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Biomimetismo, Superfícies superhidrofóbicas-superhidrofílicas, Layer by-

Layer, Micro-membranas autónomas, Engenharia modular de tecidos  

 
 
 
 
 
A engenharia modular de tecidos visa mimetizar a complexidade do tecido 
nativo com arquiteturas 3D bem definidas e interações sinérgicas de várias 
linhas celulares através da geração de unidades modulares funcionais 
repetidas que serão montadas em um tecido funcional. Esses blocos 
modulares devem exibir características microestruturais específicas para 
imitar a arquitetura complexa de tecidos nativos. Para a produção direta de 
unidades modulares, as superfícies superhidrofóbicas-superhidrofílicas (SH-
SL) padronizadas surgiram como plataformas promissoras para uma 
fabricação escalável de unidades modulares à microescala para desenvolver 
tecidos funcionais projetados pela abordagem bottom-up. Neste sentido, e 
inspirado no efeito de Lotus, o presente trabalho visa a produção de micro-
membranas autónomas estratificadas baseadas nos biopolímeros poli-l-
lisina (PLL) e alginato (ALG) através da metodologia Layer-by-Layer (LbL). 
Para este propósito, inicialmente foram desenvolvidas   superfícies SH-SL 
padronizadas à microescala com diferentes formas geométricas. 
Posteriormente, hidrogéis de alginato foram formados in situ pelo método 
standing droplet nas áreas SL que serviram de template de sacrifício para a 
produção de membranas autónomas pela deposição sequencial dos 
polieletrólitos através de interações electrostáticas. Relativamente às 
condições de deposição dos polímeros, na análise do potencial zeta 
verificaram-se as cargas de cada composto, enquanto que a microbalança 
de quartzo (QCM-D) evidenciou a interação eletrostática entre a PLL e o 
ALG. A análise por ATR-FTIR, confirmou a presença dos polímeros na 
membrana resultante. Após o destaque, as membranas forma reticuladas 
com genipina (GnP) para melhorar as propriedades mecânicas a fim de 
promover a adesão e proliferação celular.  Ensaios biológicos com human 
umbilical vein endotelial cells (HUVECs) e human adipose stem cells 
(hASCs) evidenciaram que as membranas de [PLL/ALG]100 reticuladas 
apresentam viabilidade celular.
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Biomimetic, Superhydrophobic-superhydrophilic surfaces, Layer by-Layer, 

Freestanding micro-membranes, Modular tissue engineering 

 

 

Modular tissue engineering aims to mimic the complexity of native tissue with 

well-defined 3D architectures and synergistic interactions of various cell lines 

by generating repeated functional modular units that will be assembled into a 

functional tissue. These modular blocks should exhibit specific 

microstructural characteristics to mimic the complex architecture of native 

tissues. For the direct production of modular units, patterned 

superhydrophobic-superhydrophilic (SH-SL) surfaces have emerged as 

promising platforms for scalable manufacturing of microscale modular units 

to develop functional tissues designed by the bottom-up approach. In this 

sense, and inspired by the Lotus effect, the present work aims at the 

production of freestanding (FS) stratificated micromembranes based on poly-

l-lysine (PLL) and alginate (ALG) biopolymers through the Layer-by-Layer 

(LbL) methodology. For this purpose, initially microscale SH-SL surfaces with 

different geometric shapes were developed. Subsequently, alginate 

hydrogels were formed in situ by the standing droplet method in the SL areas 

that served as a sacrificial template to the production of freestanding 

membranes by sequential deposition of electrolytes through electrostatic 

interactions. Regarding the deposition conditions of the polymers, in the zeta 

potential analysis, the charges of each compound were verified, while the 

quartz microbalance (QCM-D) showed the electrostatic interaction between 

PLL and ALG. ATR-FTIR analysis confirmed the presence of polymers in the 

resulting membrane. After detachment, the resulting membranes crosslinked 

with genipin (GnP) to improve mechanical properties to promote cell 

adhesion and proliferation. Biological assays with human umbilical vein 

endothelial cells (HUVECs) and human adipose stem cells (hASCs) showed 

that the crosslinked [PLL / ALG]100 membranes show cellular viability. 
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1.1. Introduction 

The limited availability of tissue donors and complications related with 

immunosuppressive drugs have fostered the quest of alternative therapeutic strategies. 

Tissue engineering (TE) is been widely explored as a promising biomedical approach 

toward the development of engineered functional tissues, aiming to restore biological 

function or replace failing organs.[1–3] This interdisciplinary research field relies on the 

interplay of three components: scaffolds, cells and regulatory signals[3,4] – Figure 1.1. 

Scaffolds are an essential element of the tissue engineering triad, supporting cell adhesion 

and proliferation, thus enabling the formation of a functional tissue.[3,5] In order to mimic 

the natural complexity of human tissues, scaffolds can be combined with different cell 

types and regulatory signals like growth factors and mechanical stimuli.  

 

Figure 1.1 – Tissue engineering (TE) triad. The interplay of scaffolds, cells and biological factors allows the production 
of novel biomaterials for TE applications. Adapted from [4]. 

Traditional tissue engineering strategy employs a top-down approach (also known as 

scaffold-directed), in which bulk scaffolds are developed as a temporary support for cell 

attachment and proliferation. Hence, scaffold surface is enriched with functional cells that 

are then expected to populate all the scaffold and produce appropriate extracellular matrix 

(ECM) to restore or regenerate defective tissues.[6,7] However, macroscale scaffolds 

present difficult control of cell density, non-uniform cell distribution, vascularization and 

inadequate mass transport (oxygen diffusion, nutrients and growth factors) owing to the 

limited access to the internal scaffold. Different attempts have been made to overcome 

cell survival in thick tissue-like constructs (> 200 m), including flow perfusion and 
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mechanical stimulation. Nevertheless, top down strategy is still too reductionist to 

recreate the complex microstructural organization of native tissues like vasculature, 

neuronal networks, or hexagonal lobules in the liver.[7] 

Bottom-up, also known as modular approach has emerged as a promising alternative 

to eliminate the shortcomings of the conventional scaffolds from top-down approach.  

Bottom-up approach focuses on the fabrication of functional building blocks with 

organized microstructures that could promote cell guidance, extensive vascularization, 

adhesion, and eventual differentiation.[6,8] The building block functionality is provided by 

the heterogeneous assembly of distinct modular units (peptides, cells, and cell-

encapsulating microgels) in a multiscale fashion.[9] Ultimately, these functional modular 

units can be assembly into large biological tissue-like constructs (Figure 1.2), mimicking 

the hierarchical architecture of native tissues.[7]  

 

Figure 1.2 – Schematic of multiscale assembly strategies from bottom to top for engineering 3D tissue constructs. 
Adapted from [9]. 

Current bottom-up strategy relies on different technological approaches. One of them 

is based on the assembly of multicellular building blocks such as cell sheets and spheroids 

– scaffold-free TE approach. Cell sheets are conventionally prepared by culturing a 

monolayer of cells in petri dishes coated with a thermoresponsive polymer for cell sheet 

detachment. Currently, other responsive platforms (light, pH, electric and magnetic) have 

been exploited for cell sheet engineering.[10] These cell sheets can be then stacked layer-

by-layer to build complex tissue structures like native vascular smooth muscle.[11] Such 

strategy offers the possibility to assembly layers from different cell types, enabling tissue 
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organization control toward the fabrication of hierarchical complex tissue engineered 

construct.  

Spheroids are ball-shaped compacted cell aggregates that can be produced by different 

methodologies, ranging from antiadhesive cell-culture plates to microfluidic and hanging 

drop culture.[12,13] Interestingly, spheroids have self-assembling capacities for tissue 

fusion, thereby forming larger tissue constructs. Furthermore, spheroids can be also 

assembled into close-packed tissue by bioprinting technology.[14,15] Major drawbacks of 

current scaffold-free bottom-up approach are related with the feeble mechanical 

properties of the cellular building blocks, leading to possible cell damage during their 

manipulation.[16] 

In this sense, a hybrid bottom-up strategy, combining the mutually advantages of 

scaffold-directed (seeded cells from top down approach) and scaffold-free approaches, 

has been emerged (Figure 1.3).[16]   

 

 

 

Figure 1.3 – Different technological tissue engineering approaches. (A) Expanded cells can be used (i) to seed onto 
scaffolds to produce tissue-engineered constructs (scaffold-directed or top down strategy); (ii) to produce spheroids 
to be latter assembled into scaffold-free constructs and (iii) to create spheroids within cage-like microscaffolds (hybrid 
approach). (B) Advantages and drawbacks of scaffold-directed, scaffold-free and hybrid TE approaches. Adapted 
from[16]. 
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For instance, spheroids can be encapsulated into 3D robust micro-scaffolds creating 

mechanically robust tissue constructs, since mechanical properties of these constructs are 

dominated by the scaffold design and stiffness (Figure 1.3 Aiii). Moreover, as 

aforementioned, cells and biomaterials assemblies still allow additional functionalization 

of the heterogeneous building blocks with bioactive molecules (growth factors, enzymes, 

ECM molecules), affording the development of instructive and interactive “living” 

building blocks toward the engineering of macroscale biomimetic tissues. 

1.2. Microfabrication Technology in bottom-up TE 

Bottom-up or modular tissue engineering approach aims to engineer biomimetic tissue 

constructs by using heterogeneous building blocks with well-defined microarchitectural 

features. Microfabrication technology allows to create functional modular units at the 

microscale, with precise resolution control over the shape. Properties of modular 

biomaterials at such scales are significantly different from those at a macroscopic scale.[17] 

For this reason, microfabrication has been receiving much attention in recent years. 

Furthermore, microfabrication technology also provides advantages in terms of 

efficiency, reproducibility, cost-effectiveness and high miniaturization capacity.[18]  

Several microfabrication techniques (Figure 1.4) have been employed for generating 

shape-controlled tissue modules, namely 3D bioprinting, microfluidic, electrospray, 

photolithography, micromolding and superhydrophobic surfaces (SH).[17,19–21]  

 

Figure 1.4 – Microfabrication techniques employed in tissue engineering bottom-up approach. 

https://www.sciencedirect.com/topics/engineering/macroscopic-scale
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According to the scope of this master thesis, special attention will be dedicated to 

superhydrophobic surfaces as versatile platforms for the high-throughput fabrication of 

microscale scaffolding biomaterials with well-defined control over size and geometry. 

1.3. Fundamentals of superhydrophobicity   

Superhydrophobic (SH) surfaces exhibit an extremely high-water repellent behavior 

and are characterized by a water contact angle (CA) greater than 150° and, subsequently 

self-cleaning property. For a surface to be self-cleaning it is desirable for the liquid not 

only to not wet it, but also to be easily able to leave or slip off of the surface. The 

wettability is evaluated by the static and dynamic behavior of a liquid droplet over a solid 

surface. The contact angle is the angle formed by a liquid drop on the three-phase contact 

line on a flat material surface, which describe the static behavior. In order to characterize 

the dynamic performance, a parameter more relevant than the CA is the roll-off or sliding 

angle (SA), defined as the tilt required for the droplet to leave the surface. Related to this, 

it is the contact angle hysteresis (CAH), which is defined as the difference between 

advancing and receding CAs as the drop is moving, and the SA that is the inclination 

angle of the surface that cause the droplet to roll-off (see Figure 1.5). Thus, in addition to 

high CAs, these surfaces exhibit SA lower than 5° and CAH lower than 10°.[22–26]  

 

Figure 1.5 – Schematic representation of some of the relevant parameters to characterize slippery surfaces; tilt or 
sliding angle and advancing and receding contact angles. The contact angle hysteresis is the difference between 
advancing and receding angles. Adapted from[24]. 

