vortmeyer, K. Miller-Jensen, D. Wirtz, R. Fan, 
High-Throughput Secretomic Analysis Of Single Cells To Assess Functional Cellular Heterogeneity, Anal 
Chem, 85 (2013) 2548-2556. 

[54] J. Zhou, C. Fang, T. Chang, X. Liu, D. Shangguan, A Ph Sensitive Ratiometric Fluorophore And Its 
Application For Monitoring The Intracellular And Extracellular Phs Simultaneously, J. Mater. Chem. B, 1 
(2013) 661. 

[55] J. Kononen, L. Bubendorf, A. Kallioniemi, M. Barlund, P. Schraml, S. Leighton, J. Torhorst, M.J. 
Mihatsch, G. Sauter, O.P. Kallioniemi, Tissue Microarrays For High-Throughput Molecular Profiling Of 
Tumor Specimens, Nature Medicine, 4 (1998) 844-847. 

[56] Z. Xu, Y. Gao, Y. Hao, E. Li, Y. Wang, J. Zhang, W. Wang, Z. Gao, Q. Wang, Application Of A Microfluidic 
Chip-Based 3D Co-Culture To Test Drug Sensitivity For Individualized Treatment Of Lung Cancer, 
Biomaterials, 34 (2013) 4109-4117. 

[57] G. Cheng, J. Tse, R.K. Jain, L.L. Munn, Micro-Environmental Mechanical Stress Controls Tumor Spheroid 
Size And Morphology By Suppressing Proliferation And Inducing Apoptosis In Cancer Cells, Plos One, 4 
(2009) E4632. 

[58] A.Y. Hsiao, Y.C. Tung, C.H. Kuo, B. Mosadegh, R. Bedenis, K.J. Pienta, S. Takayama, Micro-Ring 
Structures Stabilize Microdroplets To Enable Long Term Spheroid Culture In 384 Hanging Drop Array 
Plates, Biomed Microdevices, 14 (2012) 313-323. 

[59] J.C. Schulz, P.S. Stumpf, A. Katsen-Globa, A. Sachinidis, J. Hescheler, H. Zimmermann, First Steps 
Towards The Successful Surface-Based Cultivation Of Human Embryonic Stem Cells In Hanging Drop 
Systems, Eng Life Sci, 12 (2012) 584-587. [60] E. Fennema, N. Rivron, J. Rouwkema, C. Van Blitterswijk, 
J. De Boer, Spheroid Culture As A Tool For Creating 3D Complex Tissues, Trends Biotechnol, 31 (2013) 
108-115. [61] Y. Morimoto, S. Takeuchi, Three-Dimensional Cell Culture Based On Microfluidic 
Techniques To Mimic Living Tissues, Biomaterials Science, 1 (2013) 257. 



 

 

 
167 

CHAPTER 7. A NOVEL HANGING SPHERICAL DROP SYSTEM FOR THE GENERATION OF CELLULAR 
SPHEROIDS AND HIGH THROUGHPUT COMBINATORIAL DRUG TESTING * 

 

7.1 Abstract 

We propose a novel hanging spherical drop system for anchoring arrays of droplets of cell suspension 

based on the use of biomimetic superhydrophobic flat substrates, with controlled positional adhesion and 

minimum contact with a solid substrate. By facing down the platform, it was possible to generate 

independent spheroids bodies in a high throughput manner, in order to mimic in vivo tumor models in a 

lab-on-chip scale. To validate this system for drug screening purposes, the toxicity of the anti-cancer drug 

doxorubicin in cell spheroids was tested and compared to cells in 2D culture. The advantages presented 

by this platform, such as feasibility of the system and the ability to control the size uniformity of the 

spheroid, emphasize its potential to be used as a new low cost toolbox for high-throughput drug screening 

and in cell or tissue engineering. 
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7.2 Introduction 

Cell-based high throughput screening (HTS) has been proposed as a powerful tool for rapid identification 

of drug candidates from large biological and chemical libraries with desired efficacy, which can accelerate 

the drug discovery [1-4]. Most studies of cell and tissue regulation have relied on the analysis of cell 

behavior in two-dimensional (2D) cell culture models. However, the 2D model fails to simulate the in vivo 

cellular microenvironment, thus compromising cellular functions, namely metabolic activity, proliferation, 

differentiation and cell death. Efforts to address these limitations led to the development of three-

dimensional (3D) cell culture models in which cells are grown within engineered extracellular matrix (ECM) 

[5]. HTS of anticancer drugs is usually performed using high-density multi-well plates with high-level and 

expensive robotic devices for cell seeding and drug management [6-10]. Recent advances in 3D cancer 

cell culture have used cellular spheroids as an adequate model, exhibiting a complex microenvironment 

similar to tumors in vivo and comparable drug responses [11-16]. Spheroids are self-assembled spherical 

clusters of cell colonies cultured in environments where cell-cell interactions dominate over cell-substrate 

interactions, and they naturally mimic avascular tumors with inherent metabolic (dependent on oxygen) 

and proliferative (dependent on nutrients) gradients [17]. 

3D spheroids can be easily produced by various simple methods, namely hanging drop cultures, 

engineered micro-fabrication of round-bottom and non-adherent platforms, microfluidic devices, spinner 

flasks, NASA rotary culture, thermo-responsible substrates and 3D scaffolds [18]. In particular, the 

hanging drop cultures offer an accessible and reliable method for generating higher numbers of spheroids 

with a precise and homogeneous size control and suitable compatibility for high throughput assays. 

Current developments in microarrays devices are directed towards further reductions in sample volumes, 

increasing analytical throughput and integration of pre- and post assay processing. Innovative 

technologies enable, for example, 384 spheroids to be cultured in a hanging drop fashion in the same 

platform [19]. However, the cost associated to the production and utilization of such innovative platforms 

requires high precision and expertise equipment that can be extremely costly. 

In our group, we made advances in this field, creating an innovative low-cost platform for individually 

dispense of miniaturized biomaterials, cells and culture medium, based on the use of patterned 

superhydrophobic (SH) surfaces [20-24]. The topography of these SH surfaces exhibit peculiar features 

like micro- and nano- hierarchical roughness, leading to low surface energy, mimicking SH surfaces found 

in Nature, such as the Lotus leaf.  
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Herein, we propose the use of flat SH substrates to arrange arrays of quasi-spherical cell culture droplets 

with the capability to build-up 3D spheroids in a high throughput manner, in order to mimic in vivo tumor 

models in a lab-on-chip scale. Droplets of a cell culture suspension are fixed in defined positions by the 

action of micro-indentations patterned with an array arrangement on polystyrene SH surfaces. The SH 

platform is solely physically modified polystyrene (PS) [25-31], which guarantees the lack of cytotoxicity 

and the chemical stability of the platform. Such platform presents several advantages compared to the 

conventional methods used on spheroids formation. Micro-size droplets for cellular assays allow drastic 

reduction of the volume required for cell growth, while SH surfaces mimic the effect of rose petals allowing 

a minimum contact of the liquid to the surface, avoiding any interferences such as protein adsorption or 

release of molecules from the platform to the cell culture media. The cell culture medium can be changed 

easily without destroying the micro-tissues since the droplets are tightly linked to the substrates by strong 

capillary forces, and drugs or other molecules can be easily added in any time. Moreover, the platform is 

compatible or easily adapted with many analysis techniques, such as inverted confocal microscopy, in 

which droplets of cells suspension remain inverted on the SH surface; and high-throughput combinatorial 

analysis may be performed in situ using different cell densities or drug concentrations. The high stability, 

precise positional and adhesiveness of the droplets allow to invert the platform 180º according to hanging 

drop approaches. Under this configuration the cells initially suspended in the droplets give rise to 

spheroids formed by gravity. The innovation of our system relies on the spherical geometry (“hanging 

spherical drop” method) exhibited by the cell suspension droplets. The size and composition of each 

droplet can be easily controlled in an individual form.  

To explore the capability of this platform, the cell behavior of 3D spheroids was compared to 2D culture 

upon being subjected to the effect of various concentrations of doxorubicin. Cell viability was evaluated 

using image-based analysis tools to assess the dose-dependent response of the formed tumor spheroids 

to this anticancer drug. 

7.3 Results and Discussion 

A platform was created following biomimetic principles [32]. Polystyrene (PS) superhydrophobic (SH) 

substrate mimicking the extreme water repellency of lotus leave was patterned with adhesive micro-

indentations (Figure 7.1 A.II) simulating the effect of rose petals [33]. The low adhesion to droplets on 

the lotus leave is caused by the air pockets formed between cell papilla (Cassie-Baxter model) while in 

the rose petal surface the droplets penetrate into the cuticular folds by capillary forces (Wenzel model) 

[33]. The developed platform was used as a support for arrays of quasi-spherical droplets of cell 
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suspensions (Figure 7.1 A.I), for the generation of fibroblasts-like cell spheroids. PS sheets were treated 

by a phase separation methodology [34], resulting in a water contact angle (WCA) higher than 150º, 

mainly by the introduction of micro and nano roughness on the surface (Figure 7.1 A.III).  

We hypothesize that the micro-indentations created on low surface-energy surfaces allow to confine and 

stabilize nearly spherical droplets only on the desired places with minimum contact area between droplet 

and surface, even when the surface with cells suspension droplets are turned upside down. (Figure 7.1 

A.IV).  

 

 

Figure 7.1 (A.I) Upper view scheme of the SH platform (A.II) patterned with micro-indentations able to suspend arrays of 
droplets containing cells. (A.III) The microstructure of PS SH surface observed by SEM and the representative image of a water 
droplet over the surface. (A.IV) Image of the hanging spherical drops system able to confine droplets on the desired places 
with minimum contact area between droplets and the surface. (A.V) Turning the platform 180º, (A.VI) the cell suspension 
inside the droplet (A.VII) leads to the formation of spheroids after 2 days due to the gravitational force applied to the cells. 
(A.VIII) Drug-screening tests by adding the anti-cancer drug, doxorubicin, in the droplets containing cell spheroids. (B) 
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Live/dead assay images after 48 hours of culture were taken in confocal microscopy of the formation of spheroids. Distinct 
cell densities were tested. Scale Bar: 200 μm. (C) Measurement of spheroids circularity using different densities of fibroblasts-

like cells. The results were presented as mean ± standard deviation (n=3). 

