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1. Introduction 

It is no surprise that without water, Earth would be just another sterile planet. 
Instead, nature makes use of it to generate the most outstanding structures and 
functions we know, with the self-assembly of biosynthesized building blocks in 
water as one of the fundamental pillars of life. Particularly, the mobility allowed 
by liquid media and interfaces enable weak physical interactions to organize 
molecules and colloids into robust assemblies having multiple functions essen-
tial to life.  

Renewable and biodegradable building blocks with properties unmatched by 
synthetic alternatives are widely available through biomass deconstruction or 
microbial biosynthetic routes. This biomass-based platform can be used to 
tackle one of the main challenges of our time, i.e., our dependency on fossil-
based materials. However, our limited understanding on how to effectively as-
semble these biopolymers generally hinder the formation of materials having 
highly versatile structures and functionalities; especially if compared to those 
naturally assembled or to those relying on non-renewable building blocks. 

To mitigate such issue, this thesis aims at using wetting and interfacial forces 
to control new assembly configurations of some of the most important fibrillar 
biopolymeric colloids, i.e., nanocellulose, nanochitin, and protein aggregates. 
This is evaluated by using two different routes dominated by substantially dif-
ferent interfacial forces. Namely, 1) bacterial biofabrication where access to ox-
ygen from the air-water interface is key, and 2) confined evaporation induced 
self-assembly (C-EISA), where hydrophilicity and wetting of the solid-water in-
terface is the predominant factor. Similar to naturally assembled materials, both 
techniques involve self-assembly in liquid and are heavily influenced by the as-
sociated interfaces (i.e., air-water and solid-liquid). In such a way, the full range 
of naturally occurring aqueous interfaces is explored in the context of materials 
fabrication from bio-based building blocks. 

The following sections give an overview on fibrillar biocolloids and on both 
fabrication methods from a wetting and interfacial forces perspective. These 
subjects are meant to contextualize the findings presented in this thesis.  
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1.1 Self-Assembly via Microbial Synthesis

Besides higher-level organisms, bacteria also biosynthesize a wide range of 
products that are capable of self-assembling into biofilms. These biofilms are 
mostly composed of a network of aggregated proteins or polysaccharides. 
Through bioengineering, the possibilities of engineering the composition of bio-
films are nearly endless.1 This field presents exciting prospects for materials de-
velopment, where composition is known to be fundamental to determine func-
tion and properties. Furthermore, microbial synthesis is also very exciting for 
its possibility of making engineered living materials, which are assemblies that 
evolve in time and space according to environmental cues (Figure 1).1–3

Equally important aspects for reaching such goal are structure and morphol-
ogy. Genetic engineering tools, however, are still incipient in such front if com-
pared to the control of composition. Physical manipulation methods for gener-
ating 3D biofilms exist, but still do not offer optimal control over functional 
morphologies. 

Figure 1. Two of the biosynthetic routes for nanocellulose. On the left, plant-based nanocellulose and its 
organization in the cell wall of wood. For materials fabrication, wood may be deconstructed into nanocel-
lulose, lignin, hemicellulose, and other extractives of smaller yield. On the right, a generic representation 
of engineered living materials, where bioengineered single cells may generate, assemble, and maintain 
hierarchical functional assemblies. Such schematic can also depict the general assembly route of naturally
occurring nanocellulose-based biofilms. Image reproduced from Nguyen et al. (2018).
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1.1.1 Microbially Produced Nanocellulose  

Nanocellulose, composed of the most abundant and outstanding biopolymers 
we know, is also naturally occurring in biofilms formed by certain bacterial 
strains. Similar to plant-based nanocellulose, the one synthesized by bacteria 
(biofabricated) has outstanding mechanical properties,4 excellent chemical re-
sistance to most organic solvents,5 and good biodegradability. Differently from 
plant-based, however, bacterial nanocellulose (BNC) can be purified using mild 
treatments (0.1 M NaOH) and may achieve higher levels of purity than plant-
based nanocellulose, which often have residual hemicellulose and other extrac-
tive residues. Such high purity is very attractive for biomedical applications, 
which also benefit from low toxicity and high biocompatibility.6–8 This unique 
combination of properties makes BNC an interesting platform for materials bio-
fabrication (Figure 1).  

The structure and morphology of BNC is tethered to the biosynthetic process 
itself, in which the aerobic bacteria suspended in a culture medium generates 
the nanocellulose-based network following the concentration of dissolved oxy-
gen, typically highest at the air-water interface. Such assembly of bacteria and 
nanocellulose has a physically crosslinked porous architecture and assumes the 
2D morphology of the associated interface. To allow functions and applications 
beyond those of 2D biofilms, a set of techniques has been developed, e.g. for the 
production of beads,9 patterned films,7,10 tubes,8,11,12 and other 3D-geometries.13  

1.1.2 Biofabrication of 3D-Biofilms 

Thin oxygen permeable templates made from PDMS were used for generating 
patterned BNC scaffolds for tissue engineering,7,10 glove-shaped BNC wound 
dressings,13 and BNC tubes intended to be used as biofiltration membranes12, 
artificial blood vessels,8,11,14 and urinary conduits.15 By allowing oxygen to diffuse 
through the solid-liquid interface, this technique provides enough oxygen for 
the biosynthetic process to generate 3D biofilms replicating the template. The 
production rate when using PDMS templates of 1 mm, however, can be as slow 
as 20% of that from the naturally occurring process at the air-water interface.10 
Although thinner moulds may provide faster rates, they may not be practical for 
fabrication and handling.  

3D-geometries can also be produced via direct ink writing (DIW, 3D-printing) 
of bacteria immobilized in a hydrogel (Figure 2a).3,16 Complex morphologies 
have been enabled by this method, although they are limited to a few millime-
tres in height (Figure 2b). Due to the use of rheology modifiers, not only nano-
cellulose-producing bacteria can be used in this technique, but also bacteria 
with other relevant metabolic activity, such as P. putida used for degrading phe-
nolic compounds. The need for rheology modifiers and crosslinking mecha-
nisms, however, make DIW different from moulding and other methods used 
for generating pure biofilms. Nevertheless, it presents the advantage of resulting 
in shapes that are self-standing.  
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Considering that the key element determining biofilm morphology is the air-
water interface, a new method could be developed by using non-wetting (super-
hydrophobic) surfaces.

1.1.3 Wetting and Interfacial Forces in Biofilm Formation

To briefly introduce wetting in the context of this thesis; wetting characterizes 
the spreading tendency of a liquid on a surface, which results from the balance 
of interfacial tensions between the different phases. In 1805, Thomas Young de-
rived the following relation describing such balance on the solid plane:17

where θE is the equilibrium contact angle, γL is the interfacial tension at the liq-
uid-air interface, γS is the interfacial tension at the solid-air interface, and γSL is 
the interfacial tension at the solid-liquid interface. Solid surfaces having high 
surface energy, such as metals, tend to be more hydrophilic and display smaller 
water contact angles. On the contrary, those having lower surface energy, e.g.
fluorinated polymers, tend to be of hydrophobic nature and display lower con-
tact angles. The Young relationship holds true for idealized cases where the sur-
faces are clean and smooth. In reality, however, roughness modifies contact an-
gles following the relationship described by Wenzel:18

where θ* is the apparent contact angle of a surface of roughness r (ratio between 
the real solid-liquid interfacial area and that of the projected, ideally smooth,
surface), with r = 1 for a flat surface and r > 1 for rough surfaces. Such relation 
describes that roughness tends to amplify wetting tendencies, with hydrophilic 
(i.e. θE < 90°) and hydrophobic (i.e. θE > 90°) surfaces respectively displaying 
lower and higher apparent contact angles. 

Importantly, passed a certain roughness threshold, hydrophobic surfaces tend 
to entrap air between the rough features and water. In this state, higher appar-
ent water contact angles surge (> ca. 150°) and the surface is generally termed 

Figure 2. a) Process for the 3D printing of bacterial hydrogels. b) The generated shapes were self-standing
due to the rheology and cross-linking of the ink. Bacterial activity can be further harnessed for the growth 
of biofilms and other functionalities. Image adapted from Schaffner et al. (2017). 
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superhydrophobic. When such heterogeneous wetting state is present, the Wen-
zel relation no longer describes the system. Instead, wetting is described by the 
Cassie-Baxter relation,19 here arranged as: 

 

where ΦS is the fraction of solid-liquid interface underneath the droplet.  This 
metastable wetting mode provides only few contact points between the solid and 
water, resulting in very low water frictional resistance if compared to the Wenzel 
state.20,21  

Although, to the best of our knowledge, surfaces in the Cassie-Baxter super-
hydrophobic state have never been used for biofabrication, they have been long 
desired for preventing the attachment of microorganisms (biofouling) to, e.g., 
medical devices, pipes, and marine infrastructure.22–25 The mechanism for pre-
venting biofouling is mostly reliant on the air plastron, which reduces the con-
tact area of the surface not only to water, but also to microorganisms that may 
be trying to attach and colonize the surface. Although superhydrophobicity 
alone may not be effective for completely inhibiting microorganisms settlement 
in the long term, it may be useful as a foul-release strategy where weak mechan-
ical forces are enough for removing the microorganisms.26 For biofabrication, 
the air plastron of superhydrophobic surfaces could provide an extensive air-
water interface surrounding the whole culture medium, while providing an easy 
demolding provided by the foul-release characteristic of superhydrophobic sur-
faces.  

A similar concept has been used by Tian et al.,27 who proposed the use of liquid 
marbles to incubate other aerobic bacteria (L. cremoris). Liquid marbles are 
formed when droplets of water are rolled or dropped from at least a couple cen-
timeters onto a bed of hydrophobic powder, from which particles readily adsorb 
at the air-water interface (Figure 3a).28–30 These droplets are then stable and 
can even be transferred to hydrophilic substrates without collapsing (Figure 
3b). Tian et al. showed that this incubation method can increase the yield of 
aerobic microorganisms if compared to standard agitated incubation. They at-
tributed such an effect to the increased air-water interface to volume ratio of the 
culture medium when incubating small volumes, without having a substantial 
reduction of oxygen availability due to the adsorbed particles.  

Figure 3. a) Schematics of the adsorption of hydrophobic particles at the air-water interface, which can 
be used to stabilize water droplets. b) Picture of a liquid marble resulting from the process described in 
a). This method can be used to generate microreactors for aerobic bacterial growth. The same concept 
could be translated to superhydrophobic surfaces. Images adapted from McHale et al. (2011) and Bor-
mashenko et al. (2011). 
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When considering biofilm formation, the concentration of dissolved gas is 
key31 as it governs anaerobic to aerobic metabolism, relevant to motility and col-
ony formation of bacteria. Thereafter, the use of superhydrophobic surfaces may 
enable the maximization of the surface area auspicious to oxygen dissolution. 

1.2 Self-Assembly of Biocolloids Obtained from Deconstruction 
of Biomass 

While microbial fabrication of materials may benefit from the active biosyn-
thetic process guided by non-wetting surfaces, biobased building blocks ob-
tained by deconstruction rely on self-assembly and may benefit from highly wet-
ting interfaces.  

Despite of the versatility and assembly precision enabled by the biofabrication 
route, deconstructed biomass is the largest resource available for materials fab-
rication. Other than the cellulose nanofibrils from plant biomass, nanochitin 
and amyloids (protein assemblies) are also among the most important fibrillar 
biocolloids in terms of availability and properties. Although amyloids are not 
generally achieved through deconstruction, their building blocks can be readily 
obtained from biomass fractionation. These, together with plant-based nanocel-
lulose, are present in natural constructs displaying outstanding mechanical 
properties. To transfer such robustness to engineering applications, the hierar-
chical assembly of these deconstructed fibrillar building blocks must be finely 
controlled and optimized during self-assembly.   