Based on the numerical values of CA (θ), where they are measured using water as the 

liquid phase, and considering the wetting behaviour, the solid surfaces are generally 

classified into four different regimes. The surface is classified as (i) hydrophilic and (ii) 

hydrophobic if the CA is between 10° and 90° or if the CA is between 90° and 150°, 

respectively, being these the two most conventional regimes; (iii) superhydrophilic, if the 

CA is less than 10° and describes nearly perfect wetting; and in contrast, 

superhydrophobic if the CA is above 150° and describes a surface in a state of nearly 

perfect non-wetting, as shown in Figure 1.6.[24,27]  
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Figure 1.6 – Scheme of wetting behaviors of the solid surfaces. Adapted from[24,27]. 

Extensive interests of scientific community have been attracted to investigate 

bioinspired surfaces with special wettability because of the discoveries of unique wetting 

phenomena in nature, particularly in recent twenty years. For designing and controlling 

wettability features is crucial understanding the wetting phenomena of liquid (L) droplets 

on solid (S) surfaces.[28,29] The most fundamental theory about the wetting behaviours is 

the Young’s model[30] for contact angle, θY  of liquid droplets on smooth and chemically 

homogeneous solid surfaces (Figure 1.7 a) is described by equation,  

cos 𝜃𝑌 =  
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉
                                       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

where 𝛾𝑆𝑉, 𝛾𝑆𝐿 and 𝛾𝐿𝑉  represent the interfacial tensions (energies, 𝛾) of the solid-vapor, 

solid-liquid, and liquid-vapor, respectively. 

The Young’s wetting state does not consider the surface roughness of the solid surface 

assuming that the surface is perfectly smooth and flat as an ideal solid substrate and the 

CAs are normally based on the surface chemistry compositions or properties. However, 

solid surfaces inevitably have some surface textures in the real world.[28] Subsequently, 

in the 1940s, for the wetting of rough and heterogeneous solid surfaces, Cassie and 

Baxter[31] reporting the basis of superhydrophobicity, expanding on the work by Wenzel 

in 1936[32]. In the Cassie-Baxter wetting state[31] , liquid droplet rests on the surface 

asperities, given rise to air pockets at the liquid-solid (L-S) interface, as shown in Figure 

1.7 b. As a result of the suspension of the water droplet on the asperities the CA, 𝜃𝐶𝐵, is 

the sum of all the contributions of the different phases given by following equation: 

 

cos 𝜃𝐶𝐵 = 𝑓1 cos 𝜃1 +  𝑓2 cos 𝜃2                       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2)  
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where 𝜃1 and 𝜃2 are the CAs that liquid droplets make with solid surfaces 1 and 2; 𝑓1 and 

𝑓2 (𝑓1+𝑓2=1) are the fractions of the phases 1 and 2 areas, respectively, on the surface 

below droplets. 

 

Figure 1.7 – Schematic representations of the effect of surface structure on the wetting behavior of solid substrates. 
(a) A liquid droplet on an ideal flat substrate – Young's model.  Diagram showing the forces at the three-phase 
contact line of a liquid droplet on a solid (b) Non-wetted behavior between the liquid and the rough substrate – 
Cassie-Baxter model. Adapted from [19]. 

Considering the wetting is not uniform and air packets do not let water to get into the 

surface cavities. In this case, water is in contact with solid and air packets, and water CA 

with air is equal to 180° and the equation above can be rewritten as: 

cos 𝜃𝐶𝐵 = 𝑓(1 + cos 𝜃) − 1                          (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

where the 𝜃𝐶𝐵 is now a function of the fraction of solid (𝑓) at the droplet interface and 

Young's CA of the solid (θ). The area fraction, f, is the ratio between the actual droplet 

contact area and the total surface area (Equation 4). This minimized liquid-surface contact 

area in that 𝑓 → 0 and the 𝜃𝐶𝐵 approaches 180° results in SH surfaces exhibiting self-

cleaning and water-repellent features.[33]  

𝑓 =
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑤𝑒𝑡𝑡𝑒𝑑 𝑏𝑦 𝑙𝑖𝑞𝑢𝑖𝑑

𝑝𝑙𝑎𝑛𝑎𝑟 𝑎𝑟𝑒𝑎 𝑏𝑒𝑙𝑜𝑤 𝑡ℎ𝑒 𝑑𝑟𝑜𝑝𝑙𝑒𝑡
                (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

 

Besides CA, CAH and SA, there are two others important parameters for achieve SH 

substrates: surface energy and surface morphology. Chemical compositions determine the 

surface energy and, when surface energy is lowered hydrophobicity is enhanced. On the 

other hand, the surface morphology may own hierarchical structures at micro- and/or 

nano-scale achieving superhydrophobicity.[34] So, the surface morphology is also equally 

important for obtaining superhydrophobicity being it is possible to achieve robust SH 

surfaces from hydrophilic surfaces by the appropriate roughness (Figure 1.8) and low 
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surface energy materials if the surface is able to stabilize the Cassie-Baxter wetting 

state.[24] 

 

Figure 1.8 – Schematic of wetting behavior of different hydrophobic structures.  Adapted from [24].  

1.3.1. Superhydrophobic properties in nature 

Many surfaces found in nature exhibit highly hydrophobic and self-cleaning 

properties. The most famous example of natural superhydrophobic surfaces are lotus 

leaves (Nelumbo nucifera). Several other plants also exhibit superhydrophobicity, 

including banana tree leaves, rice leaves, and red rose petals. Superhydrophobic 

properties are still found in animal surfaces like on the wings of cicada and butterflies, 

shark skin and mosquito eyes (Figure 1.9).[35,36]   

 

Figure 1.9 – The self-cleaning surfaces in Nature and respective SEM images. Adapted from [35]. 
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The extreme water repellent behavior displayed by lotus leaves has led to the 

fabrication of the highest number of of biomimetic synthetic SH surfaces. On the lotus 

leaf, spherical water drops easily rolling off the leaf surface, carrying with them dust and 

dirt particles. The “Lotus effect” was coined by Barthlott [37] and Neinhuis [38] in the early 

1997. For the first time, these researchers have observed the dual micro/nanostructure 

features of the lotus leaves by scanning electron (SEM) (see Figure 1.10 a and b). At the 

microscale, the leaf contains papillose epidermal cells with sizes between 5-10 µm 

(Figure 1.10 c) that are uniformly covered by epicuticular wax crystals (fine branch-like) 

of approximately 150 nm (Figure 1.10 d). [39] Therefore, self-cleaning properties (ability 

to remove dust and particles by moving water droplets) are the consequence of the dual 

(micro/nano) surface structures. 

 

Figure 1.10 – (a) Image of a superhydrophobic lotus leaf (Nelumbo nucifera) and (b) corresponding SEM image of the 
leaf’s surface; (c) micro- and (d) nano-structures of Lotus leaf.  Adapted from [40,41]. 

The natural self-cleaning property have inspired the development of superhydrophobic 

surfaces for a plethora industrial and technological applications such as anti-corrosion 

coatings, anti-icing coatings, liquid-repellent textiles, oil/water separation, nanoparticles 

assembly, microfluidic devices, printing techniques, optical devices, high-sensitive 

sensors or batteries.[24,42,43] 

Fabrication of super-hydrophobic surfaces usually requires the roughening of surface 

to get micro-nanostructures followed by surface modification, which leads to low surface 

energy. Various technique have been reported in the literature for the fabrication of 

superhydrophobic surfaces such as chemical vapor deposition (CVD)[44,45], aerosol-

assisted CVD[46], phase separation[47], plasma treatment[48], chemical/electrochemical 

etching[49,50], electrospinning[51], electrodeposition[52], cold-spray technique[53], spray 
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coating methods[54] and so on[55,56]. Simplicity, less time consumption, cost-effectiveness 

and versatility are the important parameters during fabrication process. Moreover, 

characteristics like durability, corrosion resistance and storability of superhydrophobic 

surfaces are achieved at different levels, according to the employed fabrication 

methodology.  

1.3.2. Superhydrophobic surfaces for biomedical applications 

In 2000, Jiang and co-workers defined superamphiphobicity as an effect where surface 

roughness and surface chemistry combine to generate surfaces which are both SH and 

superoleophobic. This means that such surfaces possess CA greater than 150° along with 

low CAH not only to repel water but also oils/organic liquids of low surface-

tension.[40,57,58]  Deng et al.[59]  developed a transparent robust SH surface from candle 

soot method. A glass slide was kept above a paraffin candle flame allowing a soot deposit 

(Figure 1.11), which is then coated with a thick silica shell through chemical vapor 

deposition. Afterwards, the hybrid carbon/silica network was coated with a 

semifluorinated silane by CVD forming a superamphiphobic surface. 

 

Figure 1.11 – Superhydrophobic surface from candle soot and morphology of porous structure. (A) Photograph 
depicting sample preparation. A Glass slide is held in the flame of a candle until a soot layer a few micrometers thick 
is deposited; (B) SEM image of the soot deposit after being coated with a silica shell; (C) High-resolution TEM image 
of a cluster after calcination, revealing the silica coating with holes that were previously filled with carbon particles. 
Adapted from[59]. 

This technology was employed for the production of individual polymeric 

microspheres and liquid-core capsules multi-layered under mild processing 

conditions.[60–63] For example, Costa et al. have developed a variety of multilayered and 

hierarchical capsules via assembly of polymeric droplets induced by superamphiphobic 

surfaces. These highly repellent substrates allowed an easy and precise control over the 

particle size and shape by simply tuning the dispensed volume above the SH surface 

(Figure 1.12). 
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Figure 1.12 – (A) Spherical ALG droplet induced by a SA surface and their subsequent ionic gelation and (B) Effect of 
the dispensed volume of ALG solution on the size of the obtained hydrogel particles. Adapted from [61]. 

Another recent work relies on the use of these superhydrophobic and 

superamphiphobic surfaces to produce spheroidal hydrogel particles with controlled 

deformation, upon compressive action along the z axis (Figure 1.13).[64] Such spheroids 

have shown improved viability of encapsulated cells due to enhanced nutrient diffusion 

to the core, and led to a significantly faster drug release rate from the polymer network 

owing to the high surface area to volume ratio compared to spherical-shaped hydrogels. 

Therefore, such spheroidal particles hold great potential for drug delivery by oral or rectal 

administration routes, where the size would not be a limitation. 

 

Figure 1.13 – (A) Schematic representation of the oblate spheroidal particle production method. Methacrylated 
chitosan (M-CHT) liquid precursor was squeezed between superamphiphobic surfaces separated using a known spacer 
height, followed by UV-crosslinking. (B) Spheroidal particle shape acquired upon removal of the upper 
superamphiphobic surface. Dotted green lines correspond to the yz plane representation of spheroids. Adapted 
from[64]. 

Generally, superhydrophobic surfaces are produced by tuning the chemistry or 

morphology of the material surfaces. For instance, apart from the candle soot method, 

rough superhydrophobic surfaces based on polystyrene were also developed by phase 

separation methods.[65–67] Recently, a non-textured superhydrophobic approach was 

developed to modulate wetting properties.[68] This new concept consisted on two 

dimensional (2D) molybdenum disulfide nanoassemblies, which have shown 

superhydrophobic behavior (CA > 150º) at a low degree of atomic defects, whereas 

superhydrophilic properties (CA ~ 0 º) were observed with high degree of atomic defects. 

The superhydrophobic MoS2 could be coated on various substrates (glass, silica, rubber 
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and paper), thereby indicating high versatility for surface-coating applications. This study 

has still demonstrated the influence of the MoS2 surface wetting characteristics cell-

adhesion performance that can be leveraged for biomedical applications. 