In the proposed device, the cells are maintained in suspension and confined within independent 

miniaturized cell culture droplets surrounded essentially by the gaseous environment of the device. The 

platform was fixed into the lids of polystyrene petri dishes (commercially available), and the bottom part 

was filled with cell culture media, in order to create a saturated environment and avoid the evaporation 

of the droplets (Figure 7.1 A.V-VI). The gravitational force applied on the cells in the hanged droplets 

induced its sedimentation and the formation of cell spheroids after 48h of seeding time (Figure 7.1 A.VII). 

Each droplet in the chip forms a singular spheroid with a consistent cell population that is generated 

without the need of any scaffold or adhesive substances. It was possible to produce arrays of individual 

sedimented spheroids and test distinct doses of an anti-cancer drug widely used in drug screening, 

doxorubicin (Dox), in the same device (Figure 7.1 A.VIII). Conventional methods to produce spheroids 

have common drawbacks, such as the formation of the spheroids with irregularly sizes, inaccessibility for 

testing in the platforms and difficulty to adapt to HTS platforms. The proposed hanging spherical drop 

system allows the growth of homogenously sized spheroids in an easy and non-invasive way. For the 

proof-of-concept, droplets containing fibroblasts-like cells suspension were dispensed on the inverted 

platform in order to promote the spheroids formation. Using distinct cell numbers, spheroids with different 

sizes and densities were obtained (Figure 7.1B). The pictures of the spheroids were taken using confocal 

microscope for precise cell quantification. The stained spheroids with calcein-AM (corresponding to green 

cells) and propidium iodide (corresponding to red cells) show that after 48 hours of incubation, the 

spheroids were entirely formed with high survival rates. As expected, the diameter of L929 spheroids 

increased with increasing cell density, from 10,000 to 60,000 cells/ droplet. Images of spheroids with 

more cell densities (from 5,000 to 60,000 cells per droplet), taken using fluorescent microscope, can be 

observed in Figure 7.S1. The micro-tissues produced by gravity-enforced hanging drop method with a 

density of 40,000 cells per drop present a perfect and uniform integration of single cells into a compact 

microstructure (Figure 7.2 A-C).  
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Figure 7.2 A) SEM, B) bright field, C) live/dead and D) DAPI/phalloidin representative images of L929 spheroids after 48 
hours of culture. Scale bar: 100 µm. 

Spheroids have become a “gold standard” model to investigate the cellular signalling mechanisms and 

effects of anti-tumour agents, mimicking the in vivo situation. Cancer cells live in a complex 

microenvironment consisting of non-cancer cells and tumour stroma. The tumour stroma consists of the 

basement membrane, immune cells, ECM, blood vasculature, inflammatory cells and fibroblasts. All are 

known to contribute for cancer development. Fibroblasts are the major component in the stroma and are 

responsible for the production of cytokines, ECM and growth factors that promotes tumour growth [35]. 

Under such conditions, fibroblasts can acquire a myofibroblastic phenotype and make direct cell-cell 

contact, via gap junction intercellular communication without intervening the ECM [36-38] (Figure 7.2D). 

However, when the fibroblasts are forced to cluster into a spheroid shape, they undergo a new pathway 

of cell activation beginning a process considered as necrosis-like death, induced by hypoxia or toxins 

(Figure 7.3 A.I). The limited flow of oxygen and nutrients into the core compromise the viability of the 

fibroblasts; as result, the viability of the cells decreases along the culture time. For this reason, a typical 

spheroid has an outer layer of proliferative cells, an internal layer of quiescent cells and hypoxic cells in 

the core. 

The morphogenesis of 2D cell cultures (Figure 7.3 A.II) was evaluated along with the spheroids culture, 

as control. In both conditions 40,000 cells were used and live/dead assay was performed to determine 

the cell viability. The images of the cluster cells were taken using confocal microscopy, in order to provide 

accurate quantification of the 3D samples. 
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Figure 7.3 A.I) Representative images using live/ dead staining taken from confocal microscope of individual spheroids up to 
four days of culture time, with density of 40,000 cells per droplet. Scale bar: 200 μm A.II) Representative images of L929 

monolayer cell culture along the same time points and cell density. Images using live/ dead staining were taken using 
fluorescent microscope. Scale bar: 50 μm B) Quantification of the viability of the cells in the spheroids and in the 2D cell 

cultures. Statistical differences were marked with (***), which stand for p-value < 0.001.  To evaluate the statistical differences 
related to the previous time point double (##) and triple symbols (###) were used for p-value < 0.01 and p < 0.001, 
respectively. All results were presented as mean ± standard deviation. 

The images of 2D cell culture were taken using fluorescence microscopy. With the increasing of the cell 

culture time, the cells in 2D monolayer presented higher viability compared to 3D spheroids (Figure 7.3B). 

This can be explained by the fact that cells cultured in monolayer have a higher surface area to adhere 

and proliferate, whereas 3D spheroids are limited to cell-cell interactions since are cultured in suspension. 
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Additionally, cells in monolayer have higher access to the nutrients of culture media, compared to the 

necrotic core of spheroids.  

The cellular pathway targeted by a drug, such as doxorubicin (Dox), might differ from 2D to 3D condition. 

Dox is an anti-cancer agent, widely used in human cancer chemotherapy that inhibits RNA and DNA 

synthesis [39]. This drug induces an alternative cell death mechanism to apoptosis. Figure 7.4 shows 

the effect of distinct concentrations of Dox on the cells in spheroids with different densities. Different 

amounts of Dox were introduced in the droplets to assess the dose-dependent response of the formed 

tumour spheroids to this anticancer drug. The viability of the cells in the spheroids was measured after 

24 hours by a live/dead assay (Figure 7.4 A). As expected, with the increase of the Dox concentration, 

cell viability of the spheroids decreased. However, L929 spheroids show a greater resistance to Dox 

compared to the monolayer L929 cultures (Figure 7.4 B-C).  

Recent experiments have confirmed that tumor spheroid is more resistant to drugs compared with the 

corresponding 2D cell cultures [40, 41]. This increased Dox resistance in the spheroid cells may be due 

to cell-cell contact response, internal protective mechanisms, and/or mass transfer limitations.  

Extending the screening of cells in suspension, we employed the new arrangement to test the behavior 

of cells in an aggregated form that could be useful for high-throughput monitoring. The proposed 

methodology could be easily extended to assess the time response of the cells to multiple drugs, drug 

screening on co-cultures, and study the effect of the gaseous environment on cell behavior (e.g. hypoxia, 

normoxia and hyperoxia). 
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Figure 7. 4 A) Fluorescent images of L929 spheroids with distinct densities (48 hours of formation) obtained by confocal 
microscopy 24h after the addition of various concentrations of doxorubicin. Scale bar: 200 μm B) Percentage of live cells in 

the spheroids in the different conditions. C) Percentage of viable cells in the 2D cell culture using different densities and 
different concentrations of anti-cancer drug obtained by the alamar blue method. Absorbance was read at wavelength of 570 
nm and 600 nm. Statistical differences were marked (***) p < 0.001. All results were presented as mean ± standard deviation. 

7.4 Conclusions 

Superhydrophobic biomimetic surface based on the so-called Lotus effect was produced onto which 

arrays of micro-indentations were generated to fix cell suspension droplets, based on the rose petals 

effect. By facing down the chip, it was possible to produce arrays of cells spheroids developed by gravity 

in the suspended droplets, according to an hanging spherical drop method. Spheroids provide a 3D 

cellular environment, which more accurately recapitulates the in vivo tumor, and have been used for drug 

screening tests. Using this platform, the dose-dependent cytotoxic effect of doxorubicin was measured, 

and we observed decreasing viability of the cells with increasing doxorubicin concentration. The spheroids 

also exhibit enhanced resistance to the drug over 2D standard monolayer cultures. We believe that such 

platform may also have potential to be used in several biological or biomedical applications, including in 

the field of tissue engineering and regenerative medicine, drug discovery, and drug delivery monitoring. 

7.5 Experimental 

Fabrication of patterned SH surfaces: SH polystyrene (PS) surfaces were produced using a one-step 

phase-separation methodology under ambient condition. 70 mg.mL-1 solution of PS (Styrolution PS 158K) 

was prepared dissolving the granules in tetrahydrofuran (THF from Fluka, p.a. >99.5%) solvent for 2 hours 

to form a pre-solution at ambient temperature. Then, 1.3 mL of ethanol (from Panreac) was added into 

2 mL of PS pre-solution and the mixed solution was stirred. A necessary volume to cover the PS substrate 

with this mixture was dipped onto a cleaned PS film (from Goodfellow, UK, with 0.25 mm of thickness, 

ref. ST311190/1). The substrate with the mixture was immersed in ethanol for 1 min. Afterwards the 

surface was dried at ambient temperature. 

Micro-indentations over the SH surfaces were produced using a microhardeness tester equipment (Leica 

VMHT 30) applying loads of 2942 mN with a dwell time of 10 s. A sharp rigid Vickers diamond pyramid 

indenter (included angle α=136º) penetrated into the surface with a constant load during a complete 

loading–unloading cycle producing individual indentations. To produce the arrays to sustain droplets of 

cell culture medium, the micro-indentations were placed in the SH surface at a distance of 5 mm from 

each other, with a square configuration, in the total of 16 spots for each condition.  
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Surface characterization: Water contact angle measurements were also performed at room temperature 

using an OCA 15 plus goniometer (DataPhysics). The values were obtained by the sessile drop method. 

The used liquid was ultrapure water and the drop volume was 3 μL. At least five measurements were 

carried out. 