1.2.1  Nanochitin and Amyloids in Natural Assemblies 

Chitin is a polysaccharide commonly found in the exoskeletons of arthropods in 
the form of semi-crystalline nanofibrillar bundles embedded within a protein 
matrix (Figure 4a).32 These building blocks are assembled into a hierarchical 
arrangement that possess a synergistic combination of high strength and tough-
ness.33 Furthermore, chitin is also present in the bio-cement excreted by the lar-
val phase (cyprids) of barnacles (Figure 4b) during their initial settling 
phase.34 It is believed that its function is to assist in the adhesion and self-as-
sembly processes needed for the consolidation of the bio-cement. Interestingly, 
up to now, chitin has not been reported in such robust structures of adult bar-
nacles, which are generally composed of amyloids.35 Amyloids are formed by 
intertwined protofibrils, which are in turn formed by protein aggregates stabi-
lized mostly by extensive hydrogen bonding between β-sheets stacked perpen-
dicularly to the direction of the fibrils (Figure 4c).36 This hierarchical structure 
has few nanometres in diameter (4-10 nm), high aspect ratio (ca. 1000),37 and 
high mechanical38 and thermochemical resistances.39 Although amyloids are 
not generally extracted from biomass via deconstruction, their primary building 
blocks may be extracted in large amounts and then further assembled in vitro. 
For instance, amyloids can be grown from denaturated or hydrolysed proteins 
using temperature and low pH.40 For materials fabrication, chitin and amyloids 
are highly versatile, with both generally presenting liquid crystalline behav-
iour,37,41 and antibacterial properties.42,43  
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1.2.2 Wetting and Interfacial Forces in the Consolidation of Biocolloids 

Fibrillar biocolloids are most often obtained in aqueous suspensions, making 
necessary a drying process to generate bulk materials. The resulting morphol-
ogy and properties are most often isotropic unless the system is subject to 
stresses or particle flow during drying. Such stresses and flow may be achieved 
through mechanical strain,44 capillary forces,45–48 or through capillary flow.49 
The most common example of drying under stresses occurs for paper, where the 
fibres become aligned under the machine direction and result in anisotropic me-
chanical properties for the resulting material.  

Importantly, as most fibrillar biocolloids have relatively high surface energy, 
water display low contact angles and high work of adhesion (Wa) to such sub-
strates, as shown by the Yong-Dupré equation: 

 

 

Figure 4. Fibrillar biocolloids in nature are self-assembled into hierarchical structures that display excellent 
mechanical strength and toughness. a) Structure of the exoskeleton of arthropods, formed by bundles of 
chitin nanofibers arranged within a protein matrix. b) Barnacle cyprid as an example of microorganism 
that use chitin and amyloids as part of their biocement. The arrows and inset represent the antennular 
discs used for the adhesion of the cyprid to solid surfaces. c) Transmission electron microscopy (TEM) of 
amyloids (left), which are assembled from intertwined protofibrils (center) formed by aggregated proteins 
with β-sheets stacked perpendicularly to the fibril orientation. Scale bar is 50 nm. Images adapted from 
(a) Raabe et al. (2005), (b) Aldred et al. (2013), and (c) Fitzpatrick et al. (2013) 
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Therefore, dewetting forces alone should provide an outstanding platform for 
not only guiding the self-assembly of fibrillar biocolloids but also for bringing 
them to close contact, which is essential for building robust assemblies. For 
DNA strands or bacterial biofilms, anisotropy have been achieved using capil-
lary forces resulting from forced dewetting of suspensions on top of micropat-
terned arrays.46,47 Similarly, cellulose nanocrystals (CNC) have been aligned us-
ing the same technique over flat substrates.48 Similar effect can be achieved 
from dewetting without external aid. This can be achieved by confined evapora-
tion induced self-assembly (C-EISA), which is a process where a finite volume 
of suspension is constrained by the associated substrates (e.g. capillary tubes or 
parallel substrates)45,50 and interfaces (Figure 5a). Upon drying, the final 
structure of the assembly is given by the wetting and interfacial interactions that 
take place within these boundaries. For instance, capillary flow and stick-slip 
motion of the triple-phase contact line generate aligned structures organized 
within complex patterns (Figure 5b,c), such as concentric rings and spi-
rals.45,51,52 These, for instance, can be further used for directing the orientation 
of cells.45  

Differently from synthetic particles, natural colloids are usually much more 
polydisperse in size distribution and properties, which may affect the self-as-
sembly process within these configurations.53 Therefore, generally, biocolloids 
have not yet been considered in C-EISA for materials fabrication. As stated by 
the Dupré equation ( ), however, fibrilar biocolloids of rela-
tivelly high surface energy should develop high adhesion to the substrate and to 
other biocolloids if intimate contact is stablished. Knowing the importance of 
hierarchical fibrillar structures in nature, especially for controlled adhesion54,55 
and structural materials,33,56,57 such technique may provide exciting opportuni-
ties for the development of new assembly configurations and applications of bi-
obased materials.  

Figure 5. a) Schematics representing the hierarchical assembly of particles using confined evaporation 
induced self-assembly (C-EISA). Particles flow and wetting of the substrate affect the receding motion of 
the air-water interface, which in turn affect the particle organization within the assembly. The arrows 
depict the capillary flow often observed during this process. b) Polystyrene particles assembled into a 
spiral pattern by using C-EISA. This is an example of one of the macroscaled arrangements achievable 
through this technique. c) When anisotropic particles are used (here depicted by Tobacco mosaic virus), 
they are often aligned within the macroscaled patterns. AFM image with a scale bar of 200 nm. Images 
adapted from (a,b) Mondal et al. (2020), and (c) Lin et al. (2010). 
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2. Aim of the thesis 

The aim of this thesis is to better understand the effect of controlled wetting 
configurations in the self-assembly of biosynthesized building blocks. This will 
be investigated using two different frameworks optimally exploiting controlled 
solid-air-water interfaces. These frameworks consist of using (1) Non-wetting 
interfaces for controlling the biosynthesis and self-assembly of bacterial nano-
cellulose in 3D (Papers I, II), and (2) Highly wetting interfaces for tunning the 
self-assembly of polysaccharide- and protein-based building blocks within a 
confined configuration (Papers III, IV). This thesis aims at generating new 
tools for the fabrication of advanced biobased materials of controlled structures 
and function. 

 

Figure 6. Framework used in the present thesis, where macro-scaled hierarchical assemblies are fabri-
cated based on two different strategies, i.e., through 1) a biosynthetic route, and 2) a confined self-as-
sembly method using CNC, chitin nanocrystals (ChNC) and amyloids. Different wetting states and interfa-
cial phenomena are responsible for determining structure and properties.   
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3. Materials and Methods 

The materials and the methods generally used throughout this thesis are herein 
introduced. Further case-dependent details will be presented in the Results and 
Discussion section as needed. A full description of each experimental procedure 
can be found in the attached articles I to IV. 

3.1 Biofabrication 

3.1.1 Bacterial Cellulose Culture Medium Preparation and Washing 

In Paper I and II, Modified Hestrin–Schramm media and the bacteria strain 
Komagataeibacter medellinensis were used for biofabrication. First, 20 g L-1 
glucose, 5 g L-1 peptone, 5 g L-1 yeast extract, and 2.5 g L-1 Na2HPO4 were dis-
solved in Milli-Q water. Then, the pH was adjusted to 4.5 by using citric acid, 
and the resulting media were either heated at 100 °C for at least 15 min or auto-
claved at 121 °C for 20 min. After cooling to near room temperature, the media 
were inoculated with bacteria and incubated at 28 °C during different times. 
After biofabrication, the biofilms were generally washed with o.1 M NaOH dur-
ing 24 h, followed by washing and storage using deionized water.  

3.1.2 Liquid Marble Preparation 

In Paper I, droplets of varying volumes of culture medium were cast on a bed 
of poly(tetrafluoroethylene) (PTFE) powder (35 μm average particle size). Upon 
casting, the hydrophobic powder adsorbed at the air-water interface and stabi-
lized the culture medium in the shape of droplets (liquid marbles), which re-
sulted in capsular morphology upon biofabrication. The droplets were cast ei-
ther via pipetting (controlled volume) or spraying (small volume, high yield). 
The incubation was carried inside of closed containers with saturated humidity 
as to avoid evaporation of the culture medium. Multicompartmentalized bio-
films were also made possible by introducing pre-biofabricated small capsules 
into fresh culture medium prior to the casting of new liquid marbles. Similarly, 
loaded capsules were also produced by suspending nano- and micro-particles 
(in the presence of polyethylene glycol - PEG) in the culture medium prior to 
liquid marble formation and incubation.  

After incubation, liquid marbles were added to deionized water to isolate the 
biofilms (capsules). The PTFE powder remained at the air-water interface of the 
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washing medium while the biofilms sank to the bottom of the container. Further 
washing to remove the culture medium and excess PTFE was employed as de-
scribed in the previous section or by solely using deionized water. The PTFE can 
be easily collected via filtration prior to disposal of the washing media.  

3.1.3 Preparation of 3D Superhydrophobic Moulds 

Two different methods were developed for the preparation of superhydrophobic 
moulds. Both were based on the modification of polymeric surfaces via embed-
ding of hydrophobic particles.  

The method used in Paper I involved the partial dissolution and reconsolida-
tion of polystyrene (PS) or polylactic acid (PLA) moulds in the presence of PTFE 
particles. PLA moulds were 3D printed using a Ultimaker 2 Extended, while PS 
cuvettes (3 mL, VWR International) were used as received. Acetone was added 
to completely fill the mould cavity and, after ca. 30 s for PS or 5 min for PLA, 
acetone was quickly removed and replaced by excess PTFE powder. Im-
portantly, the cavity of the mould was kept closed soon after the addition of 
PTFE, so to avoid reconsolidation before the hydrophobic particles were uni-
formly spread. Uniform coverage was achieved by manual shake during ca. 1 
min, after which the excess powder was removed, and the mould allowed to fully 
reconsolidate. Prior to use, excess culture medium or Milli-Q water was used to 
wash away loose particles from the mould.  

The method used in Paper II involved the use of a solvent-free approach 
based on the embedding of PTFE particles on silicone rubber. For generating 
smooth cylindrical shapes, commercial silicone rubber tubes were used as 
moulds. The tubes were closed in one side by using a two-part silicone rubber, 
under the brand name Zhermack ZA13 Mold WT45. Prior to use, the uncured 
silicone was degassed using a vacuum oven at 50 mbar and at room tempera-
ture.  

The same two-part silicone rubber was used for making complex 3D moulds 
in Paper II. In general, the uncured silicone rubber was cast into containers 
having 3D-printed objects, which were used as templates for the cavities of the 
moulds. After ambient curing for at least 24 h, the moulds were partially cut 
using a razor blade so that the 3D-printed shapes could be removed. The super-
hydrophobization was carried by spreading PTFE particles within the moulds in 
a similar way to the method previously described for Paper I. However, all 
steps related to the use of the solvent were disregarded.  

A generalized demoulding method was used for all mould types. The moulds 
were manually shaken with their open cavity facing down towards a container 
with deionized water. Given the low friction of the biofabricated objects, they 
usually slid out from the mould after a few shaking cycles. For the silicone-based 
moulds, the cut used to remove the 3D-printed templates were also used to as-
sist in the removal of the 3D-biofilms. When needed for the hard polymer 
moulds, a spatula was used to carefully assist the process of demoulding.  
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3.1.4 Rationale for the Selection of PTFE Powder 

PTFE powder was utilized based on the work of Tian et al..27 Initially, particles 
of ca. 35 μm and 1 μm average size were tested. The smaller particle size, how-
ever, tended to agglomerate, and thus proved to be of more difficult manipulation
for liquid marbles formation as well as for generating 3D molds. Of note, differ-
ent optimal particle sizes may exist for different applications. For instance, when 
using the liquid marbles strategy, large particles having tens of microns up to ca. 
200 μm are preferable, as it might be easier to separate them from the bacterial 
nanocellulose (BNC) capsules. When using the molding strategy, smaller parti-
cles may be desirable to provide high resolution. Furthermore, such small parti-
cles may have stronger adhesion to the mold substrates. Particles in the nanome-
ter range, however, may reduce the volume of the air plastron (network) and 
consequently slow down the biofabrication. Further investigation may be re-
quired to optimize these parameters. 