1.3.3. Patterned Superhydrophobic Surfaces – Droplet Microarrays 

 Superhydrophobic patterns consists on superhydrophobic surfaces with wettable 

superhydrophilic domains in specific locations. The combination of these extreme 

wetting properties on the same surface provide many advantages as exemplified in Figure 

1.14: A) easy control of the geometry and position of liquid droplets; B) no requirement 

of surfactants to prefill micropatterns with aqueous solutions; C) utilization of 

superhydrophilic patterns as surface tension confined microchannels; D) close droplet 

position; E) controlling cell adhesion on superhydrophilic regions (within squares) and 

F) high-density microarrays of aqueous droplets by discontinuous dewetting.[69] This 

effect relies on the large difference in wettability between the superhydrophilic and 

superhydrophobic regions to passively dispense thousands of isolated droplets in the 

superhydrophilic spots with well-defined geometry and volume, referred as droplet 

microarrays (DMA). The rapid and facile droplet formation through discontinuous 

dewetting doesn’t require multiple pipetting or a liquid handling device. 

 

Figure 1.14 – Advantages of superhydrophobic-superhydrophilic patterns. Adapted from[69]. 
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These microarrays can be used for the patterning of cells, chemicals, drugs, particles 

or any other components present in an aqueous solution. Therefore, DMA have become 

a valuable tool for high-throughput applications due to their miniaturized format, which 

requires fewer reagents, reducing significantly experimental costs. Each droplet can be 

regard as independent reservoir, and different cells and/or bioactive molecules can be 

encapsulated into these fully isolated compartments to perform biological reactions 

without cross-contamination. In this sense, numerous experimental assays can be realized 

in parallel, allowing expedite analysis procedures.  

Currently, microarray technology is mostly employed for cell-based high-throughput 

screening of biochemical libraries for gene delivery, drug discovery, and toxicology. In 

complex assays of multicomponent experiments, different (bio)chemical agents require 

to be added into each individual microdroplet in DMA. Recently, Popova et al. developed 

a droplet microarray “sandwiching” technology to enable the single step addition of 

different (bio)chemicals into individual microdroplets on planar substrates (Figure 1.15 

A).[70]  

 

Figure 1.15 – (A) Schematic of a workflow of cell based screening using DMA sandwich chip and (B) Photographs of 
the handheld device used for aligning the droplets microarray when manipulating individual droplets using the 
sandwiching method. Adapted from[70,71]. 

First, a library microarray (LMA) slide was prepared by printing drugs or 

transfection mixtures onto a bare glass slide using a non-contact, ultralow volume 

dispenser in an array format corresponding to the pattern of the DMA slide. Precise 

alignment and “sandwiching” of the droplet microarray slide containing chemicals or 

cells with the library-microarray slide face-to-face leads to the dissolution of the 
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chemicals in the individual microdroplets after which the LMA was removed, without 

any cross-contamination between adjacent droplets, and the droplet microarray was 

cultured in medium.[72–74] The advantage of this method is that after preprinting a library-

microarray using a conventional noncontact printer, the final addition of chemical 

libraries to the droplets can be done with a very simple handheld device (Figure 1.15 

B).[71,75,76]  

Recently, droplet microarray platform was also employed for full animal (e.g., 

zebrafish) high-throughput screenings.[77] Testing (bio)chemical compounds on whole 

organisms (in vivo screenings) is more physiologically relevant compared to cell culture 

models and can address complex processes such as behavior, pain, immunity, tumor 

metastasis, and vascularization that are out of reach for cell based assays. Single fish 

embryos were incorporated into microdroplet arrays by discontinuous dewetting (Figure 

1.16) and parallel single-step pipetting-free addition of different fluorescently labeled 

peptoids was then performed by sandwiching technology to identify organ specificity. 

Each peptoid had a unique signature of tissue distribution in the larvae. Peptoids 

introduced into zebrafishes in DMA platforms were observed in the same organ locations 

as in in a 96-well plate, which requires one order magnitude higher peptoid amount. 

Therefore, the DMA technology can make whole organism screenings more cost- and 

time-efficient, as well as enable screenings that were not conducted before due to limited 

compound availability or complex handling. 

 

 
 

Figure 1.16 – Single collection of zebrafish embryos on Droplet-Microarray (DMA) platform. (A) Schematic 
representation and (B) image of the process of spreading zebrafish embryos using the effect of discontinuous 
dewetting. Adapted from[77]. 

Apart from cell- and animal-based high-throughput screening, droplet microarrays 

also enable the generation of miniaturized 3D hydrogel matrixes featuring individual 

complex cell microenvironments in a high-throughput manner. Bioactive molecules, non-

(A) 

(B) 
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adherent cells and heterogeneous cell populations could be also encapsulated into the 

fully isolated hydrogel micropads for screening in 3D microenvironments. A recent work 

has reported a layer-by-layer organization of heterogeneous cells in a microgel by 

stacking a microgel array containing human umbilical vein endothelial cells with another 

layer containing fibroblast cells.[78] The ability to create arrays of hydrogel micropads 

encapsulating live cells in a simple and inexpensive way is important for enabling high-

throughput screening of cells in physiologically relevant environments. It is important to 

emphasize that the hydrogel size depends on the size of hydrophilic spots.  

Interestingly, hydrogel micropads can be also detached from DMA platform to form 

cell-laden microgels with different sizes and geometries (Figure 1.17).[79] In the same 

work, DMA platforms were also used to produce freestanding hydrogels loaded with 

functional magnetic particle, thereby enabling the use of magnetic field for the remote 

manipulation. The high-throughput fabrication of freestanding hydrogels with different 

shapes holds great potential for hybrid bottom-up tissue engineering approach.[80]  

 

Figure 1.17 – (I) Array of square-shaped magnetic hydrogel particles (3 mm size length); (II) Freestanding hydrogel 
particles formed by immersing the array in buffer and (III) a microscopic image of FS hydrogel particles containing 
magnetic beads and arrays of  fluorescent hydrogel particles anchored to the patterned surfaces. Adapted from[79]. 

Droplet microarrays still open up the possibility to carry out chemical synthesis in 

microdroplets, such as nanoparticles and metal–organic framework (MOF) 

microsheets.[81,82] Interestingly, MOF microsheets could be released from the substrate to 

generate freestanding MOF microsheets of defined geometries. This was achieved by first 

creating an array of copper acetate aqueous microdroplets with defined geometries 

through discontinuous dewetting. The well-defined shape of these droplets guided the 

nucleation and growth of MOFs along their 3D interfaces (Figure 1.18). 
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Figure 1.18 – (A) Schematic showing the formation of metal organic framework (MOF) microsheets at the spatially 
confined liquid–liquid interface between water droplet microarrays formed on a SL-SH micropatterned substrate and 
water immiscible octanol phase above the water droplets; (B) SEM images of patterned MOF superstructures; (C) 
Optical images showing the detachment of the MOF microsheets from the patterned substrate upon rinsing with 
ethanol. (D) Freestanding MOF superstructures with different shapes. Adapted from[82]. 

The ability to create arrays of droplets of various sizes and volumes from picoliters to 

microliters in precise locations on flat surfaces defines a revolutionary leap in technology 

for a plethora of biological applications, drug discovery, combinatorial synthesis, and 

personalized medicine. The reduced usage of sample and reagents, possibility for in situ 

analyses, higher sensitivity, and single-step formation of high-density droplet arrays 

allow DMA platforms to be suitable for point-of-care and diagnostics applications. These 

versatile platforms still open up new prospects towards sensor micro-ships and micro-

reactors.[83]  
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1.4. Summary and outlook  

Herein, we reviewed tissue engineering strategies mostly focused on building modular 

microtissues, in particular those ones that use cell/biomaterial combinations. A thorough 

analysis showed that such approaches enable to generating highly complex architectures 

with precise resolution control over shape and size, offering the possibility to mimic the 

the architectural micro-scale features of native niches (e.g. bifurcated vasculature, 

neuronal networks, or hexagonal lobules in the liver) which is particularly important for 

resulting physiological functionality. However, the scalability of theses complex 3D 

structures typically fail for most of these methods. 

 Among the various microfabrication techniques, superhydrophobic-superhydrophilic 

microarrays could emerged as promising platforms for a scalable manufacturing of 

modular microscale units toward the ultimate goal of creating biomimetic engineered 

tissues. These SH-SL microarrays provide accurate control over individual sizes, shapes, 

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

The successful know-how on fabrication either stably anchored hydrogel microarrays or 

freestanding microgels with shape defined by the geometry of the hydrophilic array will 

soon allow extending this methodology towards novel freestanding micro-biomaterials. 
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The present work aims to produce miniaturized freestanding (FS) membranes with 

controlled microscale features (i.e., size and shape) as small building blocks that could be 

further assembled to create large tissue constructs by bottom-up approach.  

As proof-of-concept, micro-membranes will be build-up onto underlying SH-SL 

microarrays by the layer-by-layer (LbL) methodology. The synthetic Poly-(L-lysine) 

(PLL) and the natural alginate (ALG) polymers will be used as polycation and polyanion 

building blocks, respectively, to fabricate micro-membranes. ALG, a natural anionic 

biopolymer extracted from brown seaweed (Phaeophyceae), is particularly suitable for 

several biomedical applications mainly due to its similarities with ECM as well as 

affordable properties, including biocompatibility, non-immunogenicity and non-

toxicity.[1–4] ALG will be sequentially assembled with PLL. This cationic synthetic 

polymer is widely used to coat tissue culture ware to improve cell attachment due to its 

ability to promote cell adhesion and antibacterial performance.[5–7]  

 

Figure 2.1 – Schematic illustration showing the multilayered rearrangements within freestanding micro-membranes, 
including electrostatic interactions between oppositely charged polymers (ALG and PLL) and genipin crosslinking of 
PLL amine groups.  

A covalent crosslinking will be performed onto the micro-membranes by using 

genipin, in order to enhance their mechanical properties. Genipin is a naturally-derived 

compound extracted from Gardenia fruit, and it is widely used as a biocompatible 

crosslinker agent of polymers with amine groups. Comparing to others conventional 

crosslinkers such as EDC/NHS, and glutaraldehyde, genipin has shown much lower 

cytotoxicity, exhibiting also antioxidant and anti-inflammatory properties.[8–10] In the 
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particular case of hybrid multilayered membranes, since ALG does not contain amine 

groups, genipin crosslinker agent will give rise to semi-interpenetrating polymer 

networks architectures with free ALG chains entrapped inside crosslinked PLL layers, 

Figure 2.1.[11] 

Prior to cell studies, attempts to fine-tuned biological performance of the freestanding 

micro-membranes will be performed by coating membrane surfaces with collagen, which 

is well-known to favor cell-biomaterial interactions.[12–14] In order to show the broad 

applicability of FS membranes for variable tissue engineering applications, different 

phenotypic cells will be used, namely human adipose-derived stem cells (hASCs) and 

human umbilical vein endothelial cells (HUVECs). Stem cells brought several advantages 

to the Tissue Engineering and Regenerative Medicine field, namely their ability to 

differentiate into multiple tissues. This is highly desirable for tissue engineering 

applications considering the high number of cells usually required. Particularly, hASCs 

are an attractive alternative compared to bone marrow MSCs, since by using a waste and 

abundant tissue, large quantities of stem cells can be isolated from multiple sites and by 

minimally invasive procedures.[15] HUVECs are members of the blood-vessel network 

that ensures the diffusion of essential molecules. The survival of cells within the 

implanted biomaterials and its integration with the host tissue is strongly dependent on 

nutrient and oxygen exchange, as well as waste product removal, which are provided by 

blood microcirculation.[16] The ability FS membranes to allow the adhesion and 

proliferation of cells will be evaluated in vitro up to 7 or 21 days, for HUVECs or hASCs, 

respectively. The viability of cells will be qualitatively evaluated using a calcein-AM 

fluorescence staining, which stains living cells in green. Additionally, a formazan-based 

absorbance assay will be used to quantitatively assess the metabolic activity of cells. The 

ability of hASCs to differentiate towards the osteogenic lineage upon 21 days of culture 

in osteogenic differentiation media will be also assessed. Osteogenesis will be evaluated 

by quantifying the activity of alkaline phosphatase (ALP) using p-nitrophenyl phosphate 

(pNPP) as a phosphatase substrate, and by detection of hydroxyapatite trough a 

fluorescence assay. 