The surface morphology of the SH sample and the spheroid formation was observed using a Leica 

Cambridge S-360 scanning electron microscope (SEM). All samples were coated with a conductive layer 

of sputtered gold. The SEM micrographs were taken at an accelerating voltage of 15 kV and at different 

magnifications.  

Cell Expansion and Cell Culture: The immortalized mouse lung fibroblast cell line L929 was purchased 

from the European Collection of Cell Cultures and was used as well established cell line for viability 

studies. Cells were expanded in low glucose Dulbecco’s Modified Eagle’s Medium (DMEM), from Sigma-

Aldrich, supplemented with 3.7 g·L−1 sodium bicarbonate, 10% heat-inactivated fetal bovine serum (FBS, 

Invitrogen) and 1% antibiotic/antimycotic (final concentration of penicillin 100 units.mL-1 and streptomycin 

100 mg.mL-1; Gibco) at pH 7.4. Cells were grown in 75 cm2 tissue culture flasks and incubated at 37 °C 

in a humidified air atmosphere of 5% CO2. Every 3−4 days, fresh medium was added. At 90% of 

confluence, cells grown in tissue culture flasks were washed with phosphate buffer saline (PBS) and 

subsequently detached by a chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 °C in 

a humidified air atmosphere of 5% CO2. To inactivate the trypsin 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. Cell 

suspensions with distinct densities were prepared. 

Monolayer Cell Culture: 1 mL of supplemented DMEM containing different cell suspensions was placed 

in a non-treated surface of 48-well cell plate (in triplicate). The plates were incubated at 37 ºC in a 

humidified air atmosphere of 5% CO2 at different incubation days. The fluorescent images of live/dead 

assay, were obtained by removing the cell culture media, and wash the culture plates carefully with PBS. 

Then, 1 mL of PBS containing 2 μL of calcein-AM and 1 μL of propidium iodide dyes were added to each 

well to staining the live cells with green and dead with red. After 10 minutes at 37 ºC, samples were 

extensively washed with PBS solution and immediately visualized in the dark by transmitted light 

microscopy (Axio Imager Z1m, Zeiss). ImageJ software (NHI, USA) was used to quantify the cells adhered 

on the well plate. 

Cytotoxicity of 2D cell culture: The 2D monolayers of cells were tested for cytotoxicity using alamarBlue 

colorimetric assay. Briefly, different cells density were placed in a treated surface 48-well cell culture plate 
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(in triplicate) and incubated at 37 °C and 5% CO2. After 48 hours of culture, the assay was performed, 

protected from light. The culture medium was removed and 500 μL of supplemented DMEM containing 

10 % v/v alamarBlue solution was added to each well. Samples were then incubated in the dark at 37 

°C and 5% CO2. After 4 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 HT, Bio-TEK).  

On-chip spheroids formation: A hanging drops approach used for the formation of spheroids was 

performed using SH surfaces patterned with adhesive micro-indentations. Prior to cell seeding, the SH 

surfaces were sterilized by UV radiation for 30 min. Suspensions with different fibroblasts-like cell 

densities were prepared. Droplets of 5 µL of cell suspensions (in triplicate) were placed over the micro-

indentations of the platforms. The platform with different cell suspensions was inverted 180º and 

incubated for 48 hours at 37ºC in a humidified 5% CO2 atmosphere. The platform containing droplets of 

cell suspensions was fixed into the lids of polystyrene petri dishes, and the bottom part was filled with 

cell culture media, in order to create a saturated environment and avoid the evaporation of the droplets 

The representative images of the formed spheroid in the droplet with 40,000 L929 cells after 48 hours 

of incubation (Figure 7.2) were taken using scanning electron microscope (JSM-6010LV, JEOL), 

transmitted light microscopy (Axio Imager Z1m, Zeiss) and inverted confocal microscopy (Leica, TCS 

SP8). For the SEM analysis, after the spheroid formation, 5 µL of 10% formalin was dispensed to the 

droplets. The spheroids were dehydrated with a series of increasing ethanol concentrations (50%, 70%, 

80%, 95% and 100%). Live/dead assay was assessed. 2 µL of PBS containing calcein-AM and propidium 

iodide was added to the spheroids. DAPI and phalloidin assay was also performed. DAPI stains 

preferentially double-stranded DNA by delineating cells nuclei in blue and phalloidin stains with the red 

color the actin filaments of the cells and is used to evaluate the function of cytoplasmic actin. Prior to 

staining, the culture medium was removed and 5 µL of 10% formalin was dispensed to the droplets. 

Then, 2 µL of PBS containing DAPI and phalloidin was added.  

Drug screening tests: After 48 hours of cell culture for spheroids formation, 2 µL of doxorubicin 

(Doxorubicin hydrochloride, Sigma-Aldrich) with different concentrations (0.1 mg.mL-1, 0.01 mg.mL-1 and 

0.001 mg.mL-1) were dispensed in the different droplets. The chips were incubated for 24h at 37ºC in a 

humidified 5% CO2 atmosphere. The liquid content of the droplets with cell aggregates were carefully 

exchange with PBS. Afterwards, 2 µL of PBS containing calcein-AM and propidium iodide was added to 

each condition to staining the spheroids. The same procedure was made to 2D cell culture.  
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3D spheroids analysis: Image analysis tool (WCIF ImageJ software, NHI) was used to evaluate the 

percentage of live/dead cells of each droplet condition. Each image of stained spheroids obtained from 

confocal microscope was divided in green and red channels and transformed in a gray scale. The number 

in each channel (grey scale intensity 0-255, in which 0 correspond to black color and 255 white color) 

was counted and divided for the number of total analyzed area. The same threshold criterion was used 

in all images.  

Statistical analysis: The statistical analysis of both cell cultures data was performed using two-way analysis 

of variance (ANOVA) with Bonferroni post-test using GraphPad Prism 5.0 software. The adopted 

nomenclature was the following: statistical differences in grouped by time point analysis were marked 

with  (**) and (***), which stand for p-value < 0.01 and p < 0.001, respectively.  For evaluate the statistical 

differences relating to the time point before, the symbol “#” was used to represent 3D spheroid. Double 

symbols (##) represent p < 0.01 and triple symbols (###) represent p < 0.001. All results were presented 

as mean ± standard deviation. 
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7.7 Supporting information 

 

Figure S7.1 Representative images of spheroid formation, after 48 hours, using different densities of fibroblasts-like cells. 
Scale bar: 200 µm 
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CHAPTER 8. FABRICATION OF HYDROGEL PARTICLES OF DEFINED SHAPES USING HYDROPHILIC-
SUPERHYDROPHOBIC MICROPATTERNS * 

 

8.1 Abstract 

We report a method to rapidly fabricate alginate hydrogel microparticles of specific sizes and shapes. Our 

method is based on the formation of arrays of microdroplets of pre-hydrogel solutions on 

superhydrophobic-hydrophilic patterns using the process of discontinuous dewetting, followed by their 

gelation via the parallel addition of CaCl2 to the individual droplets via the sandwiching method. We 

demonstrate that viability of living cells incorporated within the hydrogel particles is higher during the 

long-term cultivation than in the case of cells cultured in the bulk three-dimensional hydrogel matrix. 

Incorporation of magnetic particles into free-standing hydrogels containing living cells enabled ease 

manipulation of the particles using an external magnetic field. 
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8.2 Introduction 

Hydrogels are hydrated three-dimensional (3D) cross-linked polymers resembling natural extracellular 

matrix (ECM) that provide soft 3D support for cellular growth and tissue formation [1]. Due to their unique 

properties such as high porosity, permeability for gases, nutrients and metabolites, as well as their 

compatibility with physiological conditions, hydrogels have been extensively studied as material support 

for immobilizing cells, cultivating cells in 3D [2], biomedical applications, drug delivery and tissue 

engineering [3]. 

Two distinct approaches namely “top-down” or “bottom-up” have recently emerged in hydrogel 

engineering. Top-down approaches control the microscale features (i.e. size and shape) of relatively large 

pieces of bulk hydrogels [4], whereas bottom-up approaches aim to generate larger tissue constructs via 

the assembly of smaller building blocks (usually cell-laden hydrogels) which mimic the in vivo tissue 

structure of repeating functional units [5]. 

The limitations of bulk hydrogels are that they usually lack the hierarchical architecture of in vivo tissues 

and suffer from the slow diffusion of nutrients and other biological signaling molecules (e.g., growth 

factors) from the surrounding medium into the entrapped cells, leading to higher toxicity and 

incompatibility with long-term cell cultivation. These drawbacks undermine the concept of employing 

hydrogels for 3D cell cultivation [6, 7]. 

Several attempts have been proposed to solve this problem [8-12]. The Doyle group developed methods 

to generate hydrogel microparticles with specific shapes using continuous flow or stop-flow lithography 

[13]. A droplet-based microfluidic system was proposed to construct alginate gel beads encapsulating 

cells [14]. Cell-encapsulating hydrogel particles have recently been used in several fields such as 3D cell 

culture and in vitro micro-physiological models [15, 16].  

However, there are still too few methods allowing for the fabrication of hydrogel particles with different 

geometries and dimensions and compatible with the cell encapsulation [17]. New approaches combining 

the encapsulation of cells into structures with complex geometries and long-term cell analysis are also 

required. 

We recently demonstrated a versatile platform for creating thousands of isolated microdroplets of specific 

geometry and volume, based on the use of superhydrophobic (SH) surfaces patterned with wettable 

superhydrophilic (SL) domains [18-22]. The extreme wettability contrast of the SH-SL patterns allows the 

spontaneous separation of an aqueous solution into high-density arrays of microdroplets using the effect 
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of discontinuous dewetting. This rapid and facile droplet formation does not require multiple pipetting or 

a liquid handling device. The handling of small volumes of droplets requires fewer reagents than with 

conventional microplates. 