3.1.5 Gravimetric Analysis of the Biofilms

In Paper II, the superhydrophobized silicone rubber moulds were used to pro-
duce biofilms of different heights by adding different volumes of culture me-
dium to moulds of same dimensions. Instead of using the demoulding proce-
dure described above, the molds were frozen at -20 °C over-night. While still 
frozen and inside of the moulds, these samples had the cap from both sides re-
moved, and were cut into 1 cm-long pieces by using a razor blade. This process 
allowed the precise cutting of the biofabricated shapes, which would have been 
difficult to achieve if done at room temperature. Soon after being cut, the frozen 
pieces were added to individual containers with deionized water. Upon defrost-
ing, the samples easily came out from the mold sections and were further 
washed with deionized water mixed with ethanol, which helped in the removal 
of PTFE particles. The samples were carefully positioned on a non-stick poly-
meric mesh and let dry in an oven at 40 °C prior to measuring their mass. The 
distances between cuts were measured for every sample in at least three differ-
ent positions to accurately calculate the areal density of each piece.

3.1.6 Biowelding 

In Paper I, the living nature of the biofabricated materials was used to merge 
two prefabricated biofilm-based objects. Biofilms in the shape of cubes were 
produced by incubating 1 mL of inoculated culture medium in superhydro-
phobized PS cuvettes, which were closed with Parafilm to avoid evaporation. As 
a general procedure, after 6 days of biofabrication, one cube was removed to a 
container with deionized water and quickly transferred to another mould con-
taining a similarly biofabricated cube. Because of the short time used for the 
transfer of one of the biofabricated shapes (few seconds), both shapes brought 
into contact still contained enough culture medium to remain active and join 
the two objects upon incubation for 6 additional days. Control samples were 
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produced using the same type of moulds, and by incubating 2 mL of the inocu-
lated culture medium for 12 days. Such samples were compared through tensile 
testing. 

3.2 Confined EISA 

3.2.1 Amyloids Preparation 

Hen egg-white lysozyme (HEWL) amyloids were prepared by following the pro-
tocol described by Lara et al..40 In brief, amyloids were produced from 2 wt% 
HEWL suspensions in Milli-Q water (pH 2, adjusted using HCl). The incubation 
was caried for 24 h using an Eppendorf AG thermomixer, which was set at 90 
°C and 400 rpm (orbital shaking). Short amyloids were also produced via tip-
sonication (Digital Sonifier 450, Branson Ultrasonics) of the fully-grown HEWL 
amyloids (2 second pulses at 20% amplitude during 20 min). 

3.2.2 ChNC Preparation 

In Paper III, the ChNC samples were prepared by following a demineraliza-
tion, deproteinization, bleaching, and hydrolysis protocol adapted from Percot 
et al..58 First, 100 g shrimp flakes (Sigma-Aldrich) were demineralized in 0.25 
M HCl, at a ratio of 1:40 (mass of shrimp to volume of HCl), while stirring at 
room temperature. The pH was measured every hour until reaching a constant 
value of 1.1 after 3 h. A bag filter was used for washing the samples with deion-
ized water until no changes in pH occurred between washing cycles.  

The deproteinization step was done by squeezing the excess water out from 
the demineralized shrimp and placing it in 1 M NaOH (same solid to liquid ratio 
as in the demineralization step) with magnetic stirring at room temperature for 
28 h. Small amounts of the supernatant were collected at 5, 20.5, 24 and 28 h 
in order to analyse the evolution of the protein removal, evidenced by UV-vis 
measurement at 280 nm. Between 24 and 28 h, no significant change in absorb-
ance was observed and the washing procedure was carried as previously done 
after demineralization. 

 After washing, the samples were squeezed to remove the excess water and 
used directly for the chlorine bleaching step. First, the chitin was divided in 
equal parts and added to polyethylene bags (batches of ca. 20-25 g dry chitin). 
Then, 200 mL of a commercial pH 4 buffer was added to each bag. 12.5 mL so-
dium chlorite (3.96 g dissolved in 50 mL deionized water) was subsequently 
added. The total liquid volume was adjusted to ca. 500 mL by adding deionized 
water. Before sealing the bags, the pH was adjusted as needed to < 5. The closed 
bags were then heated in a water bath during 1 h at 50 °C. The reaction was 
neutralized by using sodium sulphite (40 g in 400 mL deionized water divided 
equally to all bags), and finally washed using deionized water. 

The samples were once again squeezed using a filter bag to remove excess liq-
uid prior to homogenization. Deionized water was added as needed to set the 
concentration to ca. 3 wt% (checked using a moisture analyser, Mettler Toledo). 
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Batches of 300 mL were homogenized in two runs of 2 min at an intensity set-
ting number 5 (Ultra-Turrax T-25, IKA, Germany).  

After homogenization, the samples were let to sediment, and part of the su-
pernatant was removed prior to hydrolysis in 3 M HCl. Such concentration was 
achieved by adding 37 % (12 M) HCl to the suspension, which was subsequently 
heated in a round-bottom flask using an oil bath until reaching reflux conditions 
(after ca. 30 min). The suspension was kept under such conditions for 2 h, after 
which it was put in an ice-cold water bath and cooled by carefully adding ice-
cold deionized water directly to the suspension. The suspension was further 
washed twice via centrifugation at 4500 rpm for 15 min (Eppendorf 5804) for 
each cycle. 

The samples were dialyzed in a regenerated cellulose membrane (6-8 kDa) 
against Milli-Q water prior to adjusting the final dispersion and concentration. 
Tip-sonication, using a 2 cm diameter probe (Sonifier 450), was performed in 
batches of 200 mL placed in an ice bath and using an amplitude of 30% for 3 
min (2-1 s on-off cycles). The suspension was added to a PTFE container and 
the concentration was increased to 2.5 wt% by heating at 50 °C under gentle 
magnetic stirring. Tip-sonication was performed once more using the same on-
off cycles, 40 % amplitude and during 2 min. Large aggregates remaining in the 
suspension were removed by keeping the supernatant of the suspension after 
centrifugation at 9000 rpm for 10 min (18 min considering ramp up and ramp 
down time). Milli-Q water was added to the suspensions until reaching 2 wt% 
and pH 3. 

3.2.3 Assembly of the Lap-Shear Bonds 

The specimens used for lap-shear tests in Paper III were prepared by adding 
40 μL of the suspensions at 2 wt.% to a glass slide (VWR – 26 x 76 x 1 mm), 
which was partially covered by another glass slide of the same dimensions. Such 
volume and concentration were selected based on a primary screening used to 
evaluate the volume at which a suspension at 2 wt.% would result in bonds that 
are robust enough to be tested at every mixing ratio used in Paper III. Prior to 
casting, the suspensions were bath sonicated during ca. 1 min (Bandelin Son-
orex Digitec). The overlapping length, chosen to fully accommodate the suspen-
sion without overflowing, was kept as ca. 25 mm. The upper glass was supported 
by another glass at its free end, resulting in an estimated thickness of the adhe-
sive layer of ca. 10 to 50 μm (Paper IV).  

The glasses used for assembling such bonds were frosted on their clamp-con-
tacting ends, guaranteeing a better grip of the clamps during the mechanical 
testing if compared to a fully smooth glass slide. Such samples were let to evap-
orate and consolidate at room conditions (22 °C and 20 % relative humidity) 
during at least 40 h prior to testing, although the bonds were apparently con-
solidated after ca. 4 h.  In Paper IV, cellulose nanocrystals purchased from the 
Forest Products Laboratory (FPL, Madison, WI) were used to produce the 
bonds. The areal densities, glass substrate dimensions, and over-lap areas were 
similar to those described in Paper III.  
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3.3 Characterization Methods

3.3.1 Microscopy 

Dark field optical microscopies from Paper I were acquired using a Leica DM 
microscope and a JVC KY-F55BE camera. Bright field and dark field optical mi-
croscopy images from Paper II were acquired using an Olympus SZX10 optical 
microscope with a DP74 camera. The same Olympus microscope set up was used 
in Paper III and IV for acquiring darkfield and polarized microscopy images 
of the bonds. 

Scanning electron microscopy (SEM) images across Papers I-IV were ac-
quired using a Zeiss Sigma VP field emission scanning electron microscope op-
erating at 1.3 – 1.6 kV and with a working distance of 4 – 7 mm. The samples 
were sputtered using Au-Pd or Pt-Pd targets, generating ca. 3-5 nm layers on 
the samples. For the biofilms from Paper II, cylindrical samples produced us-
ing superhydrophobized moulds were gradually solvent exchanged from water 
to acetone, followed by supercritical CO2 drying.   

Atomic force microscopies of the ChNC from Paper III were taken using a 
JPK-Bruker NanoWizard IV XP, with a cantilever having 8 nm radius (spherical 
tip), 260 kHz resonance frequency, and 40 N m-1 spring constant (nominal val-
ues). The ChNC samples were prepared by completely covering a freshly cleaved 
mica with the suspension at 0.05 mg mL−1, with the excess being removed after 
ca. 30 s and with the sample being further dried using N2 gas. The monomeric 
HEWL and their amyloids were imaged using a Bruker ICON3 at similar condi-
tions used for the ChNC. 

Atomic force microscopy (QI-Nano mode on the JPK-Bruker AFM) of the 
bonds was carried on samples fractured out-of-plane and using the same canti-
lever type used for imaging the ChNCs. Prior to fracturing, the samples were 
kept in an oven at 50 °C during at least 30 min. They were fractured rapidly, 
upon an out-of-plane impact, and immediately after being removed from the 
oven. This step was necessary to increase brittleness and to induce adhesive fail-
ure, which helped preserving the structure of the bonds upon fracturing.  

3.3.2 Surface Tension

Pendant drop measurements were performed in Paper II by using an optical 
tensiometer (KSV, CAM 200) having a metallic needle of 0.3 mm of nominal 
diameter. The optimal droplet volume was estimated to be between 4.5 and 5.5 
μL according to the procedure described by Berry et al..59 Therefore, the chosen 
volume for the measurement was 5 μL. To maintain saturated humidity and 
avoid the evaporation of the droplet, the tip of the needle was kept inside a 
closed quartz container (partially filled with water) during the measurement. In 
Paper III, an optical tensiometer (Theta Flex, Biolin Scientific) using a 5-300 
μL pipette tip (Finntip FT300) was used with a droplet volume of 12.5 ± 0.5 μL.
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3.3.3 Contact Angle

Contact angle experiments from Paper I and II were performed using the CAM 
200 tensiometer, and from Paper III using the Theta Flex device. In Paper I 
and II, the flat substrates were prepared based on the same materials and su-
perhydrophobization methods used for the moulds used for biofabrication. To 
show the robustness of the superhdrophobization method, the measurements 
from Paper II were carried in both pristine and bath sonicated substrates. The 
bath sonication (Bandelin Sonorex Digitec) was performed in deionized water 
for 30 min. All measurements were carried using 6-7 μL droplets recorded dur-
ing 60 s and at a rate of 1 frame per second. The reported values are the average 
of at least three repeats.

3.3.4 Tensile Strength of Biofilms 

In Paper I, 1.5 mL cuboid-shaped biofilms incubated for 3, 5 or 7 days in su-
perhydrophobized PS cuvettes were tested to analyse the effect of incubation 
time. The biowelded samples described in previous sections were also tested us-
ing the same procedure.  

Prior to testing, the samples were carefully compressed to 0.9 mm thickness 
using a press and a 0.9 mm thick steel plate as a guide. This step was envisioned 
to avoid plastic deformation or damage to the samples prior to testing, as quick 
a compression of the capsules during clamping can result in bursting. The ten-
sile tests were carried using an Instron 4204 universal tensile tester at 20 mm 
min-1 load rate and 5 mm clamp separation. At least three samples were meas-
ured for each condition.  

3.3.5 Adhesive Strength of Biopolymeric Particles 

The biopolymeric adhesives, produced as described above and used in Papers 
III and IV, were tested in lap-shear using an MTS-400 universal tensile testing 
device equipped with a load cell of 2 kN. The strain rate was 1.5 mm min-1 and 
the reported results were based on at least 4 measurements for each condition.  

Importantly, given the low friction between the smooth glass slides and the 
steel clamps, the set-up had to be optimized for reducing slippage. Therefore, 
glass slides with frosted ends were used in the assembly of the bonds, which 
were further clamped between aluminium sheets. The higher plasticity of alu-
minium compared to steel helped increasing the contact with the samples while 
protecting the clamped portion from fracturing. Slippage of the samples be-
tween clamps, however, was still present in the system and prevented a proper 
assessment of the toughness of the bonds.  