 

 

 

 



 

33 
 

References  

[1] Lee, K. Y. & Mooney, D. J. Alginate: Properties and biomedical applications. 

Prog. Polym. Sci. 37, 106–126 (2012). 

[2] Sun, J. & Tan, H. Alginate-Based Biomaterials for Regenerative Medicine 

Applications. Materials 6, 1285–1309 (2013). 

[3] Fertah, M. & Belfkira, A. Extraction and characterization of sodium alginate from 

Moroccan Laminaria digitata brown seaweed. Arab. J. Chem. 10, S3707–S3714 

(2017). 

[4] Aderibigbe, B. A. & Buyana, B. Alginate in Wound Dressings. Pharmaceutics 10, 

42 (2018). 

[5] Kosik, A., Luchowska, U. & Ś, W. Electrolyte alginate / poly-L-lysine membranes 

for connective tissue development. Mater. Lett. 184, 104–107 (2016). 

[6] Hong, D. & Yang, S. H. Cationic Polymers for Coating Living Cells. Macromol. 

Res. 26, 1185–1192 (2018). 

[7] Alkekhia, D. & Shukla, A. Influence of poly-L-lysine molecular weight on 

antibacterial efficacy in polymer multilayer films. Soc. Biomater. 1324–1339 

(2019).  

[8] Ghiorghita, C., Bucatariu, F. & Dragan, E. S. Materials Science & Engineering C 

Influence of cross-linking in loading/release applications of polyelectrolyte 

multilayer assemblies . A review. Mater. Sci. Eng. C 105, 110050 (2019). 

[9] Wang, J. et al. Genipin Inhibits LPS-Induced Inflammatory Response in BV2 

Microglial Cells. Neurochem. Res. 42, 2769–2776 (2017). 

[10] Gaudière, F., Morin-grognet, S., Bidault, L., Lembre, P., Pauthe, E., Vannier, J., 

Atmani, H., Ladam, G. Genipin-Cross-Linked Layer-by-Layer Assemblies : 

Biocompatible Microenvironments To Direct Bone Cell Fate. Biomacromolecules 

15, 1602–1611 (2014). 

 

[11] Silva, J. M., García, J. R., Reis, R. L., García, A. J. & Mano, J. F. Tuning cell 

adhesive properties via layer-by-layer assembly of chitosan and alginate. Acta 

Biomater. 51, 279–293 (2017). 



 

34 
 

[12] Gand, A., Tabuteau, M., Chat, C., Ladam, G., Atmani, H., Tassel, P. R. V., Pauthe, 

E. Fibronectin-based multilayer thin films. Colloids Surfaces B Biointerfaces 156, 

313–319 (2017). 

 

[13] Gong, Y., Zhu, Y., Liu, Y., Ma, Z. & Gao, C. Layer-by-layer assembly of 

chondroitin sulfate and collagen on aminolyzed poly (L-lactic acid) porous 

scaffolds to enhance their chondrogenesis. Acta Biomater. 3, 677–685 (2007). 

[14] Ren, K., Hu, M., Zhang, H., Li, B. Layer-by-layer assembly as a robust method to 

construct extracellular matrix mimic surfaces to modulate cell behavior. Prog. 

Polym. Sci. 92, 1–34 (2019). 

 

[15]  Fraser, J. K., Wulur, I., Alfonso, Z. & Hedrick, M. H. Fat tissue: an 

underappreciated source of stem cells for biotechnology. Trends Biotechnol. 24, 

150–154 (2006). 

[16] Novosel, E. C., Kleinhans, C. & Kluger, P. J. Vascularization is the key challenge 

in tissue engineering. Adv. Drug Deliv. Rev. 63, 300–311 (2011) 



 

 
 

 

 

 

 

 

 

 

 

 

Chapter 3: Article  

High-throughput fabrication of freestanding micro-

membranes for modular tissue engineering 

 
 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Article 

37 
 

 

 

 

 

 

 

 

 

 

 

 

 

High-throughput fabrication of freestanding micro-

membranes for modular tissue engineering 

 

 

 

 

 

 

 

 

 
This chapter is based on the article entitled 

“High-throughput fabrication of freestanding micro-membranes for modular tissue 

engineering” 

(manuscript in preparation) 

 

 

 

 

 

 

 

 

 



 

 
 

 



Chapter 3: Article 

 

39 
 

 

 

 

 

 

 

 

 

 

 

High-throughput fabrication of freestanding micro-

membranes for modular tissue engineering 

 
Flávia D. Lopes1, Sónia G. Patrício2#, Clara R. Correia2# and João F. Mano2# 

 

 

 
1 Department of Materials Engineering and Ceramics, University of Aveiro, Campus 

Universitário de Santiago, 3810-193, Aveiro, Portugal 
2 Department of Chemistry, CICECO – Aveiro Institute of Materials, University of 

Aveiro, Campus Universitário de Santiago, 3810-193, Aveiro, Portugal 
 

 

 

 

 

 

 

 

 
# Corresponding Authors. E-mails: sgpatricio@ua.pt; claracorreia@ua.pt; jmano@ua.pt 

 

mailto:sgpatricio@ua.pt
mailto:claracorreia@ua.pt
mailto:jmano@ua.pt


 

 
 

 
 
 
 
 
 
 
 
 



 

High-throughput fabrication of freestanding micro-membranes for modular tissue engineering 

41 
 

Abstract 

Tissue engineering (TE) has emerged as a promising alternative to regenerate injured 

tissues or failing organs by typically combining biomaterials, cells and biomolecules.  

Bottom-up or modular TE aims to mimic the complexity of native tissues by assembling 

repeated functional units into hierarchical engineered macro tissues. Inspired by the Lotus 

effect, we propose the development of miniaturized freestanding (FS) micro-membranes 

with spatially controlled organization through superhydrophobic-superhydrophilic (SH-

SL) microarrays substrates. To achieve this purpose, alginate hydrogels were produced in 

SL regions as sacrificial templates for the sequential deposition of oppositely charged 

polyelectrolytes, namely poly-l-lysine (PLL) and alginate (ALG) biopolymers, by the 

layer-by-layer methodology. The successful interaction of the two biopolymers was 

confirmed by zeta (ζ)-potential measurements and quartz-crystal microbalance with 

dissipation monitoring analysis. After liquefying the sacrificial alginate microgels, the 

resulting detachable [PLL/ALG]100 micro-membranes were crosslinked with genipin 

(GnP) in order to improve the mechanical properties, and enhance cell adhesion. Micro-

membranes with variable geometries were cultured with different cells, namely squared 

micro-membranes were seeded with human-adipose stem cells (hASCs), and circular 

micro-membranes with human umbilical vein endothelial cells (HUVECs). The in vitro 

biological assays show the ability of the cross-linked [PLL/ALG]100 FS micro-membranes 

to promote cell adhesion and proliferation.  

Results shown that cells were able to adhere to the micro-membranes, and remained 

viable up to the timepoints tested, namely 7 or 21 days for HUVECs or hASCs, 

respectively. Additionally, both cells presented a stretched morphology visualized by F-

actin staining, evidencing a successful cell-material interaction. Importantly, hASCs were 

able to differentiate into the osteogenic lineage, as showed by alkaline phosphatase 

activity and hydroxyapatite detection. Ultimately, in a proof-of-experiment, different 

freestanding micro-membranes cultured with HUVECs or hASCs were stacked layer-by-

layer in order to achieve complex sandwich-like co-culture toward modular tissue 

engineering applications. 

 

Keywords: Superhydrophobic-superhydrophilic microarrays, Layer-by-layer assembly, 

Freestanding micro-membranes, Modular tissue engineering 
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3.1. Introduction 

Layer-by-layer (LbL) assembly has emerged as a promising approach to develop 

polymeric ultra-thin multilayered films with tailored composition and tunable properties. 

Such polyelectrolyte multilayered films are developed on the top of solid substrates 

through sequential and alternative deposition of oppositely charged polymers. When 

deposited on substrates with intrinsic low surface energy, these multilayered films can be 

easily removed without resorting to post-processing steps, thus allowing the production 

of freestanding (FS) membranes. Moreover, LbL is a simple, robustness and cost-

effective technique that enables to assemble functional building blocks into 

heterogeneous multilayered structures, with finely control of the multiscale architecture, 

by adjusting experimental parameters such as pH, ionic strength, charge density and 

concentration of biopolymer species and number of sequential adsorption steps.[1–3] 

Polyelectrolytes assembly is mostly driven by electrostatic interactions, typically via 

dipping, spraying or spin coating.[4–8] Despite multilayer stability is largely governed by 

electrostatic interactions, others forces such as hydrogen bonding, coordination bonding, 

charge transfer and molecular recognition can also be involved as the driving force for 

the assembly process.[2,9,10]  

Since the pioneering work by Decher,[11] LbL methodology has become one of the most 

prominent surface engineering strategies  in biomedical applications, such as regenerative 

medicine,[12] implantable biomaterials, [13–18] drug delivery[19]  and wound dressing.[20,21] 

For these cases, two-dimensional (2D) freestanding membranes have been explored as 

supportive structures for cell attachment, growth and differentiation. Recently, some 

strategies have been applied to the conventional LbL using flat underlying substrates in 

order to provide material patterned topography at the nano/micrometer scale to trigger 

specific cellular responses.[22,23] In a recent study,[24] nanopatterned FS membranes were 

generated on underlying optical media, which presents nanofeatures on their surface.25 

Biological assays shown that the presence of nanogrooved topography on the surface 

membranes caused the elongation of fibroblast cells along the ridges and grooves 

direction. Therefore, these patterned FS multilayered membranes have acted as 

bioinstructive substrates allowing the controlled cellular alignment, thereby playing a 

critical role in specific tissue regeneration, such as muscles, nerves, or blood vessels. In 

another work, flexible membranes containing multiple micro-reservoirs with well-

defined geometric features were produced over a featured poly-dimethylsiloxane (PDMS) 



 

High-throughput fabrication of freestanding micro-membranes for modular tissue engineering 

43 
 

template.[26]  The results have shown that cells colonized preferentially in the micro-

reservoirs, modulating cell behaviour in terms of migration and proliferation. 

In this work, we propose a new concept of miniaturized freestanding membranes with 

controlled microscale features (i.e., size and shape) as small building blocks than could 

be further assembled into large tissue constructs toward bottom-up TE approach. For the 

proof-of-concept, micro-membranes were build-up onto underlying superhydrophobic-

superhydrophilic (SH-SL) microarrays. These SH-SL platforms were already used to 

produce cell-laden microgels with well controlled geometries and sizes.[27] We endeavor 

to transpose this conceptual idea for a scalable manufacturing of freestanding micro-

membranes. Therefore, we explore the ability of these micro-membranes to support cell 

adhesion and proliferation. Ultimately, in a proof-of-experiment, freestanding micro-

membranes cultured with different cell phenotypes were stacked layer-by-layer in order 

to achieve complex sandwich-like co-culture toward modular tissue engineering 

applications. 

3.2.  Materials and Methods 

3.2.1.  Materials and Reagents 

Glass microscope slides were purchased from Normax (Portugal). Hydrochloric acid 

(HCl) (37% PA), dichloromethane  (99.98%), 3-(trimethoxysilyl) propyl methacrylate,  

2-hydroxyethyl methacrylate (HEMA) (>98%), ethylene dimethacrylate (EDMA), 2,2-

dimethoxy-2-phenylacetophenone (DMPA) (99%), cyclohexanol (99%), 

ethylenediaminetetraacetic acid (EDTA) ( ≥ 98.5%), 1H,1H,2H,2H-perfluoro-1-

decanethiol (PFDT) (97%), D-(+)-gluconic acid δ-lactone (GDL) (≥99%), sodium 

alginate (ALG), and poly-L-lysine hydrobromide (PLL) (mol wt 30.000-70.000) were 

purchased from Sigma-Aldrich. 1-decanol (≥99%) was purchased from Sigma-Aldrich. 