Microarray platforms can be used to study cellular behavior by creating distinct combinations of 

chemical/biochemical microenvironments [23, 24]. Micropatterning and microfluidic systems have been 

used to create hydrogels with spatially controlled organization as well as numerous cell-material or cell-

cell combinations to analyze distinct biological issues [25, 26]. Micro-patterned arrays have been 

generated by immobilizing hydrogels on different micro-domains within a plane surface, and they have 

been used for disease diagnosis, prognosis, biochemical analysis, and therapeutic regimes, and have 

become an alternative approach for high-throughput multiplexed assays [27-30]. Strategies avoiding such 

2D fixation of various hydrogels have employed shape-coded hydrogel particles as a suspension 

microarray format for multiplexed bioassays [31, 32].  

Here we describe a method for the rapid fabrication of alginate hydrogel particles of defined sizes and 

shapes using the effect of discontinuous dewetting on an SH-SL microarray combined with the 

sandwiching method to achieve the simultaneous gelation of the pre-hydrogel droplets. We applied this 

method in three demonstrations: (1) preparing an array of hydrogel particles and free-standing hydrogel 

particles with distinct geometries and sizes defined by the photomask features; (2) examining the cells' 

in situ viability encapsulated into free-standing hydrogel particles, and (3) constructing magnetic 

responsive hydrogel particles for modular tissue engineering and shape-coded free-standing hydrogels of 

distinct cell types.  

8.3 Results and Discussion 

To produce the SH-SL array, a nanoporous poly(2-hydroxylethyl methacrylate-co-ethylene dimethacrylate) 

(HEMA-EDMA) polymer layer was formed on a microscope glass slide followed by modifying the polymer 

surface with alkyne groups via esterification [18]. Afterwards, an SH pattern with specific geometry was 

formed by functionalizing the surface with 1H,1H,2H,2H-perfluorodecanethiol using the thiol-yne photo-

click reaction [18] and by applying a corresponding quartz photomask. The remaining alkyne groups were 

reacted with 2-mercaptoethanol under UV light to form the desired pattern of superhydrophilic (SL) areas 

separated by superhydrophobic (SH) borders. The porous SH regions possessed advancing (θadv), static 

(θst) and receding (θrec) WCAs of 173°, 170° and 164°, respectively, while the SL areas showed WCAs 

close to zero.20 
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Figure 8.1 Schematic representation of the DMA platform and workflow for the high-throughput fabrication of hydrogel particles 
via the sandwiching method.  Step 1: Formation of an array of droplets of a pre-hydrogel solution on a superhydrophobic-
superhydrophilic array. Step 2: Crosslinking of alginate droplets by performing parallel addition of CaCl2 solutions into the 
individual droplets via the sandwiching method. By changing the position of the slide 1 (bottom vs top) containing CaCl2 
droplets, it is possible to form either an array of fixed hydrogel particles (Step 2a) or detach hydrogel particles to form free-
floating hydrogel particles (Step 2b). Scale bar: 2 mm. 

The extreme difference in wettability between the SL spots and SH background creates a means of 

forming arrays of microdroplets using the effect of discontinuous dewetting [33] (Figure 8.1, Step 1). The 

size and volume of the droplets depend on the geometry and surface area of the hydrophilic regions and 
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is controllable from 700 pL up to 3 µL.18 This allows for the dispensing of aqueous solutions into thousands 

of droplets without the need for manual pipetting or robotic devices. As soon as the nanoporous SL areas 

become wet, the porous polymer becomes transparent due to reduced light scattering caused by matched 

refractive indexes, thereby making SL spots visible and enabling light and fluorescent microscopy 

analysis. In this project we prepared arrays of droplets of different shapes and sizes (Figure 8.2, S2) with 

droplet height of 14.2 ± 1.3 µL (Figure 8.S1) [20].  

The workflow of the high-throughput fabrication of hydrogel particles is illustrated in Figure 8.1. In the 

first step, two separated arrays of droplets were formed. Slide 1 was prepared using CaCl2 solution (1 

mol/L) as a crosslinker. The second slide (Slide 2) contained cells suspended in 2 mg.mL-1 of alginate 

solution. Afterwards, the two slides were aligned to come briefly into contact (Slide 1 – bottom, Slide 2 – 

top) to mix and form separated hydrogel droplets (Figure 8.1). The droplets' gelation occurred within 

seconds (~10 sec) after the addition of CaCl2 solution. Then, the two slides were separated and an array 

of adhered hydrogel particles formed on the slide, which was located at the bottom during sandwiching 

(Figure 8.1, step 2a). In this case, our hypothesis is that CaCl2 trapped in the porous polymer continues 

to diffuse into the droplets after the sandwiching step, leading to the formation of a stronger hydrogel 

layer at the surface, which anchors hydrogel to the polymer substrate even when the slide is immersed 

into solution. The stability of hydrogels-on-chip was tested for 7 days of culturing fully immersed in 

medium, which did not result in detachment. By changing the position of the two slides (Slide 1 – top, 

Slide 2 - bottom) an array of hydrogel particles formed again (Figure 8.1, step 2b). During the sandwiching 

step, the DMA slide containing alginate droplets is placed at the bottom. In this case, hydrogel particles 

could be easily detached from the DMA slide by immersing in culture medium or buffer. Free-standing 

hydrogel particles containing cells could be also formed using this method. We hypothesize that the 

reason for the different gelation and adhesion strengths of the hydrogel particles is caused by fast 

consumption of CaCl2 during the crosslinking process in the droplets resulting in a weaker hydrogel layer 

at the bottom of droplets and their easy detachment.  

To demonstrate the broad applicability of this method, we used the DMA platform to fabricate a variety 

of hydrogel particles with different geometries (Figure 8.2). 
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Figure 8.2 Microscopic images of free-standing hydrogel particles (bright-field images) containing magnetic beads and arrays 
of fluorescent hydrogel particles anchored to the patterned surfaces (insets). Fluorescent hydrogel particles contain 0.25 wt % 
of rhodamine 6G as additive. The following geometries were used: squares with 3 mm (a) and 1 mm (b) side length, circle 
with 3 mm (c) and 1 mm (d) diameter, hexagon of 3 mm (e) and 2 mm (f) side length, triangle with 3 mm side length (g), 
hearts with width of 3 mm (h) and stripes of 1 mm width.  Scale bar 1 mm.  

Both free-standing and on-array hydrogel particles of different sizes and geometries could be prepared. 

The dimension and shape of the hydrogel particles can be controlled by the photomask design. 

Comparison of the fluorescence intensity of hydrogels formed on distinct SL spots, as well as the 

dimensions of the free-standing hydrogels proved the homogeneous size distribution of hydrogel particles 

of different shapes (Figure 8.S2). 
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Figure 8.2 demonstrates that the droplet array method is not perfectly suited for the formation of hydrogel 

particles with sharp corners. This is a result of the surface tension of water solutions that tries to round 

off the corners of liquid droplets at the sharp edges of the hydrophilic-hydrophobic patterns. However, the 

shapes of hydrogel particles are easily recognizable and could be distinguished automatically by an image-

recognition software. It is also evident from the images in Figure 8.2 that the geometry of edges of the 

pattern (straight lines – triangles and hexagons, round, or even concave in the case of hearts) is 

transferred to the hydrogel particles.  

The shape of hydrogel particles can be applied in various ways and can also have an effect of cells or cell 

encapsulation. For example, the shape and size of particles will determine the number of cells per particle. 

The shape of particles will be important for constructing macro assemblies with diverse architectures, 

inter-particulate distances or particle-to-particle interactions. This method can be used as a toolbox of cell 

bearing hydrogel bricks of different shapes to enable diversity of multi-particle assemblies for modular 

tissue engineering [30]. In addition, shape of such building blocks can be used to encode information 

about the composition of the individual blocks without the need for separate fluorescent labeling (vide 

infra). 

The mechanical properties of hydrogels are important for mimicking the in-vivo cellular environment and 

for achieving higher cell viability during long-term cell culture. The stiffness of hydrogels depends on the 

concentration of CaCl2 used for gelation. Dynamic mechanical analysis see supplementary information 

and Figures 8.S1e-f for details) was used as a non-destructive technique to characterize the viscoelasticity 

of the hydrogels fabricated using different concentrations of CaCl2. To check the long-term stability of free-

standing hydrogels, we assessed the mechanical and viscoelastic properties on hydrogels immersed in 

cell culture medium with or without the supplementation of 1% (v/v) of CaCl2 solution for 1, 3, 5 and 7 

days (see Figure 8.S3 for details). Our results revealed that after immersion of crosslinked alginate 

hydrogels into cell culture medium the hydrogels’ storage modulus decreased from 95 kPa (day 1) to 

approximately 19 kPa on day 7 (Figure 8.S3a) [34]. This could be explained by ionic exchange between 

calcium and monovalent ions (such as sodium ions). However, this tendency seemed to be reversed by 

a possible continuation of the crosslinking, by adding calcium ions to the medium. The hydrogels' storage 

modulus increased with the duration of immersion in the calcium-supplemented medium, to 

approximately 200 kPa, after 7 days of immersion (Figure 8.S3b). Moreover, in hydrogels immersed in 

calcium-containing medium, the loss-factor values did not vary significantly with time (Figures 8.S3c-d). 
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In the next step we also fabricated free-standing hydrogel particles incorporating living cells (Figure 8.3a). 

We first demonstrated that alginate and CaCl2 exerted no cytotoxic effect on live human cervical tumor 

cell line expressing GFP (HeLa-GFP) (Figure 8.S4). Then, cells were seeded onto the SH-SL patterned 

surface containing round SL spots of 3 mm diameter by applying cell suspension containing 2 mg.mL-1 

of alginate to form an array of separated droplets. CaCl2 solution was spread on a separate DMA slide. 