The anisotropy of adhesion evaluated in Paper IV was estimated by compar-
ing the in-plane (lap-shear) with the out-of-plane adhesion of the specimens. In 
short, the later was measured by fixing the samples in the horizontal plane, 
while a compressive load was applied perpendicularly to the sample at rate of 
1.5 mm min-1. Such load was applied closest to the edge of the bond.  
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4. Results and discussion

This section highlights the most relevant findings from Paper I-IV associated 
to the self-assembly of biosynthesized colloids under controlled wetting config-
urations. 

4.1 Biofabrication at Engineered Air-Water Interfaces

With the biofabrication of bacterial cellulose-based biofilms occurring at the air-
water interface of the culture medium, in Paper I we investigated strategies to 
control the 3D shape of such interface to guide the biofabrication. As a premise 
to this research, it has been unclear whether a continuous network of air sup-
plied by superhydrophobic surfaces would enable the biofabrication of continu-
ous networks of nanocellulose. Upon initial trials, no obvious localized differ-
ences in density arising from the small solid-liquid interfacial areas could be 
identified in the resulting films. Multiple 3D geometries and new functions were 
demonstrated in Paper I. Based on resolution differences noticed at the top 
and bottom of some of the biofabricated cuboids, the effect of hydrostatic pres-
sure and wetting on biofabrication was carefully evaluated in Paper II. 

4.1.1 Liquid Marbles Can Be Used as Templates for Biofabrication

First, we used the liquid marble27,29 strategy as a way of generating biofilm-
based capsules in the shape of spheres (Figure 7a). In short, upon pipetting 
droplets of 10 – 60 μL of bacterial cellulose culture medium on a bed of PTFE 
powder (35 μm average size), the hydrophobic particles adsorbed at the inter-
face and stabilized the culture medium in the shape of beads of controlled vol-
ume. Alternatively, by spraying the culture medium instead of pipetting, drop-
lets as small as ca. 200 μm diameter were cast (Figure 7b).  During incubation 
under saturated humidity conditions (to avoid evaporation), the bacteria pro-
duced the biofilm as a shell located immediately below the layer of hydrophobic 
particles at the interface (Figure 7a,b). The biofilm was homogeneous even at 
the lower part of the capsules, where the amount of PTFE powder was maxi-
mum. Such homogeneity hinted to the possibility of using the superhydrophobic 
moulds discussed in the next section.

The separation of the biofilm from the particles took advantage of the hydro-
phobicity of the PTFE and of the hydrophilicity of the biofilms. Once the liquid 
marbles were added to water, the hydrophobic particles dispersed at the air-
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water interface and the isolated biofilms sunk. Following, the PTFE particles 
were easily collected from the interface, e.g. via filtration, for reuse.  

Importantly, as exemplified by Laromaine et al., open convex structures are 
formed instead of closed spheres when regularly wetting surfaces are used (wa-
ter contact angle below ca. < 140 °).60 Therefore, controlling the air-water inter-
face and preventing full wetting conditions is key to completely guide the mor-
phology of closed biofabricated objects. 

4.1.2 Hydrophobic Particles Can Be Immobilized onto Solid Surfaces to 
Generate 3D Superhydrophobic Templates for Biofabrication  

To expand the morphological limits of 3D structures, we envisioned the immo-
bilization of the PTFE particles to a solid template to generate superhydropho-
bic moulds. Superhydrophobic surfaces are known to trap an air-plastron, an 
air network, between the surface features and water. Upon incubation, this air 
layer provided the bacteria with enough access to air and enabled the 3D bio-
fabrication used in Papers I and II.   

In Paper I, we tested a superhydrophobization method in which acetone was 
used as a solvent to partially dissolve PS and PLA moulds (Figure 8a). Acetone 
made the moulds to swell and to become softened, generating a “sticky” inter-
face onto which PTFE particles were embedded before full evaporation of the 
solvent. Upon full evaporation, the moulds reconsolidated with an adhered layer 
of hydrophobic particles partially exposed on the surface, thus generating the 
roughness and surface chemistry that led to superhydrophobicity. When using 
these superhydrophobic templates for incubating the culture medium, the bio-
films assumed the morphologies set by the moulds (Figure 8b). It was possible 

 

Figure 7. a) Fabrication of liquid marbles for the stabilization of the air-water interface of the culture 
medium containing Komagataeibacter medellinensis. First, the culture medium is deposited on a hydro-
phobic particle (35 μm PTFE) bed, which stabilizes the droplet in a spherical shape. Upon incubation under 
saturated humidity during at least 1.5 days, robust bacterial nanocellulose capsules can be isolated from 
the PTFE by simple washing in water. b) The culture medium can also be cast via spraying, where small 
droplets of varied sizes can be quickly generated. 
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to observe that the generated shapes were robust after less than a week of bio-
fabrication time (Figure 8c). Specifically, cuboids of 1.5 μL produced during 3, 
5 and 7 days failed under tensile loads of 1.91, 4.27 and 4.35 N, respectively, 
implying a reduced biofilm growth rate after 5 biofabrication days. This was 
possibly caused by limited oxygen access to the bacteria as the biofilm grew 
thicker. Such effect is further discussed in Section 4.1.3. 

In Paper II, a similar strategy was used for silicone rubber moulds but with-
out the use of a solvent (Figure 9a). In such system, the particles became em-
bedded onto the silicone rubber (Figure 9b) by elastocapillary action,61 which 
may have been further enhanced through other attractive interactions, such as 
van der Waals62 and triboelectric.63 Importantly, the superhydrophobicity of 
these surfaces remained unaltered even after 30 min of bath sonication, as evi-
denced by equilibrium contact angle measurements (Figure 9c,d). Also, the 
flexibility of these silicone moulds provided easier demoulding, making this 
method further used for better understanding the biosynthetic process occur-
ring during incubation within superhydrophobic templates. 

 

Figure 8. Superhydrophobic moulds can be used for the biofabrication of 3D biofilms of varied geometries. 
a) Moulds can be produced through large scale production methods, such as injection moulding, or 
through highly customizable methods, such as 3D-printing. Polystyrene (PS) and polylactic acid (PLA) 
moulds, respectively, can be easily superhydrophobized by spreading hydrophobic particles on a partially 
dissolved mould. The whole superhydrophobization process takes less than 2 min for PS and less than 6 
min for PLA. b) Upon incubation for ca. 7 days and demolding, the 3D shapes can be isolated from the 
mold, which retain the hydrophobic particles for further reuse. Virtually any shape achievable through 
moulding can be obtained. c) Tensile testing of biofilms in the shape of cuboids grown during 3, 5 and 7 
days. Prior to testing, the samples were slowly compressed to facilitate clamping. 
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4.1.3 Oxygen Access at Different Depths Regulates Gradients of Biofilm 
Thickness  

The activity of aerobic bacteria is highly dependent on oxygen availability. For 
instance, biofilm formation at the mould interface may cease or become sub-
stantially slower under limited access to oxygen. Therefore, to better under-
stand such relationship within superhydrophobic moulds, we carried out a grav-
imetric analysis of 1-cm deep sections of biofilms of uniform cross section (Fig-
ure 10a). 

The objects incubated for up to 7 days showed the existence of a thickness gra-
dient, from the top-most section down to a depth of ca. 9 cm (Figure 10b). The 
gradient followed a linear decay with a slope of ca. -0.04 mg cm-3. When evalu-
ating short sections for a period of 4 and 12 days (Figure 10c), this gradient 
was ca. three times more pronounced (-0.121 mg cm-3) and ca. one order of mag-
nitude less pronounced (-0.006 mg cm-3), respectively.  

 

Figure 9. Flexible silicone rubber mould generated from a 3D printed object and superhydrophobized by 
spreading hydrophobic particles inside the cavity. b) Electron microscopy showcasing the robustly em-
bedded 35 μm PTFE particles. Scale bar is 10 μm. c) Water droplet resting on the surface of a superhydro-
phobic flat silicone rubber sheet that was subjected to bath sonication under water during 30 min. d) 
Equilibrium water contact angles of the silicone sheet before and after superhydrophobization, and after 
30 min of bath sonication.    

 

Figure 10. a) Schematics representing the dependence of the air network, trapped between the superhy-
drophobic surface and the culture medium, on the hydrostatic pressure. The dashed lines on the mould 
represent the sections cut from the biofabricated objects used for gravimetric analysis. b) Thickness as a 
function of depth for the biofilms produced for 7 days. The thickness is assumed to be proportional to the 
areal density of the biofilms. c) Areal density as a function of depth for biofilms produced during 4 and 12 
days.  
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The differences in biofilm density gradients suggested that the bacteria were 
more active at the upper sections of the mould at the beginning of the incubation 
period. This was caused by a higher oxygen availability, possibly arising from a 
combination of factors, i.e., the higher proximity to the open side of the mould 
and the lower hydrostatic pressure. The hydrostatic pressure factor is particu-
larly important as it proportionally increases the solid-liquid interface (wet-
ting), reducing the air-water interfacial area. With the progression of the incu-
bation time, however, the higher oxygen availability at the top was counterbal-
anced by the thickness of the biofilm. As it grew thicker, the oxygen access be-
came more limited, and the growth rate eventually became lower than that at 
lower sections.  

4.1.4 Superhydrophobic Surfaces are Long-lived When Connected to 
Ambient Air 

Notably, the air-water interface of the superhydrophobic mould was maintained 
over the course of at least 12 days, as it remained effective in sustaining biofilm 
formation throughout the incubation time. This result is important as the ro-
bustness of the entrapped air layer of superhydrophobic surfaces submerged in 
highly fouling environments is still not fully understood. Hwang et al. showed 
that fully submerged superhydrophobic surfaces will lose their plastron after 
less than a day because of the dissolution of the air layer into water.23 These 
apparently contrasting results may be explained by the fact that the surfaces 
used by Hwang et al. were fully submerged, while the ones used in Papers I 
and II were connected to ambient air, allowing replenishment of dissolved air 
preventing the collapse of the air-water interface. 

4.1.5 The Fidelity of Replication in Templated Biofabrication is Driven 
by Hydrostatic Pressure 

Hydrostatic pressure is known to push the air-water interface towards superhy-
drophobic surfaces. The air network collapses when the capillary pressure be-
tween rough features is overcome. Before reaching such condition, however, the 
hydrostatic pressure can be used to finely control the replication fidelity during 
biofabrication within superhydrophobic molds (Figure 11a).  

First, to evaluate such an effect, we produced superhydrophobized silicone 
rubber molds based on 3D-printed cylinders of different resolutions (i.e., 80, 
160 and 320 μm). The resolution determined the layer size of the printed ob-
jects, and consequently the dimensions of the ring-like grooves of the superhy-
drophobic molds. Upon incubation within these molds, the wetting as a function 
of depth (or hydrostatic pressure) regulated the imprinting of the resulting bio-
films.  

By decreasing the feature size of the molds, the hydrostatic pressure required 
for reaching maximum resolution progressively increased. Also, a clear gradient 
of replication fidelity was observed in all molds, i.e., the biofilms evolved from 
being completely flat at the top-most sections, to become partly and subse-
quently fully replicated towards the bottom (Figure 11a). This gradient was 
evaluated by measuring the replicated height evolution of the features at given 
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biofabrication depth and hydrostatic pressure. For this purpose, we used molds 
with 320 μm wide grooves (Figure 11b). It was observed that maximum reso-
lution occurred at ca. 2.5 cm from the top, and that the gradient in the biofilm 
feature height followed a linear evolution of ca. 246 nm Pa-1.  

In contrast, the biofilms of 80 μm feature size did not present a uniform gra-
dient throughout the samples. Given the average size of the PTFE particles (35 
μm) and their polydispersity, it is possible that the superhydrophobization was 
not uniform enough and resulted in areas excessively or poorly coated. This ob-
servation implies that the average size of the hydrophobic particles used for su-
perhydrophobization should be considerably smaller (ca. 4 times) than the 
main features of the mold.  