4-(dimethylamino) pyridine (99%), 4-pentyonic acid (95%) and N, N’-

diisopropylcarbodiimide (99%) were purchased from Acros Organics. 2-mercaptoethanol 

and calcium carbonate (CaCO3) were obtained from Alfa Aesar and Fluka, respectively, 

and sodium hydroxide (NaOH) from Eka. Genipin (GnP) was obtained from Wako and 

dimethyl sulfoxide (DMSO) (≥99%) was purchased from Honeywell. 
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3.2.2.  Preparation of superhydrophobic-superhydrophilic surfaces 

Superhydrophobic-superhydrophilic (SH-SL) patterned surfaces were prepared by 

photolithography, as previously described.[28–30] Briefly, SH-SL microarrays were 

prepared as stated below.   

Glass slide activation, methacrylation and fluorination. Initially, glass slides were 

activated by immersing in 1M NaOH solution for 1 hour followed by rinsed with 

deionized (DI) water and immersing in 1M HCl solution for 30 min. Afterwards, glass 

slides were washed with DI water and dried under a nitrogen stream. Activated glass 

slides were modified by spreading a small amount 20% v/v ethanol solution of 3-

(trimethoxysilyl)propyl methacrylate over activated glass slides. Each glass slide was 

covered with another activated glass slide for 30 min at room temperature (RT). 

Afterwards, a freshly portion of ethanolic solution was reapplied for another 30 min, and 

glass slides were then washed with acetone and dried under a nitrogen stream. Ultimately, 

glass slides were fluorinated for 3-5 hours under 50 mbar vacuum in a sealed desiccator 

under a trichloro (1H,1H,2H,2H-perfluorooctyl) silane atmosphere, followed by washing 

with acetone, and drying under nitrogen stream (see Figure S1†, supplementary 

information). 

Polymer nanoporous film. To prepare a porous polymer layer, a polymerization mixture 

was prepared containing the monomer 24 wt.% HEMA, the cross-linker agent 16 wt.% 

EDMA, porogens by a mixture of 12 wt.% 1-decanol and 48 wt.% cyclohexanol, and the 

initiator 0.4 wt.% DMPA. To control the thickness of the polymer layer, two 12.5 µm 

thin strips of aluminum foil were applied on the corners of methacrylated glass slide. 

Afterwards, 80 µL of the polymerization solution were applied on top of the 

methacrylated glass slides, and then covered by fluorinated glass slides. Polymerization 

were performed by crosslinking the HEMA-EDMA polymer mixture via UV irradiation 

of the glass mold with 264 nm wavelength for 15 min at 12 mW/cm2. The mold was then 

carefully opened using a scalpel, and the fluorinated glass slide was then removed. The 

polymer surface was subsequently rinsed with ethanol, and dried with a nitrogen stream. 

Prior to patterning, the polymerized slides were then immersed in a esterification solution 

containing 45 mL of dichloromethane, 56 mg of 4-(dimethylamino) pyridine, 111.6 mg 

of 4-pentynoic and 180 μL of N,N’- diisopropylcarbodiimine for 4 hours under stirring at 

RT followed by extensive washing with ethanol (Figure S2† (a) and (b), supplementary 

information). 
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Surface patterning. A SH pattern was created by applying 200 µL of 5% v/v solution of 

PFDT in acetone onto the polymer surface, followed by UV irradiation through a quartz 

photomask at 264 nm wavelength and 12 mW/cm2 for 1 min. The photomask is removed, 

and the polymer surface is subsequently washed with acetone and dried with a nitrogen 

stream. A second thiol-yne reaction is then performed, leading to the modification of 

unreacted alkyne groups and the formation of a SH-SL pattern. The SL spots were then 

created by applying 200 µL of 10% v/v 2-mercaptoethanol solution in 1:1 v/v 

water:ethanol onto the patterned surface and irradiating the slide with 264 nm UV light 

and 12 mW/cm2 for 1 min through a fluorinated quartz slide (Figure S2† (c), 

supplementary information). At the end, the slides were washed extensively with ethanol 

followed by drying with nitrogen stream.  

Water contact angle measurements. Water contact angle (CA) measurements were 

performed on a Contact Angle System OCA and included software (Data Physics, 

Germany). For static contact angle measurements, digital drop shape analysis was 

performed on a 1 µL sessile drop of deionized water using the Laplace Young fitting 

routine. Each sample was evaluated at three positions with subsequent measurements at 

random control positions to exclude a possible bias. All measurements were performed 

at ambient conditions.  

3.2.3.  Zeta (ζ) - potential measurements of polyelectrolyte solutions 

In order to assess the fabrication of PLL/ALG multilayered films via electrostatic 

interactions, the electrical charge of the PLL and ALG polyelectrolytes was investigated. 

Prior to the ζ-potential measurements, fresh solutions of PLL (1 mg.mL−1) and ALG (1 

mg.ml−1) were prepared at pH 5.85 in ultra-pure water. The ζ-potential measurements 

were determined using a Zetasizer Nano ZS (Malvern Instruments, United Kingdom) at 

25 °C. The measurements of each polyelectrolyte were performed in triplicate and the 

mean±standard deviation (SD) values were presented. 

3.2.4.  Quartz crystal microbalance with dissipation (QCM-D) monitoring 

The build-up process of PLL/ALG multilayered films growth was evaluated by a quartz 

crystal microbalance with dissipation monitoring (Q-Sence, Sweden), with sensor 

crystals coated with gold, excited at a fundamental frequency of 5 MHz as well as at 15, 

25, 35, 45 and 55 MHz corresponding to the 3rd, 5th, 7th, 9th and 11th overtones, 

respectively. Fresh polyelectrolyte solutions were prepared by dissolution of PLL and 

ALG in ultra-pure water to yield a final concentration of 1 mg.mL−1 at pH 5.85 adjusted 
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with HCl or NaOH solutions. Briefly, polyelectrolyte and washing solutions were 

alternatively injected into the measuring system at a constant flow rate of 50 μL.min−1. 

The PLL solution was pumped into the system for 4 min to allow the adsorption 

equilibrium at the crystal surface. A rising step of 3 min with ultra-pure water was then 

injected in order to remove the unbound polyelectrolytes. Then, the ALG solution was 

pumped into the system for 4 min following a new rising step. All experiments were 

conducted at 25 ºC. Variations in frequency (Δf) and in dissipation (ΔD) were 

continuously monitored in real time until achieved the number of desired layers. 

Thickness measurements were performed using the Voigt viscoelastic model 

implemented in the QTools software (Q-Sense, version 3.1.29.619). Changes in resonant 

frequency and dissipation of the seventh overtone were fitted. Based on the assumed 

growth model, the thickness of the multilayer film after 20 cycles was estimated.  

3.3. Production of micro-membranes and characterization  

3.3.1.  Fabrication of the hydrogel sacrificial template 

The alginate hydrogel was produced by the in situ method, as previously described in the 

literature[31], with the optimization of the CaCO3/GDL molar ratio to ~2.4 for the 

sacrificial template conditions. Herein, for the preparation of calcium alginate hydrogel, 

aqueous solution of ALG was prepared at 1.5% (w/v) in ultra-pure water. Afterwards, 

100 µL solution of CaCO3 (3.65 mg/0.100 mL) were added to 1 mL of ALG 1.5% (w/v) 

solution and briefly stirred. Then, 400 µL of an aqueous solution of GDL (21.78 mg/0.400 

mL) was added. All fresh solutions were prepared in ultrapure water. The final solution 

was continuously stirred for 5 min at RT before pouring onto patterned SH-SL surface. 

Lastly, by standing droplet method, droplet microarray (DMA) was formed and placed 

(horizontally) into a stove at 37 ° C for 15 min. 

3.3.2.  Multilayered micro-freestanding membranes 

The multilayer films were built on hydrogel sacrificial templates using freshly prepared 

polyelectrolyte solutions. Polyelectrolytes-based multilayered FS membranes were 

produced at RT via LbL assembly approach using a home-made dipping robot specially 

designed for the automatic fabrication of multilayers. The negatively charged hydrogel 

sacrificial templates were placed on top of a previously prepared patterned SH-SL 

surface. Then, the construct was sequentially immersed in PLL and ALG aqueous 

solutions (1 mg.ml−1, in ultra-pure water at pH 5.8-6.0) with a rinsing step in ultra-pure 

water between each deposition to remove weakly adsorbed polymers. A home-made 



 

High-throughput fabrication of freestanding micro-membranes for modular tissue engineering 

47 
 

apparatus was automatically programmed for consecutive and alternately depositions of 

4 min for the polyelectrolyte solutions, and 3 min for the rinsing steps. This process was 

repeated until the deposition of 100 bilayers. At the end, [PLL/ALG]100 multilayered 

membranes were produced by electrostatic interactions between oppositely charged 

polyelectrolytes. Afterwards, [PLL/ALG]100 FS multilayered micro-membranes were 

obtained from the simple detachment of the sacrificial template and multilayers system 

by subsequent immersion in ultra-pure water and then in 100 mM EDTA solution 

followed to liquefy the alginate hydrogel template.  Afterwards, to improve the 

mechanical properties, [PLL/ALG]100 FS micro-membranes were covalent crosslinked 

with GnP.[32] GnP solution (1 mg.mL−1) was prepared by dissolving GnP into 

DMSO:sodium acetate buffer (0.2 M NaOH, pH 5.5) mixture (1:4 ratio). The FS micro-

membranes were immersed in the cross-linking solution and incubated at 37 ºC overnight. 

To stop the reaction, membranes were thoroughly dipped in gradual ethanol solutions 

until the excess of GnP was removed, and then washed and stored in DI water at RT. 

3.4.  Characterization 

3.4.1.  Attenuated total reflectance-Fourier transform infrared spectroscopy 

A Bruker TENSOR 27 FTIR spectrometer fitted with a “Golden Gate” ATR module 

equipped with a diamond crystal was used to collect the spectra of the dried samples PLL, 

ALG and PLL/ALG film in the absorbance mode. All data were obtained in the spectral 

range of 4000-400 cm−1 by averaging 256 individual scans per sample at a resolution of 

4 cm−1. All data were processed in OPUS spectroscopy software supplied with the 

instrument. 

3.4.2.  Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy 

The surface morphology of the samples was observed using a Hitachi S4100 (Tokyo, 

Japan) scanning electron microscope. Prior to the analysis, the SH-SL substrates 

containing the adsorbed layers, i.e. [PLL/ALG]100 freestanding micro-membranes were 

fixed to the aluminum stubs by double-sided carbon conductive adhesive tape for 

electrical contact purposes. All samples were previously coated with a conductive layer 

of sputtered gold palladium. The scanning electron microscopy (SEM) micrographs were 

taken at an accelerating voltage of 4 kV and at different magnifications. Energy-

dispersive X-ray spectroscopy (EDS, Hitachi) was also used to determine the elemental 

components of the top surface of the SH-SL patterned substrate. The samples were 

sputtered with carbon and the analysis was made at an accelerating voltage of 15 kV.  
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3.4.3. Optical microscopy 

The optical microscope (Zeiss Stemi 508) was used to observe and magnifying the droplet 

microarrays (DMA) images and register them. 

3.5.  In vitro biological assays 

Prior to cell studies, Gnp cross-linked [PLL/ALG]100 FS micro-membranes were 

sterilized in 70% v/v ethanol for 2 h at RT. After washing with phosphate-buffered saline 

(PBS, Sigma-Aldrich), the FS micro-membranes were placed in cell culture slides 

(Invitrocell) (1 micro-membrane per well) and immersed in a collagen (Col) type I 

solution (from rat tail, Sigma-Aldrich) diluted in PBS (500 µg.mL−1). Samples were 

incubated at 37°C overnight.  