Hydrogels were formed by sandwiching both slides using the sandwiching device (Figure 8.1). This led to 

the formation of an array of round, free-standing hydrogel particles particles of 3 mm diameter at the 

base. Each hydrogel particle incorporated on average 588 ± 62 cells (Figure 8.S5). The hydrogel array 

slide was immersed in cell culture medium supplemented with 1% of CaCl2 for a few seconds, leading to 

the immediate detachment of hydrogel particles. CaCl2 was added to the medium to keep the hydrogel 

particles from dissociating.  The medium supplemented with calcium was exchanged every 2 days. 

Square hydrogel particles whose sides measured 1 mm were also fabricated using this method (Figure 

8.S6). The viability of cells cultured in free-floating hydrogel particles was monitored for up to 7 days via 

propidium iodide staining and MTT assay (Figure 8.3b,c). These results were compared with the viability 

of HeLa-GFP cells cultured in a standard petri dish (2D positive control) and cells cultured in bulk 2 mm 

thick alginate hydrogel layers prepared in a 24-well microtiter plate. Already 24h after the onset of 

culturing, the viability of cells in free-standing hydrogels was more than 20% higher than that of the bulk 

hydrogels. The toxicity of cells cultured in the bulk hydrogel rose to 60% after 5 days and 80-90% after 7 

days of culturing, while that of cells in the hydrogel particles rose to just about 20% and 30%, respectively. 

This is attributable to the cells' superior accessibility to oxygen and nutrients when cultured in the thin 

free-standing hydrogel particles compared with the limited nutrient and gas exchange in the bulk hydrogel 

system. The difference in cell viability can be explained by much higher surface area-to-volume ratio of 

free-standing hydrogels (app. 11) compared to bulk hydrogel (app. 0.9), which reflects in exchange rate 

of nutrients and oxygen. One property of ionically cross-linked alginate hydrogel particles is that they 

dissolve when cultured in standard Ca-negative culture medium. This happens due to the release of 

calcium ions into the surrounding media caused by the exchange with monovalent cations (such as 

sodium ions present in the medium) [34]. This could be either an advantage (enabling cell release from 

the hydrogel) or a disadvantage (when long-term cultivation is required). To address this problem, we 

supplemented the culture medium with 1% (v/v) solution of CaCl2 (Figure 8.S7). Those results revealed 

no significant differences in the cells' viability, whereas the viability of cells cultured in cell culture medium 

(without calcium addition) dropped to 70% of viability on day 7. Thus, the addition of calcium ions to 

physiological media promotes mechanical integrity without affecting cellular viability.   
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Figure 8.3 a) Representative brightfield and corresponding fluorescence images of free-standing hydrogels encapsulating HeLa-
GFP cells for up to 7 days of culturing time. Dead cells are visualized using PI staining. Scale bar: 1 mm. b) Percentage of live 
cells obtained using image-based analysis and c) MTT colorimetric assay. Statistical differences by time point analysis were 
marked with (*), (**), (***), which stand for p-values <0.05; p<0.01; p<0.001, respectively. Statistical differences related to 
the previous time points are indicated by ## (p<0.01) or ### (p<0.001). All results are presented as ± standard deviation. 

Magnetic field has been used in various cellular applications, cell sorting, 3D cell cultures, tissue 

engineering, local hyperthermia therapies, and clinical imaging applications [35-38]. Using the droplet 

microarray method, free-standing hydrogels can be loaded with functional magnetic or other nanoparticles 

to enable the use of magnetic field for the remote manipulation of the hydrogels (Figure 8.4). 
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Figure 8.4 Magnetic free-standing hydrogel particles fabricated using the droplet-microarray approach. a) Representative 
brightfield and correspondent fluorescence images of magnetic hydrogels encapsulating HeLa-GFP cells and magnetic particles 
for 7 days of culturing time. Live and dead cells are represented by green (GFP) and red (PI) color, respectively. Scale bar: 
200 μm b) Percentage of live/dead cells using image-based analysis (cell counting) and c) MTT colorimetric assay. Absorbance 

was read at wavelength of 570 nm. All results are presented as ± standard deviation. d) (I.) An array of square-shaped magnetic 
hydrogel particles (3 mm size length), (II) free-standing hydrogel particles formed by immersion the array in buffer, (III) 
manipulation of the particles by pipetting or (IV) an external magnetic field. e) Representative images of (i) brightfield, (ii) 
fluorescent and (iii) overlay of co-culture hydrogels with circle and square shapes. HeLa cells expressing GFP cells (green) 



 

 

 
193 

were immobilized in circle-shaped free-standing hydrogels and MLIy-mCherry cells (expressing fluorescent red) were 
immobilized in squared-shaped free-standing hydrogels. Scale bars: 1 mm. 

Magnetic beads measuring 2 μm were added to alginate solution containing living Hela-GFP cells. The 

viability of cells cultured in free-floating magnetic hydrogel particles was evaluated for up to 7 days using 

propidium iodide staining, followed by fluorescence microscopy (Figure 8.4b). MTT colorimetric assay 

was performed separately (Figure 8.4c). We observed no significant differences in the viability of the cells 

cultured in the presence of magnetic beads in comparison to 2D cell culture (Figure 8.S8). After 1 day of 

cell culturing in a 2D and 3D environment, viability remained at 100%, dropping to 70% on day 7.  

Magnetic hydrogel particles can be useful for the Modular Tissue Engineering [39] due to the possibility 

to manipulate both single particles and particle assemblies using external magnetic field. Thus, it is also 

possible to remotely control exchange of the medium, collection of hydrogel particles and active 

movement of particles across culture medium. On the other hand, application of the external magnetic 

field to a suspension of free-standing magnetic hydrogel particles permits rapid assembly of the particles 

into stable macroscopic 3D architectures (Figure 8.S11). The ability to remotely modulate the density 

and interparticulate volume of 3D hydrogel architectures using external magnetic field has been also 

demonstrated in a proof-of-concept experiment (Figure 8.S11). We showed that this method could be 

used to remotely compress or expand 3D hydrogel particle assemblies (3 mm diameter, n=250), which 

is important, for example, for achieving active perfusion of large 3D hydrogel particle assemblies with 

medium for long-term cell culturing (Figure 8.S11). The remotely controlled compression-expansion 

cycles could be repeated at least 50 times (Figure 8.S11). Finally, the ability to remotely compress 

hydrogel particle assemblies was applied to demonstrate the stimuli-responsive release of a small 

molecule drug incorporated inside the hydrogel using an external magnetic field as the stimulus (Figure 

8.S9). 

In order to demonstrate the ability to use hydrogel particles of diverse geometries for shape-coding to 

distinguish between hydrogels´ different compositions, we prepared two types of free-standing hydrogels: 

round 3 mm hydrogel particles encapsulating HeLa-GFP cells and square 3 mm hydrogel particles 

incorporating MLTy-CMV-mCherry-neo cells expressing cherry fluorescent protein (Figure 8.4e). The 

density of both cell types inside the distinctly shaped hydrogel particles was set to 6 x 105 cells per mL of 

alginate solution. The same amounts of free-standing hydrogel particles were mixed in a Petri dish. The 

fluorescence images show that no cross-contamination occurred between hydrogels, and that the cells 

remained immobile inside the particles (Figure 8.4). It is also evident that the shape difference opens the 
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way to differentiate between particles´ various compositions and encapsulated cell types without special 

fluorescence labeling. 

8.4 Conclusions 

We have demonstrated a new method to fabricate free-standing hydrogel particles with defined geometries 

and sizes, while maintaining control of the elastic modulus and the composition of the hydrogel. This 

platform offers several advantages: (i) thousands of hydrogel particles can be rapidly formed without the 

need for multiple pipetting; (ii) their size and composition can be controlled using the geometry of the 

hydrophilic areas; (iii) cells can be encapsulated inside hydrogel particles; (iv) the volume of the hydrogel 

particles can be in the nanoliter range scale, which is one order of magnitude less than that of a standard 

well in a 96-well plate; (v) sample cross-contamination is prevented by the use of superhydrophobic 

barriers; (vi) the hydrogel particles can be used either in the form of an array for screening applications 

or as free-standing particles. The presented technology was also used to form magnetic hydrogel particles 

incorporating live cells. These particles can be employed for the modular tissue engineering due to the 

possibility to manipulate both single particles and particles assemblies using external magnetic field. We 

believe that the ability to easily create and manipulate thousands of hydrogel particles of controlled size 

and geometry will be essential for 3D cell studies and modular tissue engineering. Finally, such a platform 

can potentially be applied to different types of biomaterials, hydrogels and cells. 

8.5 Materials and Methods 

Materials: Low viscosity sodium alginate from brown algae (~250 cP) was purchased from Sigma-Aldrich 

(USA). Magnetic beads (2 µm, chemagen) in a concentration of 100 mg.mL-1 were kindly provided by 

Prof. Dr. Matthias Franzreb (Institute of Functional Interfaces, KIT). Glass slides were purchased from 

Schott Nexterion. Sodium hydroxide (NaOH) was purchased from Carl Roth GmbH + Co. KG (Germany). 

Calcium chloride (CaCl2), sodium chloride (NaCl2) (p.a. ≥ 99,5%), hydrochloric acid (HCl), 

dichloromethane and 4-(dimethylamino)pyridine were purchased from Merck (Germany). 3-

(trimethoxysilyl)propyl methacrylate, 2-hydroxyethyl methacrylate (HEMA), ethylene dimethacrylate 

(EDMA), cyclohexanol, 2,2-dimethoxy-2-phenylacetophenone, trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane, 4-pentynoic acid, perfluorodecanthiol and fetal bovine serum (FBS) were purchased from Sigma-

Aldrich Chemie (Germany). Silica beads (SilicaSphere 100 Å) was purchased from SiliCycle Dichrom 

GmbH (Germany). Adhesive film was purchased from Tesa (Germany). N,N’-diisopropylcarbodiimine and  

ß-mercaptoethanol were purchased from Alfa Aesar GmbH & Co KG (Germany). Quartz photomask was 
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developed with Autodesk Inventor 2011 software and manufactured by Rose Fotomasken (Germany). 