Furthermore, it was possible to compare the observed threshold hydrostatic 
pressure needed for full replication, and the calculated capillary pressure of the 
molds having 320 and 160 μm features (Figure 11c). For such comparison, the 
surface tension of the culture medium (ca. 53 mN m-1) and equilibrium contact 
angle (ca. 151 °) were measured, and the threshold depths for full replication 
were estimated through optical microscopy. Ideally, these values should be the 
same. The observed threshold hydrostatic pressures, however, were ca. 15 % 

 

Figure 11. a) Schematic representation depicting the effect of hydrostatic pressure on the replication fi-
delity of the air-water interface and of the biofilm (left). Optical microscopy image of a biofilm generated 
from a mould having 320 μm features (center). This biofilm has a gradient of height of the features, which 
increased from top to bottom. Similar gradients, but of different slopes, were observed for 160 (right) and 
80 μm feature sizes. b) Feature height as a function of depth, measured from the sample having 320 μm 
features depicted in a). c) Comparison between the hydrostatic pressure observed at the depth where 
maximum resolution was reached for the moulds having 160 and 320 μm feature width, and the feature 
capillary pressure measured based on the mould feature size, and on the culture medium contact angle 
(151 °) and surface tension (53 mN m-1).  
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lower than the values calculated for the capillary pressure of the molds. This 
may be a result of the preferential accumulation of bacteria near the depressions 
of the grooves.26,64 In such case, bacteria may act as surface active particles and 
even locally produce surface-active components,65 possibly causing a reduction 
of the surface tension.  

Bacteria motility toward areas of optimal conditions may have also been a rea-
son that explains the observed aligned fibrils at the bottom sections of the bio-
fabricated objects. As can be seen in Figure 12, the fibrils were aligned parallel 
to the oxygen gradient direction, as previously discussed in Section 4.1.3, in-
dicating that the bacteria sense such gradient (aerotaxis) and tune the biosyn-
thetic process towards more oxygen-rich areas. At the upper sections, however, 
only random alignment was observed as the biofilm formation occurred at 
nearly optimal nutrients conditions. These observations are in line with the op-
timal foraging theory, which upon further investigation might become an im-
portant asset for biofabrication. This is a unique feature of this type of biofabri-
cation as, by simply rotating the mould with respect to the gradient of hydro-
static pressure, fiber alignment can be generated independently from sample 
morphology. In 3D printing, for instance, this might be a challenging task as 
certain sample geometries cannot be printed in certain orientations without the 
aid of supports. 

4.1.6 Versatile Assembly Strategies Endow New Functions to the Bio-
films 

The methods presented above are versatile to provide a platform for biofabri-
cating biofilms having complex structures and functions. First, by using model 
particles, we showed the possibility of encapsulating a wide range of materials, 
such as biomineralized enzymes, polymeric nanoparticles, metal nanoparticles, 
and macromolecules (Figure 13). Furthermore, we showed that small pre-bio-
fabricated capsules can be added to the bacteria-containing culture medium 
used for the formation of larger capsules, resulting in multi-compartmentalized 
objects (Figure 13b). More details pertaining to these two approaches can be 
found in Paper I.  

Figure 12. SEM images of the aligned fibres observed at the lower sections of the biofabricated objects 
having 160 μm wide features. The incubation time was 4 days.  
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The living materials functionality of these biofilms was also explored through a 
“biowelding” process that led to the joining of adjacent pre-biofabricated bio-
films (Figure 14a). For instance, two 1 mL cubes were produced in separate 
superhydrophobic moulds after incubation for 6 days. Instead of demoulding 
both biofilms, only one was removed and immediately transferred to the mould 

 

Figure 14. a) Schematics representing the procedure for the self-healing (or “Bio-Welding”) function of 
the biofilm. It shows two pre-fabricated cuboids being incubated in close contact and the resulting joined 
objects. b) Images after tensile testing of the joined samples, which did not fail at the joined interface. c) 
Ultimate tensile load for the bio-welded objects (2 x 1 mL) grown during 6 days (pre-incubation) + 6 days 
(joined-incubation) versus objects (2 mL) incubated during 12 days.  

 

Figure 13. a) Schematics representing the encapsulation of model colloids. b) Biofilm capsules produced 
by the spraying route and carrying polystyrene particles as a functional cargo. c) The capsules depicted in
b) were further encapsulated by incorporating them in fresh bacteria-containing culture medium prior to
incubation within a drop casted liquid marble. d) Oxidation of a model compound (o-dianisidine) using
encapsulated enzymes (horseradish peroxidase) immobilized within metal organic framework. 
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of the second biofilm, where the components were kept in close contact for an-
other 6 days. Such joint incubation resulted in a single 2 mL object comprising 
two 1 mL compartments.  

From microscopy images, we observed that the biowelded objects were joined 
by an extra layer that grew not only around both objects, but also at their con-
tacting interface (SI from Paper I). This observation was also confirmed by me-
chanical tests, which showed that, in most cases, the biowelded structures did 
not fail at the joint (Figure 14b). Furthermore, the biowelded objects were al-
most as robust as single 2 mL objects grown for 12 days (Figure 14c). 

The “living” nature of such material is tethered to the metabolism of the bac-
teria as well as to the physicochemical aspects of the culture medium and asso-
ciated interfaces. Controlling such living nature can thus be achieved by control-
ling at least one of such aspects, e.g. as demonstrated through the manipulation 
of the interfaces of the confined biofilm during the bio-welding process. Unin-
tended side effects may be inevitable in some applications relying on the living 
nature of this material. In such case, bioengineering tools and associated “preci-
sion biology” can be an important asset to modify the metabolism of the bacteria 
and/or its responses to the physicochemical environment of application.1,2 

These results show that by controlling the geometry of non-wetting interfaces 
during the biosynthesis of biopolymeric networks, one can generate biobased 
materials with new structures and functions. For biocolloidal suspensions, how-
ever, highly wetting interfaces can be an important asset for tethering three-
dimensional interfacial interactions and the consequent formation of hierar-
chical assemblies. 
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4.2 C-EISA of Biobased Colloids 

Besides the confinement provided by superhydrophobic moulds, which is ideal 
for aerobic microbial biofabrication, we also used highly wetting surfaces to con-
trol colloidal self-assembly. While the combination of interactions occurring at 
the air-water and the solid-liquid interfaces can induce significant structuring 
to consolidating films, these interactions and structuring effect can be further 
maximized by increasing the interfacial area when drying suspensions between 
two parallel glass slides. Therefore, with the vast majority of biopolymeric col-
loids being produced from biomass deconstruction, we evaluated their self-as-
sembly under confined geometries (Figure 15) and well-defined wetting con-
ditions within lap-shear bonds (Papers III and IV, Section 4.2.1). Such as-
sembly configuration allowed a systematic evaluation of structure-property re-
lationships of assemblies of biocolloidal building blocks (Sections 4.2.3). This 
would not have been otherwise possible due to the high brittleness of some com-
positions and due to the minimum required amounts of material, both of which 
would have made e.g. tensile testing often impractical. The cohesion developed 
from common anisotropic bio-colloidal building blocks was compared and dis-
cussed based on this framework (Section 4.2.4).   

4.2.1 Long-Range Ordered Structures are Formed through C-EISA 

First, suspensions of ChNC and Hen egg-white lysozyme (HEWL), in the mon-
omeric (M) and amyloid forms (fully grown (A), or shortened (SA) via tip-soni-
cation), were individually drop-cast between glass substrates using the frame-
work developed in Paper IV for CNC (Figure 15). In short, upon evaporation 
of 40 μL of 2 wt% suspensions at pH 2-3, the colloids self-assembled to generate 
a good adhesion to the surface of glass. The transparency of the substrates al-
lowed the optical assessment of the long-range order of the assemblies. 

 

Figure 15. Schematic representation of the framework used to evaluate the confined induced self-assem-
bly of biocolloids and the resulting structure-property correlations arising from their hierarchical self-as-
sembly. 
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Close-up images and polarized optical microscopy showed that upon consoli-
dation, ChNC suspensions generated lamellar structures following the contour 
of the bond (Figure 16a1). The observed birefringence evidenced the align-
ment of the colloids within the lamellae (Figure 16a2). Specifically, it indicated 
alignment of the ChNC perpendicularly to the direction of the advancing drying 
front, and in parallel to the orientation of the lamellae and substrates. These 
structures were similar to those produced from CNC, where capillary forces gen-
erated fractures upon gelling of the suspension, and further aided in the con-
traction of the fractured gel until forming the consolidated lamellar structure 
(Figure 16b).  

The HEWL assemblies, however, did not show similar long-range order and 
preferential assembly towards the edges (Figure 17a,b and Figure 18a). In 
general, they were partly organized within a lamellar structure, and also pre-
sented a film morphology that did not necessarily contact both substrates, as 
observed via SEM (Figure 17a). Furthermore, the lamellae presented a more 
disorganized structure, with the centre of the bonds having more material than 
in the bonds formed by ChNC or CNC. Nevertheless, for M, it was possible to 
observe ordered areas caused by crystallization (SI from Paper IV). Mixtures 
containing both ChNC and increasing ratios of M, A, or SA had increasing por-
tions of the centre of the bond covered by the colloids, with a marked difference 
showing at ratios of 1:2 protein to ChNC and higher protein contents (Figure 
17b).  

 

Figure 16. a) Confined evaporation induced self-assembly (C-EISA) results in the formation of long-range
ordered structures across different length scales. b) Proposed mechanism of self-assembly of the building 
blocks based on the observations made from recordings of the drying bonds (available in the SI of Paper
IV). 
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To better understand the micro- and nano-scaled order and interactions oc-
curring within the lamellae, bonds of selected mixing ratios were imaged further 
through AFM (Figure 18b). HEWL amyloids, ChNC, and their mixing ratios of 
2:1 and 1:10 were rapidly fractured out of plane to induce adhesive failure and 
thus limit plastic deformation of the lamellae prior to AFM imaging. Such weak 
out of plane adhesion also occurring for CNC was observed in Paper IV and 
measured to be between 10 and 100 times lower than the in-plane adhesion 
strength, which will be further discussed in Section 4.2.3. As hinted by the 
birefringence observed through polarized optical microscopy, the AFM images 
showed good alignment for the ChNC, and the mixtures. At 1:10 mixing ratio, 
however, the particles were apparently less aligned. Given the high degree of 
alignment observed even at a higher protein contents (2:1), it can be reasonably 
hypothesized that a higher plasticity of bond generated the disorder upon frac-
ture. The HEWL amyloid sample showed a smooth and dense morphology, pos-
sibly as a result of residual peptide fragments present at the initial suspension.  
In summary, AFM imaging confirmed the good packing and alignment of the 
particles parallel to the orientation of the lamellae near the edges. It also hinted 
to the formation of composites from ChNC and HEWL amyloids having homo-
geneous and well-ordered structure.   

 

Figure 17. a) Bond formed from 40 μL of a 2 wt% suspension of fully grown HEWL amyloids. Close-up 
image (left), and SEM image from a location near the edge of the substrate (right). b) Close up images 
from the bonds assembled at different mixing ratios of protein to ChNC. 
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4.2.2 Material Distribution Within the Bonds is Determined by the Sur-
face Activity of the Biocolloids 

To better understand why these materials self-assemble differently, especially 
at a macro scale, we measured the surface activity of the suspensions and their 
wetting behaviour on glass. ChNC presented very low surface activity, with a 
small reduction in the surface tension of water, i.e., from 72.8 to 71.7 ± 0.2 mN 
m-1. Fully grown amyloid suspensions resulted in 56.7 ± 0.5 mN m-1, and a mix-
ture of 1:10 (amyloid : ChNC) resulted in 63 ± 0.5 mN m-1. These results indicate 
that even the longest amyloids used in this study effectively acted as surface ac-
tive particles, resulting in the reduction of the surface tension of the suspen-
sions.  

Surface tension is known to affect particle flow and deposition within drying 
colloidal suspensions. Particularly, Marangoni flow is caused by localized dif-
ferences in the surface tension of suspensions, resulting in a simultaneous ac-
cumulation of particles near the three-phase contact line and an inward flow of 
particles.66,67 Capillary flow, in contrast, is driven by the evaporation rate gradi-
ent near the three-phase contact line, and is known to generate an outward flow 
of particles.68 Importantly, accumulation of particles near the three-phase con-
tact line tend to increase pinning forces, whereas Marangoni flow facilitates 
depinning at later evaporation states and contribute to a more homogeneous 

 

Figure 18. a) Polarized optical microscopy images of the bonds having different ratios of fully grown am-
yloids in relation to ChNC. b) Atomic force microscopy from the lamella of the bonds observed in a). The 
samples were fractured in the out of plane direction to induce a brittle, adhesive failure. 
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deposition upon consolidation.67 This is corroborated by the increased work of 
adhesion calculated for the ChNC suspensions in relation to those containing 
amyloids (further details can be found in Paper IV). 