3.5.1.  Cell culture 

Human adipose-derived stem cells (hASCs) were cultured in alpha minimum essential 

medium (α-MEM, ThermoFisher Scientific), supplemented with 10% fetal bovine serum 

(FBS, ThermoFischer Scientific) and 1% antibiotic/antimycotic (ATB, ThermoFischer 

Scientific). Human umbilical vein endothelial cells (HUVECs) were cultured in medium 199 

(M199, ThermoFisher Scientific) supplemented with 1% L-glutamax (Gibco, Life 

Tecnhologies), 2.5% ATB, 20% FBS and endothelial cell growth supplement (ECGs, 40 

mg.mL−1) and heparin (10 mg.mL−1). Endothelial cells were cultured in tissue culture flasks 

previously treated with 0.7% gelatin (w/v, porcine skin type A, Sigma-Aldrich) for 30 min at 

37 °C. hASCs and HUVECs were incubated at 37°C in a humidified air atmosphere of 5 % 

CO2. Every 3-4 days, fresh medium was added.  

3.5.2.  [PLL/ALG]100 FS micro-membranes seeding  

At 80% of confluence, HUVECs (passage 5) and hASCs (passage 5), were washed with 

PBS solution, and detached using trypsin-EDTA solution (Merck) for 5 min at 37°C. 

Subsequently, cells were centrifuged for 5 min at 300 g to discard the supernatant. Each 

[PLL/ALG]100 FS micro-membrane was seeded with 50.000 cells per cm2.  Therefore, 

circular FS membranes presenting a surface area of 0.07 cm−2 were seeded with 3.5x103 

HUVECs (passage 5). Squared FS micro-membranes presenting a surface area of 0.09 

cm−2 were seeded with 4.5x103 hASCs (passage 5). 3 µL of each cell suspension was 

placed on top of each FS micro-membranes presenting different geometries. Samples 

incubated at 37° in a humidified air atmosphere of 5 % CO2. After 1.5 h, 350 µL of the 

appropriate culture medium was added to each well. Samples were incubated again at 37 

°C in 5 % CO2. Every 3-4 days, the cell culture medium was replaced.  
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3.5.3.  Stacking culture 

After 7 days of in vitro culture, HUVECs and hASCS seeded in circular and square 

shaped FS micro-membranes, respectively, were staked by placing one circular micro-

membrane on top of one square micro-membrane. Stacked samples were incubated at 37 

°C in a humidified air of 5 % CO2. A 1:1 ratio of each specific cell culture media was 

used. 

3.5.4.  Calcein-AM and DAPI–phalloidin fluorescence assays 

To evaluate the cellular viability of hASCs and HUVECs seeded on PLL/ALG FS micro-

membranes (1 micro-membrane per well, in duplicate), a calcein fluorescence assay was 

performed. Briefly, at 1, 3 and 7 days of culture, cell culture medium was removed and 

300 μL of PBS containing 0.6 μL of calcein-AM (1 mg.mL−1, Invitrogen) was added to 

each well. Samples were then incubated at 37 ºC for 15 min protected from light. 

Afterwards, samples were washed with PBS and immediately visualized in the dark by 

fluorescence microscopy (Axioimage RZ1M, Zeiss, Germany). 

In order to observe the cell nucleus and F-actin filaments, 4,6-Diaminidino-2-

phenylindole-dilactate (DAPI, Sigma-Aldrich) and phalloidin tetramethylrhodamine B 

isothiocyanate (phalloidin, Sigma-Aldrich, USA) fluorescent dyes were used, 

respectively. HUVECs were visualized at 1, 3 and 7 days of culture, and hASCs 1, 3, 7, 

14 and 21 days of culture. At each timepoint, cell culture medium was removed, and 10% 

v/v of formalin (Biosciences) was added to each well for 45 min at RT. Afterwards, cells 

were permeabilized with 0.1% v/v Triton-X (Sigma Aldrich) for 5 min at RT. Upon PBS 

washing, 300 µL of 1 mL of PBS containing 7.5 µL phalloidin (50 µg.mL−1, Flash 

Phalloidin Red 594, Biolegend) was added to each sample. After 45 min at RT, the 

samples were washed with PBS and counterstained with DAPI in a PBS solution of 300 

µL with 0.3 µL DAPI (1 mg.mL−1, Sigma-Aldrich). After 5 min at RT and protected from 

light, the samples were washed with PBS and visualized in the dark by fluorescence 

microscopy (Axio Imager 2, Zeiss). Cells nuclei appeared bright blue and F-actin 

filaments appeared bright red due to DAPI and phalloidin dyes, respectively. 

3.5.5.  Metabolic activity colorimetric assay 

The cytotoxicity of [PLL/ALG]100 FS micro-membranes seeded with hASCs or HUVECs 

was tested using an MTS colorimetric assay. This metabolic activity assay is based on the 

bio reduction ability of mitochondrial dehydrogenase enzymes present in viable cells to 

convert the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulphofenyl)-2H-tetrazolium (MTS) compound into a cell culture soluble brown 

formazan product. Briefly, FS micro-membranes were placed in cell culture slide 

(Invitrocell) (1 micro-membrane per well in triplicate) and incubated for 1, 3 and 7 days 

at 37 ºC and in a humidified 5% CO2 atmosphere. The MTS assay was performed 

protected from light. The culture medium was removed and 300 µL of PBS containing 

MTS solution with a dilution ratio of 1:5 was added to each well. Samples were then 

incubated in the dark at 37 ºC and 5% CO2. After 4 h, the contents of each well were 

transferred to eppendorf tubes (in triplicate) followed by centrifugation at 450 g for 5 min. 

Then, 100 µL of each eppendorf were transferred to a 96-well plate. The amount of 

formazan product was measured by absorbance at a wavelength of 490 nm using a 

multiwall spectrophotometer (Synergy HT, Bio-TEK).   

3.5.6.  DNA and alkaline phosphatase activity quantification assays 

The ability of FS micro-membranes to support the proliferation of hASCs and HUVECs 

was tested by DNA quantification assay. Quantification of total DNA was determined 

after cell lysis, according to the manufacturer’s description (Quant-iTTM PicoGreen® 

dsDNA assay kit, Life Technologies). Briefly, at different pre-determined culture periods, 

samples (1 membrane per well in triplicate) were washed with PBS and subsequently 

suspended in 300 L of ultra-pure sterile water. Upon mixing, the contents were transferred 

to eppendorf tubes. After 1 h in a 37 ºC shaking water bath, samples were frozen at -80ºC 

overnight or until use. Samples were defrosted and used according to the specifications 

of the kit. After transferring each solution to a 96-well white opaque plate (in duplicate), 

the plate was incubated at RT protected from light for 10 min. Fluorescence was read at 

excitation of 485/20 nm and emission of 528/20 nm using a microplate reader (Gen 5 

2.01, Synergy HT, Biotek). The standard curve for DNA analysis was generated with 

provided DNA from the assay kit.  

The activity of alkaline phosphatase (ALP) of hASCs cultured in the FS membranes was 

determined. Briefly, a substrate solution (pH 9.8) was prepared by dissolving 4-

nitrophenylphosphate disodium salt hexahydrate (0.2% w/v, Sigma-Aldrich) in 

diethanolamine (1 M, Sigma-Aldrich). Each sample (20 μL, in duplicate) was mixed with 

the prepared substrate solution (60 μL). After 1h at 37 ºC protected from light, the reaction 

was stopped (80 μL) with NaOH (2 M) and EDTA (0.2 mM). A standard curve with a 

range of concentrations (0, 0.05, 0.10 and 0.15 in triplicate) was prepared by diluting 4-

nitrophenol solution (10 mM, Sigma-Aldrich) in the stop solution. Absorbance was read 
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at 405 nm in a microplate reader (Gen 5 2.01, Synergy HT, Biotek). Results were 

normalized with the DNA quantification data. 

3.5.7.  Mineralization fluorescent assay 

At 21 days of hASCs culture, the presence of hydroxyapatite (HA) crystals was assessed 

using the OsteoImage™ Mineralisation Assay kit (Lonza) according to the 

manufacturer’s instructions. Then, samples were counterstained with DAPI (1:1000 in 

PBS, 1 mg.mL−1, ThermoFisher Scientific) for 5 min at RT, and visualized by 

fluorescence microscopy (Axio Imager 2, Zeiss).  

3.5.8.  Statistical analysis 

Statistical analysis was performed using one-way analysis of variance (ANOVA) with 

Tukey’s post-hoc test. p-values <0.05 were considered statistically significant 

(****p<0.0001; ***p<0.001; **p<0.01; *p<0.05). All results are presented as mean ± 

standard deviation of at least three independent experiments. 

3.6.  Results and Discussion 

3.6.1.  Production and characterization of SH-SL microarrays 

To produce the SH–SL microarrays, a nanoporous HEMA–EDMA film was formed onto 

a glass slide, followed by modifying the polymer surface with alkyne groups through a 

standard esterification procedure (Figure S1†, supplementary information). Afterwards, 

a SH pattern with two different geometries, namely circles and squares were formed by 

functionalizing the surface with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) through 

photo-click thiol-yne reaction and by applying a corresponding quartz photomask. After 

this patterning step, the non-irradiated areas still comprise reactive alkyne groups for a 

secondary chemical modification. This one corresponds to another thiol-yne reaction with  

2-mercaptoethanol, forming superhydrophobic-superhydrophilic patterns (Figure 

S2†).[29] Applying the discontinuous dewetting method, the extreme difference in 

wettability between the SL spots and SH borders leads to the formation of a high-density 

array of completely separated microdroplets (Figure 3.1), where water was spontaneously 

removed from the barriers, but filled SL regions. As previously related, as soon as the 

nanoporous SL areas becomes wet, these regions become transparent due to the reduced 

light scattering caused by matched refractive indexes.[27] The analysis of CAs has 

confirmed the extreme difference in wettability. SH barriers possessed CAs of 179.9 ± 



 

High-throughput fabrication of freestanding micro-membranes for modular tissue engineering 

52 
 

0.6°, while the SL areas showed CAs of 25.5 ± 0.2º. This latter value is above 10º, 

meaning that wettable regions are hydrophilic rather than superhydrophilic. 

 

Figure 3.1 – Optical images of the formation of droplet microarrays (DMAs) with circular and square geometries. A 
large droplet of water was applied onto the patterned surface. Upon applying a slight tilt to the slide, the droplets roll 
off the surface spontaneously by discontinuous dewetting. 

The surface morphology and chemical composition of the SH-SL patterned surfaces 

produced was also analyzed by SEM and EDS. The SH-SL polymer layer obtained shown 

a thickness of 12 μm corresponding to the thickness of the aluminum foil used as spacer. 

Additionally, the surface have presented small size of pores that was important for 

achieving transparency of the wetted polymer film (see Figure S3†, supplementary 

information). EDS mapping of SH-SL surfaces have revealed the presence of the key 

elements of the thiols used for the formation of either superhydrophobic or 

superhydrophilic areas (Figure 3.2). In this sense, SH barriers have shown enriched F 

borders (red color) due to the presence of PFDT, which has a long carbon chain and is 

therefore responsible for the highly hydrophobic characteristic of the produced patterned 

surfaces. Furthermore, the Sulphur element from 2-mercaptoethanol (short carbon chain 

thiol) is mainly located on the SL spots. These results corroborated the well-succeed thiol-

yne click reactions for the production of SH-SL droplet microarrays.  
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Figure 3.2 – SEM (SE) images of a SH-SL patterned surface with square (A1) and circular  (A2) geometries. EDS mapping 
(B1-B2) showing the red SH barriers enriched in fluor (F), and the green SL areas (C1-C2) in sulphur (S). Scale bar: 900 
µm. 