Dulbecco’s Modified Eagle’s Medium DMEM, Penicillin/ Streptomycin and trypsin/ EDTA were purchased 

from Gibco, Life Technologies GmbH (Germany). Red fluorescent rat mammary carcinoma MLIy-CMV-

mCherry-neo was kindly donated by Prof. Jonathan P. Sleeman and Dr. Olivier Kassel (Institute of 

Toxicology and Genetics, KIT,Germany). Human Cervical tumor cell line HeLa expressing GFP was 

purchased from BioCat (Germany). 

Preparation of the Droplet Microarray (DMA):  Briefly, glass slides were first activated by immersing them 

in 1M NaOH for 1 hour followed by neutralization immersing them in 1M HCl for 30 minutes. Activated 

glass slides were modified with 20% v/v solution of 3-(trimethoxysilyl)propyl methacrylate in ethanol for 

30 minutes at room temperature. In order to create a thin polymer thin atop of the modified glass slides, 

a polymerization mixture solution was prepared based on: 24 wt% 2-hydroxyethyl methacrylate (HEMA), 

16 wt% ethylene dimethacrylate (EDMA), 12 wt% 1-decanol, 48 wt% cyclohexanol and 0,4 wt% 2,2-

dimethoxy-2-phenylacetophenone. The polymer layer's thickness was controlled by applying 15 μm 

monodispersed silica beads on corners of fluorinated glass slide, which was prepared in 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane vapor in desiccators under 50 mbar vacuum for 3 hours. 

Afterwards, a few droplets (70 µL) of polymerization solution were dispensed applied onto a fluorinated 

glass slide containing the silica beads and covered with a modified slide. Polymerization was performed 

by crosslinking a HEMA-EDMA polymer mixture via UV irradiation with 12 mW/cm2 intensity and 260 nm 

wavelength for 15 minutes. The polymer surface was washed with ethanol and dried with an air gun. To 

increase the roughness, the polymer surface was taped with commercial adhesive tape. Then, the 

polymer surface was modified by immersing the entire glass slide in an esterification solution containing 

45 mL of dichloromethane 56 mg of 4-(dimethylamino)pyridine, 111,6 mg of pentynoic acid and 180 μL 

of N,N’-diisopropylcarbodiimine for 4 hours while stirring at room temperature. A superhydrophobic 

pattern was obtained by dripping 5% v/v solution of perfluorodecanthiol in acetone onto the polymer 

surface and irradiating the slide with a photomask under 260 nm of UV light at 12 mW/cm2 for 1 min. 

Superhydrophilic spots were created by applying 10% v/v ß-mercaptoethanol solution in 1:1 water:ethanol 

onto the patterned surface and irradiating the slide with 260 nm UV light at 12 mW/cm2 for 1 min.  

On-chip alginate hydrogel particles preparation (“Sandwich method”): A 2% w/v of alginate was dissolved 

in 0.15 M of NaCl. The pH of the alginate solution was adjusted to 7. Hydrogel particles were produced 

using patterned DMA by a sandwich method. Briefly, Slide 1 was prepared via the rolling droplet 

technique, simply by rolling a drop of 1M CaCl2, in which liquid solution fills only the DMA slide's wettable 

areas. Slide 2 was prepared using the standing droplet technique, where a droplet of 1 mL of alginate 



 

 

 
196 

solution was lying on the top of a patterned array followed by slightly tilting the slide, thus enabling droplets 

to from spontaneously – see step 1 in Figure 8.1. For the precise alignment and sandwiching of CaCl2 

and alginate slides, both surfaces were mounted on a vacuum clamping system to ensure proper 

handling. First, the CaCl2 slide was positioned laterally on a manual x,y linear stage PKT 130 (Owis GmbH, 

Staufen, Germany) mounted on a bottom plate. Then alginate slide was positioned vertically on the top 

place, so that its pre-printed pattern matched the geometry of the CaCl2 slide. With the goniometer TP 65 

(Owis GmbH, Staufen, Germany) the surfaces were positioned co-planar to enable the droplets' 

homogeneous diffusion. Using a UI-5490-SE camera (IDS Imaging Development Systems GmbH, 

Obersulm, Germany), we could monitor the sandwiching process in real time. The camera also enabled 

us to align both patterned slides. Once the droplets on different slides had remained in contact for 30 

seconds, the patterned slides were separated from each other. The vacuum clamping system enabled 

fast and reproducible handling, allowing for highly coplanar removal of the upper glass slide and 

preventing the risk of cross contamination between droplets. This procedure makes it possible to produce 

immediately an array of hydrogel particles that remain fixed within the DMA even when the slide is 

immersed in liquid solution- see schematic representation of step 2a in Figure1. Detached hydrogels 

particles were obtained by moving the CaCl2 slide to the top of the device- see schematic representation 

of step 2b of the Figure1.  

Preparation of alginate hydrogels for dynamic mechanical analysis: A solution of 2% (w/v) sodium alginate 

was prepared. Portions of 200 μL of the alginate solution were poured into silicon molds with 7 mm 

diameter, and 2 mm height. Each circular well was then covered with 200 µL of CaCl2. Different hydrogels 

were prepared by using CaCl2 in concentrations of 0.1, 0.5, 1 and 2 M. The reaction occurred for 15 

minutes, and the hydrogels were then rinsed with PBS. After their processing, the alginate hydrogels were 

tested for their storage modulus (E’) and loss factor (tan ) under cyclic compression using a Tritec 

8000B (Triton Technology, United Kingdom) dynamic mechanical analyzer. To avoid any ionic exchange 

phenomena with the immersion media, the tests were performed under environmental conditions (not 

immersed, at room temperature). The assays were conducted through three compressive cycles of 

increasing frequencies ranging from 0.5 to 15 Hz. The experiments were done under constant strain 

amplitude, corresponding to 1% of the total height of the hydrogels, which was accurately measured for 

each specimen. At least 4 specimens were measured per condition. For the second characterization, 

hydrogels prepared with 1 M CaCl2 were immersed in (i) DMEM cell culture medium and (ii) DMEM cell 

culture medium supplemented 1% of CaCl2. Both immersion conditions aimed at mimicking the cell 

culture conditions used in this experiment. Cell culture media in both formulations were exchanged every 
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3 days at the same frequency as that in the cell culture experiments. The hydrogels were tested for their 

E' and tan delta after 1, 3, 5 and 7 days of immersion in cell culture media, at 37ºC. The hydrogels were 

tested under immersion in DMEM (with or without calcium supplementation, similarly to the immersion 

medium during the experiment), at 37ºC. 

In vitro cell expansion and cell culture: Cells were routinely cultured in complete Dulbecco’s Modified 

Eagle’s Medium DMEM containing 10% of fetal bovine serum FBS and 1% of Penicillin/Streptomycin at 

pH 7.4. Cells were grown in 75cm2 tissue culture flasks and incubated at 37ºC in a humidified air 

atmosphere of 5% CO2. Fresh medium was added every 2 to 3 days. 

Cell encapsulation inside hydrogel particles: At 90% of confluence, cells grown in tissue culture flasks 

were washed with PBS and subsequently detached by a chemical procedure with 0.05% trypsin-EDTA 

solution for 2 minutes at 37ºC in a humidified air atmosphere of 5% CO2. To inactivate the trypsin effect, 

cell culture medium was added. Cells were then centrifuged at 1200 rpm and 25ºC for 3 minutes and 

the medium was decanted. Afterwards, cells were mixed with 2% w/v alginate. Cell density was set to 6 

x 105 cells per mL of alginate. This solution was then used to produce alginate hydrogels particles with 

the sandwich method previously described. Fixed and detached alginate hydrogel particles prepared in 1 

x 1 mm size DMA with HeLa expressing GFP encapsulated cells were immersed in culture medium. The 

detached alginate hydrogels particles prepared in 3 x 3 mm circle-sized DMA containing HeLa-GFP 

encapsulated cells were immersed in cell culture medium, with and without supplementation of CaCl2. 

Bulk alginate hydrogels (negative control) with HeLa-GFP cells were prepared in 24 well-plate using 1M 

of CaCl2 solution and 2 % w/v alginate solution with cells in a ratio of 1:1 and cell culture medium. 200 

µL of alginate solution containing cells was added into individual well (in triplicate) and further 200 µL 

CaCl2 solution was added in order to crosslink the polymer solution. Afterwards, 500 µL of cell culture 

medium was added on the top of bulk hydrogel. Bulk hydrogels with 2 mm thick was prepared. During 

the incubation time, the cell culture medium was decanted and changed for fresh medium every 2 to 3 

days. The entire procedure was performed under sterile conditions. All the solutions used in this step 

were sterilized by filtering them through a 0.22 µm filter. 

Magnetic hydrogel particles (cell co-culture): We carried out the same procedure used to produce 

detached alginate hydrogel particles described previously to make the magnetic hydrogel particles. 

Magnetic bead solution was diluted to a final concentration of 10 mg.mL-1 and then centrifuged at 4000 

rpm and 25ºC for 10 minutes. The liquid was decanted and 2% w/v alginate added. Two different 

solutions of magnetic beads containing alginate were prepared. The first solution red fluorescent rat 

mammary carcinoma MLIy-CMV-mCherry-neo was mixed, and the second green fluorescent HeLa-GFP 
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was added. Green fluorescent cells were encapsulated inside alginate hydrogel particles prepared in 3 x 

3 mm circular DMA, whereas red fluorescent cells were encapsulated inside alginate hydrogel particles 

prepared in 3 x 3 square-sized DMA. The hydrogels of different geometries with distinct cell types were 

then immersed in the same culture medium. 