Importantly, CNC suspensions and others presenting only weak surface activ-
ity (e.g. ChNC) are known to be dominated by capillary flow, thus generating 
coffee-rings upon drying.49,69 Drying suspensions of HEWL and BSA, on the 
other hand, are surface active and dominated by Marangoni flow.70 Therefore, 
the macroscopic difference in material distribution observed within the drying 
bonds may be explained  by the higher surface activity of the proteins, which 
induced an inward flow of particles above a certain mixing ratio threshold (Fig-
ure 19), i.e., at 1:2 protein to ChNC and higher protein contents.  

4.2.3 Long-Range Ordered Assemblies Develop Strong Adhesion 

Given the outstanding mechanical56 and adhesive71,72 properties observed from 
well-ordered natural assemblies of fibrillar structures, here we investigated the 
mechanical properties of the bonds described in the previous section.  

The ChNC bonds having an areal density of only 0.13 mg cm-2 and a total of 
0.8 mg of adhesive resulted in strong assemblies, withstanding a lap-shear load 
of up to 289 ± 67 N (Figure 20a). When varying the concentration from 2 wt% 
to 1 and 4 wt%, strong bonds were formed, failing at 236 ± 44 N and 496 ± 75 
N. Similarly, 269 ± 99 N, 570 ± 90 N and 545 ± 88 N were observed for CNC 
bonds at respective areal densities of 0.41, 0.83, and 1.66 mg cm-2, and total 
adhesive mass of 1.1, 2.2, and 4.4 mg. Although the ultimate shear-loads were 
higher for CNC, the amount of material within the bonds was also higher. This 
aspect will be further discussed in Section 4.2.4. The fully grown (Figure 
20b) and shortened (Figure 20c) HEWL amyloids assemblies were at least 
two-fold weaker than those generated from ChNC suspensions of same initial 
concentration (2 wt%), with both reaching less than 120 N. Monomeric HEWL 
(Figure 20a), however, reached 269 ± 99 N, similarly to those values observed 
for ChNC and CNC. 

 

Figure 19. Proposed mechanism for the distribution of the particles from biocolloidal suspensions sub-
jected to C-EISA. 
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Synergistic combinations were observed when using binary mixtures consist-
ing of either one of the amyloids and ChNC (Figure 20b,c). Ratios of 1:20, 1:10, 
1:4, 1:2, 1:1, and 2:1 (proteins to ChNC) were evaluated. The synergistic bonding 
effect was noted for fully grown amyloids and for the short amyloids at ChNC 
ratios above 1:10 and 1:4, respectively. Specifically, fully grown amyloids 
reached 353 ± 78 N at 1:10, and short amyloids reached 363 ± 36 N at 1:20. 
These respective values are 22 and 25 % higher than that of ChNC alone, which 
was the strongest single component tested, and at least 3 times stronger than 
the single amyloid components alone. Importantly, all fractured bonds con-
tained nearly symmetric residues on each side, hinting to cohesive failure of the 
assemblies and further suggesting a good adhesion to the glass substrates. This 
allowed further analysis of the fractured lamellae through SEM images of the 
tested specimens (Figure 20d). HEWL amyloid alone presented a smooth frac-
ture surface, characteristic of a brittle fracture. Increasing amounts of ChNC re-
sulted in more extensive plastic deformation, as evidenced by shear-leaps and a 
rough fracture surface observed for the 1:2 (HEWL amyloid to ChNC) sample. 

In general, high adhesive strengths were measured from samples mostly hav-
ing a well-ordered lamellar structure near the edges of the bond. Particularly, 
the threshold at 1:2 (proteins to ChNC) and higher proteins amounts determin-
ing the biocolloids distribution within the bonds, as observed in the previous 
section, correlated with a similar threshold for the synergism in mechanical 

 

Figure 20. Ultimate lap-shear strength of samples formed from suspensions having different mixing ra-
tions of HEWL as a) monomers (M), b) amyloids (A), or c) short amyloids (SA) in relation to ChNC. d) SEM 
images from the lamellae of samples after lap-shear. The sample depicted on the top image only con-
tained HEWL amyloids, while the bottom one was formed from a mixture of 1:2 amyloids to ChNC. 
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properties developed in the assemblies. This may be explained by the tendency 
of more disorganized structures to form upon the addition of proteins, which 
alone tend to form thin lamellae and a film that does not always contact both 
substrates simultaneously. Furthermore, capillary flow of particles towards the 
edges of the ChNC-rich bonds may have improved alignment, resulting in better 
packing and interfacial contacts. For Paper III and IV, the areal densities 
tested were clearly not enough for fully covering the overlapping area. For CNC, 
the maximum coverage (i.e. ~ 80 %) was attained at 6 mg cm-2. The highest 
strength per unit contact area, however, was achieved at 0.83 mg cm-2 (~ 45 % 
area coverage). Such result may have been caused by the lower mobility of the 
biocolloids assembled from higher concentration suspensions, which possibly 
hindered proper alignment. This further indicates the importance of structuring 
for strength development.  

Although out of plane testing of all sample compositions would have been 
needed for providing a complete assessment of the adhesive performance of the 
materials, the lap-shear tests fulfilled the purpose of characterizing the cohesive 
properties of the assemblies. Still, the CNC samples were tested in the out-of-
plane direction in Paper IV, and resulted in high anisotropy of adhesion. In-
terestingly, the anisotropy reached average values of ca. 70, meaning that the 
average in-plane adhesion strength was 70 times higher than that of the out of 
plane direction. This anisotropy of adhesion is, to the present, unique to these 
biocolloidal structural adhesives, with such supramolecular dynamics of inter-
action resembling that of gecko feet. 

4.2.4 C-EISA and Lap-Shear Tests Provide a Robust Platform for the Me-
chanical Characterization of Materials Formed by Biocolloids  

The lap-shear methodology used throughout Paper III and IV was fundamen-
tal to make possible the mechanical characterization of all biocolloidal assem-
blies studied. This would not have been possible through tensile testing, as it 
requires larger amounts of sample and are often difficult to be carried for brittle 
assemblies. For instance, extensive cracking and adhesion to the polypropylene 
substrate occurred when making films containing large quantities of HEWL am-
yloids (Figure 21). These two factors would have made sample preparation and 
testing impractical when covering the whole set of mixtures discussed in Paper 
III. On the other hand, C-EISA in combination with lap-shear testing provided 
a suitable platform for the systematic evaluation of the mechanical properties of 
biocolloidal assemblies.  

Lap-shear strength, however, is dependent on several factors that may hinder 
efforts to compare different materials. Specifically, for biocolloidal assemblies, 
structure formation and consequent variation of real contact area require care-
ful consideration. Therefore, it is recommended that the over-lap area, the 
amount of biocolloids forming the bonds, and the substrate materials and di-
mensions should be kept the same or within reasonable limits. By using the 
same substrate (glass slides), similar quantities of biocolloids (0.45 to 1.1 mg) 
and similar areal densities (0.13 to 0.41 mg cm-2), we herein qualitatively com-
pare the mechanical properties as a function of the mass of material within the 
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assemblies developed through the C-EISA of some of the most abundant sources 
of biocolloids; i.e., lignocellulosic biomass (Paper IV and Beisl et al.73), sea-
food waste (Paper III), and proteins (Paper III). 

The strongest values were observed (Error! Reference source not found.) from t
he synergistic combination between ChNC and up to ca. 10 wt% HEWL amy-
loids (fully grown or shortened). The weakest assemblies originated from the 
amyloids alone, and from lignin micro and nanoparticles (as evaluated by Beisl 
et al.).73 The weak assemblies originating from lignin particles can also be at-
tributed to their limited packing density and their non-crosslinked nature. Par-
ticularly, the particles of 364 nm diameter may achieve smaller optimal packing 
densities (0.64) if compared to rods (0.72),74 thus further limiting the genera-
tion of strong supramolecular interactions. Furthermore, the amphiphilicity of 
lignin may preclude its capacity of developing strong hydrogen bonding. Most 
importantly, as inspired by nature, synergistic assemblies between abundant 
sources of polysaccharides and proteins (or protein aggregates) may be achieved 
in the fabrication of strong structural adhesives. 

 

Figure 21. Films produced from different ratios of HEWL amyloids to ChNC. Self-standing films containing 
less than ca. 50 wt% ChNC could not be achieved due to increased adhesion of the films to the hydropho-
bic substrate and increased fracturing.  
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Figure 22. Comparison between ultimate lap-shear loads for the biocolloids tested in Paper III and IV. 
Lignin particles evaluated by Beisl et al. were also added to the comparison. All samples were measured 
using the same substrates (glass sides), similar areal densities and overall mass of biocolloids. 
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5. Conclusions and Outlook 

Hierarchical architectures are an important asset of living assemblies having, 
for instance, outstanding mechanical properties that are yet to be fully repli-
cated through engineering.33,56 Despite of the vast selection of materials (natural 
or synthetic) available for modern manufacturing, there is a limited understand-
ing on how to optimally use naturally occurring assembly forces to generate en-
gineered hierarchical constructs. Therefore, this thesis aimed at providing a bet-
ter understanding on the use of wetting and interfacial interactions to guide the 
assembly of some of the most important biocolloids. The considerations raised 
in this thesis are highly relevant and require further examination when consid-
ering the future of materials obtained from sustainable sources, as their assem-
bly may not be guided by the same routes conventionally used for synthetic sys-
tems. The main findings in this thesis are summarized below. 

5.1 Papers I and II  

In Paper I, hydrophobic particles were used to stabilize the air-water interface 
of a bacterial culture medium, generating nanocellulose-based 3D objects. The 
resulting hollow, seamlessly closed objects were achieved using two different 
strategies, i.e. liquid marbles and superhydrophobized moulds. The liquid mar-
bles strategy allowed the formation of spherical shapes used for the encapsula-
tion of varied classes of materials and for multi-compartmentalization. The su-
perhydrophobic moulding strategy allowed the fabrication of 3D objects of sev-
eral centimetres, and similar morphological freedom often attributed to widely 
used moulding techniques in engineering. Also, by incubating two pre-biofabri-
cated objects in close proximity within a superhydrophobic mould, the biofilms 
merged into a single object, thus demonstrating the living nature and self-heal-
ing functionality of the material. 

After noticing the different resolution at the bottom and top edges of cuboid-
shaped biofilms, in Paper II the wetting and interfacial forces governing the 
moulding method were investigated. The gradient of oxygen availability caused 
by the increasing hydrostatic pressure inside the moulds (increasing wetting), 
and by the orientation of the mould opening, was shown to induce the formation 
of biofilms displaying thickness gradients when incubated for 4 and 7 days. After 
12 days, however, the thickness became homogenous across at least 4 cm from 
the top surface of the mould. The gradient of oxygen availability was a likely 
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cause for the alignment of fibrils observed at the lower sections of the biofilm-
based objects. Furthermore, gradients of microscaled topographical features 
were shown to be tethered to the hydrostatic pressure-induced wetting of the 
features.  

The in-situ biosynthesis occurring within the superhydrophobic interfaces al-
lowed the formation of materials with physical characteristics that are otherwise 
not possible through other methods used in self-assembly of colloids. Differ-
ently from 3D-printing, both (1) fibre alignment, and (2) controllable gradients 
of thickness and microtopography are mostly independent of sample geometry. 
These characteristics may be implemented in objects of virtually any morphol-
ogy achievable through moulding in an orientation-independent manner, e.g., 
by simply changing the orientation of the mould with respect to the vertical axis 
and thus the direction of the hydrostatic pressure gradient.   