3.6.2. Build-up of PLL/ALG multilayered films 

The LbL approaches are mainly based on electrostatic interactions.[8] In this sense, prior 

to QCM-D monitoring, the ζ-potential of the different polyelectrolyte solutions was 

measured (Figure 3.3 A) under working conditions. As expected, at pH 5.85 PLL 

presented a positive charge (+55.3 ± 1.3 mV) while the ALG solution exhibit negative 

electrical charge (-65.8 ± 0.1 mV). These results confirm the cationic and anionic nature 

of PLL and ALG, respectively, which allowed the successfully build-up of multilayered 

self-assembled films by electrostatic interactions. Afterwards, the buildup of PLL/ALG 

multilayered films, through the sequential adsorption of the oppositely charged 

polyelectrolytes, was followed in situ by QCM-D monitoring. Figure 3.3 B shows the 

variations of the normalized frequency (Δfʋ /ʋ) and dissipation (ΔD) of the 7th overtone 

corresponding to the deposition of 20 bilayers of PLL/ALG, onto the gold-coated quartz 

crystal substrates. The curves represent the state of frequency and dissipation after each 

material deposition which can be distinguished by the stepwise decrease in frequency, 

and increase in dissipation. The decrease of the normalized frequency in each deposition 

step indicates that the polymeric mass was adsorbed onto the gold-coated quartz crystals 

representing the successful deposition of polyelectrolytes. Regarding the increasing in the 

energy dissipation after each polyelectrolyte layer deposition, this indicates the non-rigid 

behavior as well as the viscoelastic nature of the materials absorbed above the crystal 

substrates. 
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Figure 3.3 – (A) ζ-potential analysis of poly-l-lysine (PLL) and alginate (ALG). (B) Build-up assembly assessment of PLL 
and ALG up to 20 deposition bilayers in ultra-pure water. Results correspond to the quartz-crystal microbalance with 
dissipation monitoring (QCM-D) of normalized frequency (Δfʋ/ʋ) and dissipation (ΔD) variations correspondent to the 
PLL deposition and the ALG deposition, obtained at the seventh overtone as a function of time. (C) Cumulative 
thickness evolution of the PLL/ALG polymeric film as a function of the number of bilayers of polyelectrolytes deposition. 
Thickness measurements were estimated using the Voigt viscoelastic model. 

Moreover, the QCM-D data were also used to estimate the thickness variations of the 

multilayered films along with the film building, as shown in Figure 3.3 C. Assuming a 

viscoelastic film, the polyelectrolyte layers were modeled as an elastic component in 

parallel with a viscous component – the Voigt-based Viscoelastic Model.[20,33] As a result, 

a linear growth model was observed during the construction of twenty bilayers. The 

analysis of the cumulative thickness evolution also allows to predict the film growth 

mode, suggesting the formation of a homogeneous film. Therefore, we assumed that this 

behavior will be maintained for the deposition of the other n bilayers, and the overall 

thickness for the [PLL/ALG] n FS micro-membranes could be extrapolated. 
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3.7.  Fabrication and characterization of micro-freestanding membranes  

QCM-D experiments confirmed the successful electrostatic interaction between the 

selected polyelectrolytes. Afterwards, freestanding micro-membranes were fabricated by 

using a homemade dipping robot. In order to allow the membrane detachment from the 

microarray platform, hydrogel sacrificial templates were produced onto SH-SL micro-

patterns.  

3.7.1.  Manufacture of microgels by the in-situ method as a sacrificial template to 

produce freestanding membranes 

ALG can easily forms hydrogels through the replacement of the sodium cation with 

divalent cations (such as Ca2+) that act as ionic crosslinkers. ALG hydrogels crosslinked 

with Ca2+ present a structure known as “the egg-box model”, in which Ca2+ cooperatively 

interact with blocks of G monomers of the polymer forming tightly bound interactions.[34] 

Slow gelation led to the formation of uniform gel structures with greater mechanical 

integrity. In order to control the gelation rate, ALG was associated with CaCO3 and GDL.  

CaCO3 was used since it has a very low solubility in ultra-pure water. This allows the 

uniform distribution of ALG before gelation occurs. Then, the suspension is acidified by 

adding GDL, and the hydrolysis lead to the slow release of Ca2+ ions from the CaCO3, 

thus initiating the gelation process. Lastly, in order to increase the gelation, the SH-SL 

patterned substrate with hydrogel sacrificial templates was incubated at 37 ºC.[31,34–36] 

Calcium alginate hydrogels were produced in situ on the SH-SL patterned substrates with 

controlled geometric shape and volume by formation of a DMA using the standing droplet 

method (Figure S3†, supplementary information). When an aqueous solution is rolled 

along the surface, the extreme wettability contrast of SL spots on an SH background leads 

to the formation of a high-density array of separated microdroplets. 

Afterwards, a homemade dipping robot was used to fabricate the [PLL/ALG]100 FS 

micro-membranes over hydrogel sacrificial templates, through consecutive and 

sequential adsorption of PLL and ALG by immersing them in the respective 

polyelectrolyte intercalated with washing steps at RT (Figure 3.4 A).  
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Figure 3.4 – (A) Schematic representation of the construction of multilayered membranes by the LbL technique using 
the dipping robot onto sacrificial templates to produce robust freestanding (FS) [PLL/ALG]100 membranes by 
electrostatic interactions. (B) Detachment process of [PLL/ALG]100 FS micro-membranes. First, the substrates are 
immersed in ultra-pure water, and then the hydrogel and the micro-membranes were immersed in 100 mM EDTA 
solution. 

At the end, [PLL/ALG]100 FS micro-membranes with square and circular geometries 

(3mm of dimension) were obtained from the simple detachment of the sacrificial template 

and multilayers system in ultra-pure water followed by immersion in EDTA solution. 

Calcium alginate hydrogels are destabilized in the presence of Ca2+ chelators agents, such 

as EDTA, which accelerate the swelling of the alginate matrix due to the dissociation of 

the gel matrix. Under these conditions, EDTA chelates Ca2+ ions, thus liquefying the 

hydrogel (see Figure 3.4 B).[37] Thus, we were able to obtain FS multilayered micro-

membranes by LbL technique using hydrogels as sacrificial template onto SH-SL 

patterned surfaces.  

SEM images of the non-crosslinked [PLL/ALG]100 FS micro-membranes produced by 

LbL technique over SH-SL patterned surfaces are shown in Figure 3.5 (A-B). SEM 

images show that multilayered FS micro-membranes are able to preserve their geometric 

shape, although they were slightly smaller due to the dehydration effect with ethanol. 

Previous displacement of the formed films was also observed (Figure 3.5 B), 

demonstrating the facile detachment of the membranes. The morphology of the 

freestanding micro-membranes was also analyzed by SEM. [PLL/ALG]100 surface micro-

membrane has shown a quite homogeneous morphology, presenting some surface 

roughness (Figure 3.5 C). The cross-section of the [PLL/ALG]100 FS micro-membranes 

(Figure 3.5 D), also presented an homogeneous and stratified morphology.  Using the 

Image J software, the thickness of multilayered FS micro-membranes was measured, 
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presenting 4.99 ± 0.05 µm, which is 10 magnitude higher than the estimated thickness by 

the Voigt model of the QCM-D results. A possible reason is the influence of the 

deposition substrate, which quasi-3D onto the microarray platform increasing the amount 

of adsorbed polymer and, thus increasing the thickness of the micro-membrane. 

 

Figure 3.5 – SEM images of the [PLL/ALG] micro-membranes produced over SH-SL patterned surfaces (A-B). (C) SEM 
image of the morphology correspondent at [PLL/ALG]100 freestanding multilayered micro-membrane. The cross-
section of the [PLL/ALG]100 micro-membrane is presented in (D). Scale bars represents 1 mm (A,B), and 5 µm (C,D). 

The FTIR technique provides information about the chemical composition of the micro- 

membranes. ATR-FTIR measurements were performed on dry samples to examine the 

characteristic bands of PLL and ALG individual polymers as well as of the FS 

multilayered membranes. The results are illustrated in Figure 3.6. The FTIR spectrum of 

ALG reveals well-defined absorption bands at ≈ 1595 and 1405 cm−1, which are assigned 

to the asymmetric and symmetric stretching vibrations of the carboxylic group, 

respectively. Moreover, it also shows peaks in the range 950–1200 cm−1, which are due 

to the skeletal vibrations of the carbohydrate ring.[38,39] The spectrum of PLL molecule 

evidence two peaks at 1646 (amide I) and 1540 cm−1 (amide II), indicating that the PLL 

polymer existed primarily in the α-helix conformation. The amide I band  (range from 

1700 to 1600 cm−1) correspond, mainly, to  the stretching vibrations of the C=O and also 

the C–N bonds of the amide group, whereas the amide II band (range from 1600 to 1500 

cm-1) arise from the stretching and bending vibrations of the N–H bonds.[39]  
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Figure 3.6 – ATR-FTIR absorbance spectra of the PLL/ALG multilayered membranes and their compounds. 

The ATR-FTIR absorbance spectrum of the PLL/ALG membrane confirms that ALG and 

PLL compounds are presented in the multilayered membrane. The analysis of spectrum 

of PLL/ALG membrane reveal the presence of peaks at ≈ 1594 and 1405 cm-1 that are 

also identified in the spectrum of the ALG biopolymer. Moreover, the spectrum of the 

multilayered film also shows two peaks near 1646 and 1540 cm−1, which are characteristic 

of the amide I and II bands of PLL, respectively.  

Prior to cell studies, FS micro-membranes were covalently crosslinked with genipin 

(GnP) a naturally non-cytotoxic compound that is able to spontaneously react with amino 

group, forming a crosslinked network through polymerization.[32,40] Typically, the 

reaction of GnP with primary amines originates a deep blue coloration, which color 

intensity can be correlated with crosslinking degree. Figure 3.7 shows FS micro-

membranes photographs with different geometric shapes (circles and squares) before and 

after GnP crosslinking. The initial colorless micro-membranes turned dark green in an 

extended period of time reaction, suggesting a high crosslinking degree of amine groups 

in FS micro-membranes. We hypothesize that the formation of semi-interpenetrated 

crosslinking networks could modulate the stiffness and roughness of the membranes, thus 

tuning cell adhesion. 
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Figure 3.7 – Detachable [PLL/ALG]100  micro-membranes with (A) circular and (B) square geometry, the correspondent 
crosslinked micro-membranes with genipin (brown membranes). Scale bar represents 1mm. 

3.8.  In vitro biological assays 

After crosslinking with genipin, [PLL/ALG]100 micro-membrane surfaces were still 

subjected to a post-treatment with collagen. It should be mentioned that, after detachment 

from the underlying sacrificial template, the bottom (PLL) and top (ALG) layers become 

undistinguished, providing different surface properties for cell adhesion. In this sense, 

prior to cell seeding, the multilayered membrane surface was coated with collagen. To 

study the collagen coating effect onto PLL (bottom) and ALG (top) layered membrane 

surface, a QCM-D in situ collagen adsorption experiment was performed (Figure 3.8).  

Figure 3.8 – Monitoring collagen adsorption over (A) [PLL/ALG]5 and (B) [ALG/PLL]5 multilayered assembly. 

Two different types of films were produced onto gold-coated quartz sensors: [PLL/ALG]5 

and [ALG/PLL]5, following by collagen adsorption onto the outermost ALG and PLL 

layers, respectively. As expected, upon collagen addition, a decrease in frequency was 

observed for the [PLL/ALG]5 film (Figure 3.8 A), confirming the successful electrostatic 

adsorption of collagen on ALG outer layer. Interestingly, a slight frequency decrease was 

also noticed for [ALG/PLL]5 film, even when the outer layer is positively charged. In this 

case, we hypothesized that collagen adsorption onto PLL layer could occur through 
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hydrogen bonds. Therefore, collagen coating onto FS micro-membranes would be well 

succeeded independently the top layer composition of membranes (ALG or PLL).   