MTT viability assay: alginate hydrogel particles were tested for cytotoxicity and suitability for live cell 

encapsulation using a MTT colorimetric assay. This assay is based on the bioreductive ability of 

mitochondrial dehydrogenase enzymes present in viable cells to convert the (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) tetrazolium (MTT) compound into a cell culture-soluble purple formazan 

product. Circular alginate hydrogel particles prepared in 3 x 3 mm size DMA with HeLa expressing GFP 

encapsulated cells were placed in a non-treated surface 24-well cell culture plate (n = 3 per well, in 

triplicate) and incubated at 37ºC and 5% CO2. At 1, 3, 5 and 7 days of culture, the MTT assay was 

performed protected from the light. Briefly, culture medium was removed and 500 µL of serum-free 

DMEM containing MTT solution with a dilution ratio of 1:10 added to each well. Samples were then 

incubated in the dark at 37ºC and 5% CO2. The wells containing hydrogel participles were re-suspended 

using a pipette in order to release the cells encapsulated. After 3h, 100 µL of each well (in triplicate) was 

transferred to a 96-well plate. Then, 100 µL of dimethyl sulfoxide (DMSO) was added to each well to 

dissolve formazan crystals, and incubated for 1h at 37ºC and 5% CO2. The amount of formazan product 

was measured by absorbance at a wavelength of 570 nm using a multiwell spectrophotometer. The 

background was corrected by subtracting MTT blank solution. All these procedures took place for hydrogel 

particles cultured in culture medium with and without supplementation of CaCl2, bulk hydrogels, cells 

suspended in culture medium with and without CaCl2 supplementation, hydrogel particles with and without 

incorporation of magnetic beads, and cells suspended in culture medium with and without the 

supplementation of magnetic beads. 

Fluorescence assay: Alginate particles (n = 3 per well in triplicate) and controls (n = 3 of cells suspensions 

and bulk hydrogels) were incubated for 1, 3, 5 and 7 days at 37ºC and in a humidified 5% of CO2 

atmosphere. Live-dead assays were performed during each time culture period. HeLa-expressing GFP 

cells contain a green fluorescent cell marker retained in the cytoplasm. The unviable cells lose their green 

fluorescence. Propidium Iodide (PI) is a membrane impermeant and thus binds to the dead cells' DNA. 

At each time point, PI was added to each well at a ratio of 1:1000. Samples were incubated at 37ºC for 

10 minutes protected from the light. Images of the formed hydrogels were taken with the fluorescent 

microscope BZ-9000 Keyence (Japan) to enable accurate quantification. Double staining was obtained in 

Z-stack mode with a resolution of 90 µm between the slides for the hydrogel particles. 
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Cell behavior analysis: Image analysis tool (WCIF ImageJ software) was used to evaluate the percentage 

of live/dead cells in each hydrogel condition and the controls. Each image obtained from fluorescent 

microscope was divided in green and red channels and transformed into a gray scale (grey scale intensity 

0-255, which 0 correspond to black and 255 white color). The number of cells counted in the each 

channel was divided to arrive at the number of total cells counted in the both channels. The counting was 

performed over total of 5 samples. The same threshold criterion was used in all images.  

Dexamethasone diffusion: Magnetic bead solution was diluted to a final concentration of 10 mg.mL-1 and 

then centrifuged at 4000 rpm and 25ºC for 10 minutes. The liquid was decanted and 2% w/v alginate 

added. 10 µL of dexamethasone solution was mixed with 1 mL of prepared alginate solution with a final 

drug concentration of 25 µg.mL-1. Magnetic hydrogel particles containing dexamethasone (n=40, 5µL of 

each hydrogel particles) were prepared in 3 x 3 mm circular DMA slide. Bulk alginate hydrogels was 

prepared in falcon tube using 100 µL of 1M of CaCl2 solution and 100 µL of 2 % w/v alginate solution 

containing magnetic beads and dexamethasone solution. The magnetic hydrogel particles and bulk 

hydrogel produced were immersed in 10 mL of pure water solution up to 240 minutes at room 

temperature. The absorbance of both formulations was measured at 241 nm over time, with and without 

the application of external magnetic field. 

Modular building blocks: The magnetic hydrogel particles with 3 mm of diameter (n=250) were placed in 

glass capsule (usually used for GPC analysis) and the assembly of hydrogels was carried out using a 

stereo microscope. An external magnetic field was applied 50 times and the length of the modular tissue 

assembly was measured using ImageJ program.  

Statistical analysis: MTT and fluorescent assay data were grouped by time point, namely, 1, 3, 5 and 7 

days to analyze significant differences between formulations. Statistical analysis was performed using 

one-way analysis of variance (ANOVA) with Bonferroni post-test using GraphPad Prism 5.0 software. The 

adopted nomenclature was the following: statistical differences in grouped by time point analysis were 

marked with (*), (**) and (***), which stand for value p-value < 0.05, p < 0.01 and p < 0.001, respectively. 

To evaluate the statistical differences relating to the time point before, the # symbol was used. Single 

symbol (#) represent p < 0.05, double symbols (##) p < 0.01 and triple symbols (###) p < 0.001.  All 

the results were presented as mean ± standard deviation. 
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8.6 Supplementary Figures 

 

 

Figure S8.1 Representative brightfield image of a DMA containing hydrogel alginate particles. b) Figure obtained taken directly 
from the DMA using profilometry device, showing the homogeneous size distribution of the HG particles (c-d). Dynamic 
mechanical analysis measurements of e) Storage modulus (E´) and f) loss factor (tan ) for alginate hydrogels obtained using 

different concentrations of calcium chloride. 
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Figure S8.2 a) Fluorescence intensity and b) size measurements of the HG particles represented on the Figure 8.2 of the main 
text. 

 

Figure S8.3 Dynamic mechanical analysis of a-b) storage modulus (E´) and c-d) loss factor (tan ) for HG particles immersed 

in cell culture medium with and without calcium supplementation for up to 7 days' incubation time. 

 



 

 

 
202 

Figure S3 details: 

Using more calcium chloride led to an increase in the hydrogel's storage modulus (E’) , probably due to 

the establishment of more crosslinking points between the polymer chains and calcium ions. The use of 

increasing concentrations of CaCl2 ranging from 0.1 M to 2 M led to a linear increase in the final storage 

modulus of the hydrogel ranging from 24 kPa to 180 kPa, for a frequency of 1 Hz (Figure 8.S1e). The 

hydrogel's loss factor was kept stable at a 1 Hz frequency, with values close to 0.5, for samples prepared 

with 2, 1 and 0.5 M of CaCl2 (Figure 8.S1f). The tan  values of the hydrogel prepared with 0.1 M CaCl2 

were lower (0.3, for 1 Hz), revealing their lower capacity to dissipate energy.  

To check the long-term stability of free-standing hydrogels, we assessed the mechanical and viscoelastic 

properties of hydrogels immersed in cell culture medium with or without the supplementation of 1% CaCl2 

for 1, 3, 5 and 7 days. This study aimed at assessing the variations in the mechanical and viscoelastic 

properties of alginate hydrogels during cell culturing. In hydrogels immersed in cell culture medium 

without calcium supplementation, E’ values dropped progressively over time, from 95 kPa (at 1 Hz) on 

day 1 to approximately 19 kPa on day 7. This behavior may be explained by the ionic exchange of the 

crosslinking divalent ion – calcium by monovalent ions present in the cell culture medium. A similar 

phenomenon has been reported as the reason for the lack of stability of ionically-crosslinked hydrogels 

during in vivo implantation. The hydrogels' dampening ability also decreased in conjunction with the 

immersion time in cell culture medium, from values ranging from 0.4-0.5 (for 1 Hz), to 0.2 (for 1 Hz). 

We detected the opposite trend in hydrogels incubated in cell culture medium supplemented with 1% of 

CaCl2. Although the immersion in calcium-supplemented medium first led to a greater decrease in the E’ 

values from 120 kPa (post-processing, at 1 Hz) to 66 kPa (day 1 after immersion, at 1 Hz), the hydrogels' 

storage modulus then increased with the duration of immersion in the calcium-supplemented medium, 

up to approximately 200 kPa, after 7 days of immersion. 
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Figure S8.4 a) Representative fluorescence images of 2D monolayer culture of HeLa-GFP cells in alginate solution, with and 
without adding calcium chloride, to 7 days of culturing time. Live and dead cells are represented by green and red color, 
respectively. Scale bar: 1 mm. b) Percentage of live/dead cells using image-based analysis (cell counting) and c) MTT 
colorimetric assay. Absorbance was read at wavelength of 570 nm. All results are presented as ± standard deviation.  
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Figure S8.5 Quantification of cell numbers inside each 3 mm and 1 mm HG particles. 

 

Figure S8.6 a) Hydrogel particles in Droplet-Microarray with square shape encapsulating HeLa-GFP cells up to 7 days of 
culturing time. Live and dead cells are represented by green and red color, respectively. Representative fluorescence images 
of the same cells-encapsulating hydrogel particle up to 7 days of culture time. b) Representative brightfield and  fluorescence 
images of the same free-standing hydrogel particle up to 7 days of culturing time are also shown. Scale bar: 200 µm b) DMA 
slide containing anchored hydrogels with a square shape with HeLa cells encapsulated without any cross-contamination 
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between wettable spots. Scale bar: 1 mm. c) Percentage of live/dead cells using image-based analysis (cell counting). All 
results are presented as ± standard deviation.   