5.2 Papers III and IV 

Suspensions of ChNC, HEWL (monomer and amyloids), their mixtures (Paper 
III), and CNC (Paper IV) were cast between glass slides and subjected to con-
fined evaporation induced self-assembly, resulting in constructs displaying a hi-
erarchical arrangement with sizes spanning the nano and macro scales. The 
non-surface active CNC and ChNC self-organized near the edges of the bond in 
lamellar structures, mostly parallel to the edges of the glass. This was attributed 
to the effect of capillary flow bringing the anisotropic particles near to the air-
water interface, where they accumulated in a parallel arrangement to the inter-
face. Upon gelling, capillary forces generated the rupture of the gel and its fur-
ther consolidation in tightly packed and ordered lamellae, as observed through 
AFM and polarized optical microscopy. Upon mixing ChNC with increasing 
amounts of the surface-active protein components, the building blocks assem-
bled in a progressively more disorganized way. This is suggested to happen as a 
result of the Marangoni flow that is increasingly present in the system upon ad-
dition of proteins. Nevertheless, well-ordered assemblies similar to those of 
ChNC and CNC were observed upon addition of up to ca. 10 wt% proteins. 

The densely packed and well aligned structure promoted extensive friction be-
tween the biocolloids and allowed extensive hydrogen bonding and other supra-
molecular interactions to occur, resulting in good cohesion and adhesion within 
the bonds. ChNC and CNC produced similarly strong assemblies, with ultimate 
lap-shear strengths of ca. 300 N using < 1 mg of biocolloids. The mixtures of 
ChNC and proteins displayed synergistic interactions, similarly to those ob-
served in the exoskeletons of arthropods. Interestingly, at least 25% increase in 
strength (compared to the single components) was observed when fully grown 
amyloids or short amyloids were mixed with ChNC. The synergistic strength was 
achieved at 1:10 and 1:20 amyloid to ChNC, hinting to the importance of having 
the material mostly organized around the edges of the bond in well-ordered la-
mellae. 
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5.3 Outlook 

The methods developed in Papers I, II and the associated wetting and inter-
facial considerations are expected to be used as an accessible platform for the 
fabrication of living materials having a wide range of morphologies and func-
tions. For instance, it is expected that the encapsulation functionality will find 
applications in micro-reactors, delivery systems, tissue engineering, environ-
mental remediation and others. These areas may benefit from recent advances 
associated to the liquid marbles biofabrication method herein developed, such 
as using it for the encapsulation of engineered microorganisms,75 magnetic par-
ticles,76 and cells.60 Furthermore, 3D biofabrication may benefit from hybrid 
strategies where superhydrophobic moulds are used to provide support for 3D-
printed bacterial hydrogels.77 Similar strategies to the bio-welding function 
demonstrated herein were also used to coat and join a wide range of materi-
als.78,79 It is expected that these and other developments on 3D biofabrication 
methods will continue to put bacterial nanocellulose on the forefront of the fab-
rication of engineered living materials.  

The wetting and interfacial energy considerations discussed in Papers III 
and IV are expected to be a valuable asset in the development of strong supra-
molecular adhesives based on biocolloids. Importantly, the methodology de-
vised herein provide a systematic way of evaluating structure-mechanical prop-
erty relationships of biocolloidal assemblies that could not be evaluated other-
wise, for instance through tensile testing of self-standing films. Due to the weak 
out of plane strength of these adhesives, they may find applications where high 
shear strengths are required alongside to an easy disassembly. For instance, 
they may be used to facilitate the recycling of construction materials, or to pro-
vide a controlled disassembly of sensitive devices upon excessive loads or im-
pact. Nevertheless, by designing bonds of different geometries, these adhesives 
may be used for applications where strong adhesion is required in every direc-
tion, providing great versatility for such green adhesives. The results presented 
in this thesis are a first screening of a new class of structural adhesives that still 
require further investigation on e.g. toughness, impact resistance, water re-
sistance, and adhesion to non-polar substrates.  

The results presented in this thesis highlight the impact of non-wetting and 
highly wetting interactions on the formation of bio-based materials. Besides 
these results, wetting and interfacial interactions have also been an important 
asset in our research related to the formation of other structured bio-based ma-
terials. For instance, we used non-wetting surfaces to form robust supraparti-
cles for biocide delivery80 and to investigate a universal strategy for binding par-
ticles of virtually any surface energy.81 Based on substrates of controlled wetting, 
we also produced self-standing chiral-nematic CNC films82,83 and their tem-
plated assemblies.84 By accounting for capillary forces upon drying of cellulose 
and chitin nanofibers, aerogels were generated and used as electrolyte carriers 
in solar cells.85,86 And finally, by controlling the drying of lignin micro-droplets 
within a laminar gas flow, nano- and micro-particles were produced87,88 and 
used for studying the stratification and physico-chemical properties of lignin 
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films.89,90 In all such studies, surface active and non-surface active macromole-
cules and biocolloids have been assembled with the aid of well-defined wetting 
interactions and interfacial forces. Furthermore, we expect that the patterned 
combination of wetting and non-wetting interfaces, in 2D or 3D, will be key for 
the structured assembly of the sustainable materials of the future. 
 



 

 39

References 

1. Nguyen, P. Q., Courchesne, N. M. D., Duraj-Thatte, A., Praveschotinunt, P. & 
Joshi, N. S. Engineered Living Materials: Prospects and Challenges for Using 
Biological Systems to Direct the Assembly of Smart Materials. Adv. Mater. 30, 
1704847 (2018). 

2. Nguyen, P. Q., Botyanszki, Z., Tay, P. K. R. & Joshi, N. S. Programmable 
biofilm-based materials from engineered curli nanofibres. Nat. Commun. 5, 
4945 (2014). 

3. Schaffner, M., Rühs, P. A., Coulter, F., Kilcher, S. & Studart, A. R. 3D printing 
of bacteria into functional complex materials. Sci. Adv. 3, eaao6804 (2017). 

4. Wang, S. et al. Super-Strong, Super-Stiff Macrofibers with Aligned, Long 
Bacterial Cellulose Nanofibers. Adv. Mater. 29, (2017). 

5. Liebert, T. Cellulose Solvents – Remarkable History, Bright Future. Cellul. 
Solvents Anal. Shap. Chem. Modif. 3–54 (2010) doi:10.1021/bk-2010-
1033.ch001. 

6. Iguchi, M., Yamanaka, S. & Budhiono,  a. Bacterial cellulose — a masterpiece of 
nature ’ s arts. J. Mater. Sci. 35, 261–270 (2000). 

7. Bottan, S. et al. Surface-structured bacterial cellulose with guided assembly-
based biolithography (GAB). ACS Nano 9, 206–219 (2015). 

8. Klemm, D., Schumann, D., Udhardt, U. & Marsch, S. Bacterial synthesized 
cellulose - Artificial blood vessels for microsurgery. Prog. Polym. Sci. 26, 1561–
1603 (2001). 

9. Hu, Y. & Catchmark, J. M. Formation and characterization of spherelike 
bacterial cellulose particles produced by acetobacter xylinum JCM 9730 strain. 
Biomacromolecules 11, 1727–1734 (2010). 

10. Putra, A. et al. Production of Bacterial Cellulose with Well Oriented Fibril on 
PDMS Substrate. Polym. J. 40, 137–142 (2008). 

11. Bodin, A. et al. Influence of cultivation conditions on mechanical and 
morphological properties of bacterial cellulose tubes. Biotechnol. Bioeng. 97, 
425–434 (2007). 

12. Orelma, H. et al. Affibody conjugation onto bacterial cellulose tubes and 
bioseparation of human serum albumin. RSC Adv. 4, 51440–51450 (2014). 

13. Osorio, M. et al. Bioactive 3D-Shaped Wound Dressings Synthesized from 
Bacterial Cellulose: Effect on Cell Adhesion of Polyvinyl Alcohol Integrated In 
Situ. Int. J. Polym. Sci. 2017, 1–10 (2017). 

14. Zang, S. et al. Investigation on artificial blood vessels prepared from bacterial 
cellulose. Mater. Sci. Eng. C 46, 111–117 (2015). 

15. Bodin, A. et al. Tissue-engineered conduit using urine-derived stem cells 
seeded bacterial cellulose polymer in urinary reconstruction and diversion. 
Biomaterials 31, 8889–8901 (2010). 

16. Lehner, B. A. E., Schmieden, D. T. & Meyer, A. S. A Straightforward Approach 
for 3D Bacterial Printing. ACS Synth. Biol. 6, 1124–1130 (2017). 

17. III. An essay on the cohesion of fluids. Philos. Trans. R. Soc. London 95, 65–87 
(1805). 

18. Wenzel, R. N. RESISTANCE OF SOLID SURFACES TO WETTING BY WATER. 
Ind. Eng. Chem. 28, 988–994 (1936). 

19. Cassie, A. B. D. & Baxter, S. Wettability of porous surfaces. Trans. Faraday 
Soc. 40, 546 (1944). 

20. Cottin-Bizonne, C., Barrat, J.-L., Bocquet, L. & Charlaix, E. Low-friction flows 
of liquid at nanopatterned interfaces. Nat. Mater. 2, 237–240 (2003). 

21. Lafuma, A. & Quéré, D. Superhydrophobic states. Nat. Mater. 2, 457–460 
(2003). 

22. Dong, H., Cheng, M., Zhang, Y., Wei, H. & Shi, F. Extraordinary drag-reducing 



References 

 40 

effect of a superhydrophobic coating on a macroscopic model ship at high 
speed. J. Mater. Chem. A 1, 5886 (2013). 

23. Hwang, G. B. et al. The Anti-Biofouling Properties of Superhydrophobic 
Surfaces are Short-Lived. ACS Nano 12, 6050–6058 (2018). 

24. Emami, B. et al. Predicting longevity of submerged superhydrophobic surfaces 
with parallel grooves. Phys. Fluids 25, 062108 (2013). 

25. Genzer, J. & Efimenko, K. Recent developments in superhydrophobic surfaces 
and their relevance to marine fouling: A review. Biofouling 22, 339–360 
(2006). 

26. Efimenko, K., Finlay, J., Callow, M. E., Callow, J. A. & Genzer, J. Development 
and testing of hierarchically wrinkled coatings for marine antifouling. ACS 
Appl. Mater. Interfaces 1, 1031–1040 (2009). 

27. Tian, J., Fu, N., Chen, X. D. & Shen, W. Respirable liquid marble for the 
cultivation of microorganisms. Colloids Surfaces B Biointerfaces 106, 187–190 
(2013). 

28. McHale, G. & Newton, M. I. Liquid marbles: principles and applications. Soft 
Matter 7, 5473 (2011). 

29. Aussillous, P. & Quéré, D. Liquid marbles. Nature 411, 924–927 (2001). 
30. Bormashenko, E. Liquid marbles: Properties and applications. Current 

Opinion in Colloid and Interface Science vol. 16 266–271 (2011). 
31. Zhulin, I. B., Bespalov, V. A., Johnson, M. S. & Taylor, B. L. Oxygen taxis and 

proton motive force in Azospirillum brasilense. J. Bacteriol. 178, 5199–5204 
(1996). 

32. Raabe, D., Sachs, C. & Romano, P. The crustacean exoskeleton as an example of 
a structurally and mechanically graded biological nanocomposite material. 
Acta Mater. 53, 4281–4292 (2005). 

33. Barthelat, F., Yin, Z. & Buehler, M. J. Structure and mechanics of interfaces in 
biological materials. Nat. Rev. Mater. 1, 16007 (2016). 

34. Aldred, N. et al. Chitin is a functional component of the larval adhesive of 
barnacles. Commun. Biol. 3, 31 (2020). 

35. Nakano, M. & Kamino, K. Amyloid-like conformation and interaction for the 
self-assembly in barnacle underwater cement. Biochemistry 54, 826–835 
(2015). 

36. Fitzpatrick, A. W. P. et al. Atomic structure and hierarchical assembly of a 
cross- amyloid fibril. Proc. Natl. Acad. Sci. 110, 5468–5473 (2013). 

37. Nyström, G. & Mezzenga, R. Liquid crystalline filamentous biological colloids: 
Analogies and differences. Curr. Opin. Colloid Interface Sci. 38, 30–44 (2018). 

38. Smith, J. F., Knowles, T. P. J., Dobson, C. M., MacPhee, C. E. & Welland, M. E. 
Characterization of the nanoscale properties of individual amyloid fibrils. Proc. 
Natl. Acad. Sci. 103, 15806–15811 (2006). 