The use of adult stem cells in TE strategies presents a viable alternative for the 

regeneration of human tissues. Amongst the different multipotent sources, hASCs has 

been shown to exhibit the triple multilineage differentiation potential, and they can be 

easily obtained from liposuction waste.[41–44] Controlling the differentiation fate of stem 

cells represents a challenging task requiring a three-dimensional (3D) environment, 

which is commonly achieved by micromass culture[45,46] or, for example, using scaffolds 

composed by natural and/or synthetic polymers[47] combined with a finely tuned supply 

of growth factors. HUVECs represent a widely used source of primary endothelial cells 

for in vitro studies of angiogenesis. Moreover, HUVECs are relatively easy to isolate 

avoiding contamination by other cell types, and umbilical cord is readily available as 

discarded biological waste after the child’s born.[48] Endothelial cells constitute the inner 

lining of blood vessels which control the nutrients and oxygen exchanges, as well as waste 

product, for the survival of cells, and subsequently integration of biomaterials with the 

host tissue. Additionally, the highly vasculature of the native bone also delivers the 

calcium and phosphate indispensable for the mineralization/osteogenesis process.[48,49]  

Thus, the endothelial cells are used to form vascular network serving as a “template” for 

bone mineral deposition promoting vascularization in bone tissue engineering.  

In this sense, inspired by the local interactions at the molecular level from the co-existence 

of stem and vascular cells in the native environment of bone, stem (hASCs) and 

endothelial (HUVECs), and the potential of combining osteogenic cells with endothelial 

cells to achieve in vitro pre-vascularization within scaffold constructs[50], hASCs and 

HUVECs were used for evaluating the cellular viability of the biomaterial/device 

developed. 

Therefore, in vitro biological assays were performed with HUVECs or hASCs in order to 

observe the interaction of [PLL/ALG]100 FS micro-membranes with two cell phenotypes. 

As showed in the calcein assay (Figure 3.9 A) at days 1, 3 and 7, hASCs were viable, thus 

emitting a fluorescent green light. DAPI-Phalloidin fluorescence assay (Figure 3.9 D and 

I) at 1 day shows that both cells presented stretched F-actin filaments and a normal 

morphology.  
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Figure 3.9 – (A1-A3) Calcein fluorescence assay of hASCs at 1, 3 and 7 days of culture. Living cells were stained by 
calcein (green). (B) MTS colorimetric assay of hASCs at 1, 3, and 7 days of culture. (C) Cell proliferation evaluation by 
DNA quantification of hASCs up to 21 days of culture. (D) DAPI-Phalloidin fluorescence assay of hASCs seeded in FS 
micro-membranes at 1 day of culture. Cells nuclei were stained in blue by DAPI and F-actin filaments in red by 
phalloidin. Scale bar is 50 µm. (E) Mineralization fluorescence assay. Hydroxyapatite is stained in green using the 
commercially available Osteoimage kit, and cells nuclei in blue by DAPI. Scale bar is 50 µm. (F) Alkaline phosphatase 
(ALP) activity quantification of hASCs up to 21 days of culture. For statistical analysis of the ALP only the peak at day 
7 is marked because all timepoints compared to day 7 show this difference. (G) MTS colorimetric assay of HUVECs at 
1, 3, and 7 days of culture. (H) Cell proliferation evaluation by DNA quantification of HUVECs up to 7 days of culture.  
(I) DAPI-Phalloidin fluorescence assay of hASCs seeded in FS micro-membranes at 1 day of culture. Cells nuclei were 
stained in blue by DAPI  and F-actin filaments in red by phalloidin. Scale bar is 50 µm. *p<0.05 values were considered 
statistically significant (**p<0.01, ***p<0.001, and ****p<0.0001). 

The metabolic activity of seeded hASCs and HUVECs onto cross-linked [PLL/ALG]100 

FS micro-membranes was assessed at different time points (1,3 and 7 days) through a 

MTS colorimetric assay (Figures 3.9 B and G). The results show a similar metabolic 

activity up to the 7 days of in vitro culture, without significant differences between the 

cell phenotypes (hASCs and HUVECs). This can be an indication that cross-linked FS 

micro-membranes provide a suitable substrate for cellular growth without cytotoxic 
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effects for cells. In Figure 3.9 E, it is possible to observe the presence of hydroxyapatite, 

an indicator of the osteogenic differentiation of hASCs. The ability of cells to proliferate 

in the crosslinked [PLL/ALG]100 FS micro-membranes was evaluated by DNA 

quantification. As showed in Figure 3.9 B, hASCs showed an increased DNA content up 

to 14 days of culture, evidencing their ability to proliferate. At day 21 a slight decrease 

could be noticed. However, between day 7, 14 and 21 days any statistically significant 

differences could be detected. Additionally, the ability of hASCs to differentiate into the 

osteogenic lineage was assessed by ALP quantification. ALP is an enzyme secreted by 

active osteoblasts, and is responsible for the cleavage of pyrophosphate ions, which are 

inhibitors of the formation of hydroxyapatite crystals. The hydrolysis reaction results in 

the saturation of the extracellular fluid with orthophosphates that induce 

mineralization.[51] Increased levels of ALP activity are thus correlated with enhanced 

osteogenic differentiation.[52] As showed in Figure 3.9 F, the peak of ALP activity was 

achieved at day 7. The DNA quantification of HUVECs (Figure 3.9 H), shows that cells 

were able to proliferate up to the 7 days of in vitro culture.  

Ultimately, in a proof-of-experiment, FS micro-membranes (square and circular 

geometries) cultured with different cell phenotypes were stacked in a sandwich-like 

structure providing a wider range of programmability to experimental design (e.g. 

geometry, growth area and surface modification) compared to traditional 2D cell culture 

platforms.[53] Cells were seeded onto FS micro-membranes before the assembly of the 

stacked micro-membranes. After 7 days of culture in each specific cell culture media, 

square and circular FS micro-membranes with hASCs and HUVECs, respectively, were 

assembly in a sandwich-like structure. For that, the circular micro-membrane was placed 

on top the square micro-membrane (Figure 3.10 A). When the culture medium (1: 1 ratio 

of each specific cell culture medium) was added, the stacked micro membranes remained 

overlapped. This evidences the successful self-assembly of the micro-membranes. After 

7 and 14 days in co-culture, the stacked micro-membranes were visualized by 

fluorescence microscopy. However, the results proved were inconclusive, due to GnP 

autofluorescence (Figure 3.10 B).  



 

High-throughput fabrication of freestanding micro-membranes for modular tissue engineering 

63 
 

Figure 3.10 – Stacking of micro-membranes in a sandwich-like structure. (A) Optical image of stacked micro-
membranes after 14 days. (B) Fluorescence microscopy images highlighting GnP autofluorescence.

 

3.9. Conclusions 

For the first time, a new concept of miniaturized freestanding membranes based on SH-

SL droplet microarrays was developed to be used as small building blocks for modular 

tissue engineering. Biological in vitro assays carried out with two different cell 

phenotypes (hASCs and HUVECs) have shown the ability of these FS micro-membranes 

to support cell adhesion and proliferation. Our first attempt to produce sandwich-like co-

culture microstructures requires further improvements to be used as an effective 

methodology for modular tissue engineering.  
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Figure S1† - Scheme of the (a) activation, (b) methacrylation and (c) fluorination of the glass slides. 

 

 

 
Figure S2† - Scheme of the fabrication of (a) a superhydrophilic (SL) nanoporous film (HEMA-EDMA) and (b) a 
superhydrophobic (SH) polymer layer by polymerization and esterification reactions, respectively;  and (c) thiol-yne 
photo-click reaction for creating SH-SL micropatterns using the alkyne-modified porous polymer layer as a substrate. 
R1-SH and R2-SH correspond to hydrophobic and hydrophilic thiols, respectively. 
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Figure S3† - SEM images of nanoporous film. (A) – surface thickness of 12 µm and (B) – surface porosity. Scale bar 
represents 10 µm and 1 µm, respectively. 

 

 

 
Figure S4† - Schematic diagram of the formation of calcium alginate hydrogel as a sacrificial template over SH-SL 
micropatterned substrate. 
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In tissue engineering (TE), the restricted availability of donor tissues and organs for 

transplantation has fostered the quest of alternative therapeutic strategies to repair or 

replace damaged human tissues. Nowadays, TE approaches holds the promise of creating 

engineered biological tissues in order to overcome the drawbacks between the donor and 

the transplantation needs. Various cell types, biomaterials and stimulatory signals, either 

alone or in combination, have been explored for biomedical applications, namely to 

mimic the architecture, complexity and/or functionality of native tissues. Bottom-up or 

modular approaches focuses on fabricating multiple tissue building blocks with specific 

microstructural features enabling to mimic native tissue architectures. Modular building 

blocks once created can be assembled into larger engineered tissue by generating repeated 

functional units (biomaterial-cells) through different assembly strategies (e.g. stacking).  

Among the technologies to produce modular units, SH-SL microarrays emerged as 

scalable platforms to develop modular microscale units with well controlled shape and 

size, which can be further assembled to create engineered macrotissues. 

Herein, the main goal was to create sophisticated multilayered FS micro-membranes by 

using SH-SL microarrays that might find great applicability for the regeneration of tissues 

as cell microcarriers. To achieve this purpose, alginate hydrogels were formed in situ in 

SL areas which served as sacrificial template for the production of thin multilayered 

membranes. Quasi-3D freestanding multilayered micro-membranes with different 

patterned features to control cellular spatial organization for specific tissue regeneration 

strategies, were developed from PLL and ALG biopolymers by LbL immersive assembly 

and, characterized by several techniques. Then, the mechanical stability of [PLL/ALG]100 

micro-membranes was improved with covalent crosslinking with GnP, and collagen type 

I coating was used to promote cell attachment. Inspired by the local interactions at the 

molecular level from the co-existence of stem and vascular cells in the native environment 

of bone, stem (hASCs) and endothelial (HUVECs) cells were seeded in square and 

circular micro-membranes, respectively. Biological assays were performed, and overall 

results show that the cross-linked [PLL/ALG]100 FS micro-membranes developed were 

able to support cell adhesion up to 7 or 21 days, for HUVECs or hASCs, respectively. 

Our proof-of-concept (see Figure 4.1 A) suggest that these FS micro-membranes may 

eventually be assembled into larger structures by modular tissue engineering, mimicking 

the complex hierarchical organization of native tissues. Thus, this novel strategy of 

multilayered FS micro-membranes at microscale developed promise to have versatile and 

tunable models in biomedical applications as an effective methodology to assemble 
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micro-membranes (modular unit blocks) into larger structures through stacking. The 

stacking configuration can comprise FS micro-membranes with different geometric 

shapes and containing different cells (according to desired application, e.g. bone 

regeneration, vasculature or neuronal networks). Such versatile features might find great 

application for modular tissue engineering, aiding in the recreation of the complex 

microstructural features of native tissues. For that, we envision that it is required further 

improvements in the micro-membranes proposed, such as an increased number of bilayers 

and a different crosslinking method, for example with EDC/NHS, in order to enhance 

cell-interactions.  

Considering the future perspectives, an innovate approach is envisioned which consists 

in applying a dynamic culture system that mimics the dynamic environment of native 

tissues. For that, FS micro-membranes seeded with cells will be cultured using bioreactors 

(see Figure 4.1 B). We hypothesize that in such dynamic culture environment, aggregates 

of cells and FS micro-membranes can be formed. Further studies and 

otpimizations/modifications are needed to exploit the potential of the presented device. 

However, the simplistic approach proposed together with the ease of production and 

scalable of the FS micro-membranes to a large volume make it a potentially useful and 

feasible new approach for the study of co-cultures of different cells phenotypes and to 

mimic in vivo environments. 

 

Figure 4.1 – (A) Proof-of-concept: stacking the FS [PLL/ALG]100 micro-membranes as modular units to creating a larger 
structure to mimic hierarchical organization of native tissues. (B) Bio-assembly of micro-membranes in dynamic 
environment.



 

 
 

 

 

 

 

 

 