 

Figure S8.7 a) Representative brightfield and correspondent fluorescence images of free-standing hydrogels encapsulating 
HeLa-GFP cells, immersed in cell culture medium supplemented with 1% of calcium chloride, for up to 7 days of culturing 
time. Live and dead cells are represented by green and red color, respectively. Scale bar: 1 mm. b) Percentage of live/dead 
cells using image-based analysis (cell counting) and c) MTT colorimetric assay. Absorbance was read at wavelength of 570 
nm. Statistical differences by time point analysis were marked with (**) which stand for a p-value <0.01. To determine the 
statistical differences relating to the previous time point, a single symbol (#) and triple symbol (###) represent p-value <0.05 
and p<0.001, respectively. All results are presented as ± standard deviation.  
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Figure S8.8 a) Representative brightfield and correspondent fluorescence images of 2D monolayer culture of HeLa-GFP cells 
after 7 days of culturing with and without magnetic particles. Dead cells (stained with PI) show red fluorescence, respectively. 
Scale bar: 1 mm. 
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Figure S8.9 UV Absorbance measured at 241 nm of a supernatant above either hydrogel particles or bulk hydrogel layer. a) 
Magnetic hydrogel particles (n=40, Vparticle= 5  µL) and bulk hydrogel layer incorporating magnetic beads (thickness  2 mm, Vbulk= 
200 µL) containing dexamethasone (25 µg/mL) were incubated in DI water at room temperature. No magnetic field applied. 
b) The same as in (a) but with application of external magnetic field at different time points: 1, 15, 30, 60, 120 and 180 
minutes. M – indicates the application of magnetic field for 2 min. 
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Figure S8.10 Plot showing the possibility to control the density of assembly of magnetic hydrogel particles using an external 
magnet applied at different distances from the particles. Plot of the height of an assembly of magnetic hydrogel particles (n= 
250) in a glass tube with an external magnet positioned at different distances from the bottom of the glass tube. Corresponding 
images of the particles in the tube are shown. 

 

 

Figure S8.11 Reversible compression-expansion of an assembly of magnetic hydrogel particles (n = 250) by the application of 
external magnetic field.   
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CHAPTER 9. CONCLUSIONS AND FUTURE PERSPECTIVES 

Tissue Engineering (TE) involves numerous chemical, physical and biological events of remarkable 

complexity, which controls cell function, and facilitates the formation of tissue architectures, which are 

extremely important for the development of functional tissues. The ultimate goal of TE is to recreate such 

heterogeneous environments for engineering artificial tissues to replace or regenerate 

dysfunctional/damaged tissues and organs. Microarrays can significantly improve the identification of 

such formulations in the shortest possible time by enabling the high throughput screening of cell-matrix, 

cell-ECM and cell-drug interactions within heterogeneous tissue-like environment, in a cost-effective 

manner. In this thesis, interactions of cells with many diverse materials in both 2D- and 3D-dimensions 

were assessed rapidly through the use of SH microarrays for rapid outcome measures of cell-material or 

cell-cell combinations.  

In Chapter 3, we reported the preparation of discrete and structured multilayered on glass slides. The 

formation of multilayers films of conjugate dopamine-modified hyaluronic acid and chitosan produced 

coatings with distinct properties, when compared with the conventional ones (chitosan and hyaluronic 

acid). The benefit of this work was to combine an enhanced cell response with a significantly improved 

adhesive strength, whereas the other reported methods have only showed improvements on cell 

behaviour. Afterwards, as proof-of-concept, structured multilayered regions were patterned on a single 

microarray. In Chapter 5, flat biomimetic SH surfaces patterned with transparent spots were produced 

by a bench-top methodology and were used for the build-up of arrays of multilayer films. The wettability 

contrast imprinted onto the chips allowed to produce individual and positional controlled, multilayer films 

in the wettable regions. In addition, the flat configuration of the microarray permitted to perform a series 

of non-destructive measurements directly on the individual spots. In this work, the influence of functional 

dopamine molecules on three specific LbL properties of interest was demonstrated: (1) final roughness, 

wettability, and morphology; (2) discrete measurement of adhesion properties of the films and (3) in situ 

examination of cells adhesion. Multilayer films containing catechol groups presented higher mechanical 

adhesion strength and enhanced cell adhesion, showing potential to be used as a new generation of 

wound healing bandages or surgical sealants, or even, as surface coatings for optimized cell-substrate 

interaction. The preparation of multilayer films on microarrays (Chapter 5) present several advantages 

compared with conventional glass slides (Chapter 3): ability to control the uniformity and size of the 

multilayers films; it's suitability to be used as a new low cost toolbox and for high-content cellular 

screening; and capability for monitoring in situ a variety of distinct material properties.  
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In this thesis two biomimetic approaches were created. First, in Chapter 4, polystyrene membranes with 

both SH properties of a lotus leaf and adhesive domains of marine mussels were designed into 3D tube 

structure by employing the adhesion to provide bonding for construction. SH and hydrophilic features 

were patterned onto one surface, thereby constraining the localization of water. We hypothesize that such 

efforts will contribute to future advances in materials development, especially the biomedical 

management of fluid flow, by showing that multiple bioinspired approaches can be combined into one 

system. On a second approach, Chapter 6, a new concept of microarray platform for anchoring aqueous-

based microliter droplets was developed based on SH substrate mimicking the extreme water repellency 

of lotus leave patterned with adhesive micro-indentations simulating the effect of rose petals. The 

platforms allowed to screen physical, chemical and biological processes involving the combination of 

distinct elements and conditions, confined in spherical liquid mini-reactors. The high stability, precise 

positional and adhesiveness of the droplets allow to invert the platform 180º according to hanging drop 

approaches. Under this configuration the cells initially suspended in the droplets give rise to spheroids 

formed by gravity. In Chapter 7, the innovation of this system relies on the spherical geometry (“hanging 

spherical drop” method) exhibited by the cell suspension droplets. The size and composition of each 

droplet could be easily controlled in an individual form. The dose-dependent cytotoxic effect of doxorubicin 

was measured, and, as expected, we observed a decreasing viability of the cells with increasing 

doxorubicin concentration. The spheroids also exhibited enhanced resistance to the drug over standard 

monolayer cultures.  

In Chapter 8, a new method was developed to fabricate free-standing hydrogel particles with defined 

geometries and sizes, while maintaining control of the elastic modulus and the composition of the 

hydrogel. The method was based on the effect of discontinuous dewetting on an SH-SL microarray 

combined with the sandwiching method to achieve the simultaneous gelation of the pre-hydrogel droplets. 

We applied this method in three demonstrations: (1) preparing an array of hydrogel particles and free-

standing hydrogel particles with distinct shapes and sizes defined by the photomask geometrical features; 

(2) examining the cells' in situ viability encapsulated into free-standing hydrogel particles, and (3) 

constructing magnetic responsive hydrogel particles for modular tissue engineering and shape-coded free-

standing hydrogels of distinct cell types. Using this platform several hydrogel particles were rapidly formed 

without the need for multiple pipetting. The size and composition of the hydrogel particles was controlled 

depending on the geometry of the hydrophilic areas. The volume of the formed hydrogel particles was in 

the nanoliter range scale, which is one order of magnitude less than that of a standard well in a 96-well 

plate. In this work hydrogel particles were produced either in the form of an array for screening 
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applications or as free-standing particles. Free-standing hydrogels incorporating magnetics beads were 

formed. We believe that the ability to easily create and manipulate a large amount of hydrogel particles 

of controlled size and geometry will be essential for 3D cell studies and modular tissue engineering.  

Several advantages are drawn from the use of SH surfaces as chips for high-throughput analysis. The 

size and composition of the platform, as well as, the geometry of the wettable spots, can be easily 

controlled in an individual form, and the assays in the liquid state occur only in the desired wettable area 

without cross-talking between spots. The use of micro-size droplets for the production of multilayer films/ 

spheroids or hydrogels, as well as for biological assays, allows a drastic reduction of the volume in which 

the cells are grown; cell culture media can be changed easily without destroying the integrity of formed 

3D structured. The platform is compatible with or easily adapted to many characterization can be 

performed using image-based analysis directly on the chip taking the benefit of the transparency of the 

spots (Chapter 5 and 8) and high-throughput combinatorial analysis may be performed in situ using 

different cell types. The cost associated with the production of the SH chips is low, and the technology is 

amenable to be easily scaled- up. The high contrast of wettability allows having biomaterials with different 

sizes simply by varying its volume to be dispensed in the wettable spot, while maintain the same contact 

area with the substrate.  

In the Future, patterned microarrays could be created using digital liquid patterning as it offers simple 

and maskless approach for manual generation of micrometer precise liquid patterns without the need of 

manufacturing photomasks or changing substrate every time when geometry of liquid pattern has to be 

changed or modified. Therefore, this approach can reduce experimental time for the production of 

arbitrary liquid patterns of variety biomaterials and cells. Digital liquid patterning is also suitable for the 

generation of multi-component gradients with complex geometry of different materials compatible with 

biological studies. In addition, the method does not require special training or sophisticated equipment 

for generation liquid patterns or gradients, thus the technique is easy accessible to virtually any user.  

In conclusion, patterned SH surfaces as high-throughput platforms for TE studies were successfully 

created and opened several perspectives that may be developed in future works. A possibility is the ability 

to create 3D biomaterial microchips that can be implanted clinically for cost-effective screening of the 

host response to new biomaterials, in a personalized medicine perspective. It would be interesting to 

develop an array of miniaturized 3D micro tissues (e.g spheroids) on 3D biomaterial microchip (porous 

scaffold or hydrogel), where cell co-culture could be implemented (on both porous platform and on formed 

micro tissues) to examine specific tissue regeneration in HTS manner. To enhance the function of 
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engineered tissues there is a need to generate structures that mimic the intricate architecture and 

complexity of native organs and tissues. With the desire to create more complex tissues with features 

such as developed and functional microvasculature, cell binding motifs and tissue specific morphology, 

TE techniques have evolved on building modular microtissues with repeated functional units. Therefore, 

patterned SH surfaces could be used for HTS formation of core-shell hydrogel beads incorporating 

elements of the extracellular matrix and support the formation of multicellular spheroids. For example, 

using temperature-responsive polymers as hydrogel core, the polymer shell could be formed using a 

different polymer and through by ionic crosslinking. Warming-up the hydrogels, the core would be 

dissolved, maintaining the multicellular spheroids protected inside the bead shell with cell culture medium 

surrounding. In addition, hydrogels with different sizes and shapes may be used to create shape-controlled 

tissue modules from modular microscale units. Such approach could be advantageous because cells can 

create their own microarchitecture through ECM remodeling and cell migration/aggregation.  
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