39. Meersman, F. & Dobson, C. M. Probing the pressure–temperature stability of 
amyloid fibrils provides new insights into their molecular properties. Biochim. 
Biophys. Acta - Proteins Proteomics 1764, 452–460 (2006). 

40. Lara, C., Adamcik, J., Jordens, S. & Mezzenga, R. General self-assembly 
mechanism converting hydrolyzed globular proteins into giant multistranded 
amyloid ribbons. Biomacromolecules 12, 1868–1875 (2011). 

41. Revol, J.-F. & Marchessault, R. H. In vitro chiral nematic ordering of chitin 
crystallites. Int. J. Biol. Macromol. 15, 329–335 (1993). 

42. De France, K. J., Kummer, N., Ren, Q., Campioni, S. & Nyström, G. Assembly 
of Cellulose Nanocrystal-Lysozyme Composite Films with Varied Lysozyme 
Morphology. Biomacromolecules 21, 5139–5147 (2020). 

43. Benhabiles, M. S. et al. Antibacterial activity of chitin, chitosan and its 
oligomers prepared from shrimp shell waste. Food Hydrocoll. 29, 48–56 
(2012). 

44. Wang, S. et al. Transparent, Anisotropic Biofilm with Aligned Bacterial 
Cellulose Nanofibers. Adv. Funct. Mater. 28, 1707491 (2018). 

45. Lin, Y., Balizan, E., Lee, L. A., Niu, Z. & Wang, Q. Self-Assembly of Rodlike Bio-
nanoparticles in Capillary Tubes. Angew. Chemie Int. Ed. 49, 868–872 (2010). 

46. Charlot, B. et al. Elongated unique DNA strand deposition on microstructured 
substrate by receding meniscus assembly and capillary force. Biomicrofluidics 



References 

 41 

8, 014103 (2014). 
47. Jahed, Z. et al. Bacterial Networks on Hydrophobic Micropillars. ACS Nano 11, 

675–683 (2017). 
48. Hoeger, I., Rojas, O. J., Efimenko, K., Velev, O. D. & Kelley, S. S. Ultrathin film 

coatings of aligned cellulose nanocrystals from a convective-shear assembly 
system and their surface mechanical properties. Soft Matter 7, 1957 (2011). 

49. Gençer, A., Schütz, C. & Thielemans, W. Influence of the particle concentration 
and marangoni flow on the formation of cellulose nanocrystal films. Langmuir 
33, 228–234 (2017). 

50. Clément, F. & Leng, J. Evaporation of Liquids and Solutions in Confined 
Geometry. Langmuir 20, 6538–6541 (2004). 

51. Lin, Z. & Granick, S. Patterns Formed by Droplet Evaporation from a 
Restricted Geometry. J. Am. Chem. Soc. 127, 2816–2817 (2005). 

52. Mondal, R. & Basavaraj, M. G. Patterning of colloids into spirals via confined 
drying. Soft Matter 16, 3753–3761 (2020). 

53. Tardy, B. L. et al. Deconstruction and Reassembly of Renewable Polymers and 
Biocolloids into Next Generation Structured Materials. Chem. Rev. 
acs.chemrev.0c01333 (2021) doi:10.1021/acs.chemrev.0c01333. 

54. Tian, Y. et al. Adhesion and friction in gecko toe attachment and detachment. 
Proc. Natl. Acad. Sci. 103, 19320–19325 (2006). 

55. Jiang, W. et al. Effect of cellulose nanofibrils on the bond strength of polyvinyl 
acetate and starch adhesives for wood. BioResources 13, 2283–2292 (2018). 

56. Ling, S., Kaplan, D. L. & Buehler, M. J. Nanofibrils in nature and materials 
engineering. Nat. Rev. Mater. 3, 18016 (2018). 

57. Weinkamer, R. & Fratzl, P. Mechanical adaptation of biological materials — 
The examples of bone and wood. Mater. Sci. Eng. C 31, 1164–1173 (2011). 

58. Percot, A., Viton, C. & Domard, A. Optimization of chitin extraction from 
shrimp shells. Biomacromolecules 4, 12–18 (2003). 

59. Berry, J. D., Neeson, M. J., Dagastine, R. R., Chan, D. Y. C. & Tabor, R. F. 
Measurement of surface and interfacial tension using pendant drop 
tensiometry. J. Colloid Interface Sci. 454, 226–237 (2015). 

60. Laromaine, A. et al. Free-standing three-dimensional hollow bacterial cellulose 
structures with controlled geometry: Via patterned superhydrophobic-
hydrophilic surfaces. Soft Matter 14, 3955–3962 (2018). 

61. Style, R. W., Hyland, C., Boltyanskiy, R., Wettlaufer, J. S. & Dufresne, E. R. 
Surface tension and contact with soft elastic solids. Nat. Commun. 4, 2728 
(2013). 

62. Krupp, H. & Sperling, G. Theory of adhesion of small particles. J. Appl. Phys. 
37, 4176–4180 (1966). 

63. Bayer, I. S., Brandi, F., Cingolani, R. & Athanassiou, A. Modification of wetting 
properties of laser-textured surfaces by depositing triboelectrically charged 
Teflon particles. Colloid Polym. Sci. 291, 367–373 (2013). 

64. Hou, S., Gu, H., Smith, C. & Ren, D. Microtopographic patterns affect 
escherichia coli biofilm formation on poly(dimethylsiloxane) surfaces. 
Langmuir 27, 2686–2691 (2011). 

65. Rhodeland, B. & Ursell, T. Rapid and directed group motility in B. subtilis does 
not rely on individual motility or chemotaxis. bioRxiv 719245 (2019) 
doi:10.1101/719245. 

66. Parsa, M., Harmand, S., Sefiane, K., Bigerelle, M. & Deltombe, R. Effect of 
substrate temperature on pattern formation of nanoparticles from volatile 
drops. Langmuir 31, 3354–3367 (2015). 

67. Still, T., Yunker, P. J. & Yodh, A. G. Surfactant-induced Marangoni eddies alter 
the coffee-rings of evaporating colloidal drops. Langmuir 28, 4984–4988 
(2012). 

68. Deegan, R. D. et al. Capillary flow as the cause of ring stains from dried liquid 
drops. Nature 389, 827–829 (1997). 

69. Klockars, K. W. et al. Asymmetrical coffee rings from cellulose nanocrystals 
and prospects in art and design. Cellulose 26, 491–506 (2019). 

70. Carreón, Y. J. P., González-Gutiérrez, J., Pérez-Camacho, M. I. & Mercado-
Uribe, H. Patterns produced by dried droplets of protein binary mixtures 



References 

 42 

suspended in water. Colloids Surfaces B Biointerfaces 161, 103–110 (2018). 
71. Shahsavan, H., Arunbabu, D. & Zhao, B. Biomimetic Modification of Polymeric 

Surfaces: A Promising Pathway for Tuning of Wetting and Adhesion. 
Macromol. Mater. Eng. 297, 743–760 (2012). 

72. Zeng, H. et al. Frictional Adhesion of Patterned Surfaces and Implications for 
Gecko and Biomimetic Systems. Langmuir 25, 7486–7495 (2009). 

73. Beisl, S., Adamcyk, J., Friedl, A. & Ejima, H. Confined evaporation-induced 
self-assembly of colloidal lignin particles for anisotropic adhesion. Colloids 
Interface Sci. Commun. 38, 100306 (2020). 

74. Zhao, J., Li, S., Zou, R. & Yu, A. Dense random packings of spherocylinders. 
Soft Matter 8, 1003–1009 (2012). 

75. Birnbaum, D. P., Manjula‐Basavanna, A., Kan, A., Tardy, B. L. & Joshi, N. S. 
Hybrid Living Capsules Autonomously Produced by Engineered Bacteria. Adv. 
Sci. 8, 2004699 (2021). 

76. Kim, J., Shin, S. & Hyun, J. Controlled production of soft magnetic hydrogel 
beads by biosynthesis of bacterial cellulose. J. Ind. Eng. Chem. 100, 260–269 
(2021). 

77. Shin, S., Kwak, H., Shin, D. & Hyun, J. Solid matrix-assisted printing for three-
dimensional structuring of a viscoelastic medium surface. Nat. Commun. 10, 
4650 (2019). 

78. Rühs, P. A. et al. Conformal Bacterial Cellulose Coatings as Lubricious 
Surfaces. ACS Nano acsnano.9b09956 (2020) doi:10.1021/acsnano.9b09956. 

79. Caro-Astorga, J., Walker, K. T., Herrera, N., Lee, K.-Y. & Ellis, T. Bacterial 
cellulose spheroids as building blocks for 3D and patterned living materials and 
for regeneration. Nat. Commun. 12, 5027 (2021). 

80. Mattos, B. D., Greca, L. G., Tardy, B. L., Magalhães, W. L. E. & Rojas, O. J. 
Green Formation of Robust Supraparticles for Cargo Protection and Hazards 
Control in Natural Environments. Small 14, 1801256 (2018). 

81. Mattos, B. D. et al. Nanofibrillar networks enable universal assembly of 
superstructured particle constructs. Sci. Adv. 6, eaaz7328 (2020). 

82. Bast, L. K. et al. Infiltration of Proteins in Cholesteric Cellulose Structures. 
Biomacromolecules 22, 2067–2080 (2021). 

83. Klockars, K. W. et al. Effect of Anisotropy of Cellulose Nanocrystal Suspensions 
on Stratification, Domain Structure Formation, and Structural Colors. 
Biomacromolecules 19, 2931–2943 (2018). 

84. Tardy, B. L. et al. Tessellation of Chiral-Nematic Cellulose Nanocrystal Films 
by Microtemplating. Adv. Funct. Mater. 29, 1808518 (2019). 

85. Borghei, M. et al. Biobased aerogels with different surface charge as electrolyte 
carrier membranes in quantum dot-sensitized solar cell. Cellulose 25, 3363–
3375 (2018). 

86. Poskela, A. et al. Nanocellulose and Nanochitin Cryogels Improve the 
Efficiency of Dye Solar Cells. ACS Sustain. Chem. Eng. 7, 10257–10265 (2019). 

87. Lourencon, T. V. et al. Lignin-First Integrated Hydrothermal Treatment (HTT) 
and Synthesis of Low-Cost Biorefinery Particles. ACS Sustain. Chem. Eng. 8, 
1230–1239 (2020). 

88. Abbati de Assis, C. et al. Techno-Economic Assessment, Scalability, and 
Applications of Aerosol Lignin Micro- and Nanoparticles. ACS Sustain. Chem. 
Eng. 6, 11853–11868 (2018). 

89. Cusola, O. et al. Particulate Coatings via Evaporation-Induced Self-Assembly of 
Polydisperse Colloidal Lignin on Solid Interfaces. Langmuir 34, 5759–5771 
(2018). 

90. Borrega, M. et al. Morphological and Wettability Properties of Thin Coating 
Films Produced from Technical Lignins. Langmuir 36, 9675–9684 (2020). 

 



-o
tl

a
A

D
D

8
/

 2
2

0
2

 +b
hgga

e*GM
FTSH

9

 NBSI 1-7660-46-259-879  )detnirp( 

 NBSI 8-8660-46-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

ytisrevinU otlaA

gnireenignE lacimehC fo loohcS

smetsysoiB dna stcudorpoiB

 fi.otlaa.www

+SSENISUB
YMONOCE

+TRA
+NGISED

ERUTCETIHCRA

+ECNEICS
YGOLONHCET

REVOSSORC

LAROTCOD
SNOITATRESSID

 a
ce

r
G 

.
G 

zi
u

L
 s

ec
af

r
et

nI
 s

u
o

e
u

q
A 

ta
 s

la
ir

et
a

M 
d

es
a

b
oi

B 
f

o 
yl

b
m

es
s

A-
fl

e
S 

d
ell

or
t

n
o

C
 y

ti
sr

ev
i

n
U 

otl
a

A

 2202

 smetsysoiB dna stcudorpoiB

ylbmessA-fleS dellortnoC
ta slairetaM desaboiB fo

 secafretnI suoeuqA

acerG.GziuL

LAROTCOD
SNOITATRESSID


	Aalto_DD_2022_008_Greca_verkkoversio



