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Summary 

Catastrophic breakage of a material might bring severe accidents in aerospace 

engineering, construction, and transportation field. Therefore, engineering material with high 

toughness values is very important for these special applications. 

Many biological materials in nature, such as nacre, silk, and wood, possess high 

toughness values because of their highly organized micro- and nanostructure. Inspired by 

these natural materials, many scientists tried to build tough materials by improving their 

orientation of the micro- and nanostructure. However, most of the current fabrication 

methods are either energy-consuming or labor-intensive, the mild and scalable production of 

engineering tough materials remains challenging. 

In this thesis, several bioinspired materials or living materials were fabricated with 

specific spatial organizations, using ex situ (Chapter 2), in situ (Chapter 3 and 4) and 3D 

bioprinting (Chapter 5 and 6) techniques. It should be noted that all the materials in this thesis 

are biologically produced with microorganisms. 

As a biologically produced natural material, bacterial cellulose (BC) showed promising 

applications in the next generation of structural materials because of its excellent tensile 

strength, finely layered nanofibrous structure, biodegradability, and scalable producibility. 

However, the toughness values of BC still requires improvement. Besides, to endow BC with 

certain functions (photosynthetic, electrical, magnetic, biological), additional components 

need to be inserted into the BC fibrous network, so that functional BC composites with high 

toughness can be developed. 

To construct BC based inorganic/organic composites, inorganic particles need to be 

inserted, which remains difficult, into the BC layered structure. To solve this problem, in 

Chapter 2, we used a kitchen blender to mechanically disintegrate the BC solid pellicle into 

a fibrous suspension. A microorganism-induced calcium carbonate (CaCO3) precipitation 

method was utilized to make the BC suspension highly biomineralized. The biomineralized 

BC slurry could reassemble into a layered 3D bulk material simply by air-drying. The 

biomineralized BC composites are extremely compressible (could resist 100 kN force) and 

show high toughness values (22 MJ m-3), over five folds higher than pure BC. Due to these 

attractive mechanical properties, its rapid, scalable mild and green fabrication procedure (12 

hours, 28 °C, no hazardous chemicals involved), and its fire-resistance, moldability and 

recyclable properties, this biomineralized BC composite shows promising applications in the 
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industry, including production of furniture, cellphone holders, helmets, and protective 

garments. 

Although the ex situ method of Chapter 2 successfully inserted CaCO3 into the BC 

network, the mechanical disintegration method might reduce the tensile strength of BC 

composite. To avoid the mechanical disintegration, in Chapter 3, we used an in situ 

fermentation method to introduce polyvinyl alcohol (PVA) into the BC network. PVA 

polymers were added into the liquid fermentation medium, and a BC/PVA composite could 

be grown by bacteria. By regulating the PVA concentration and post treatment procedure, we 

could self-assemble the BC/PVA film in a honeycomb microstructure. Compared to 

controlled BC, the resulted honeycomb BC/PVA film showed a 2X increase in tensile strength 

(315 MPa for honeycomb BC) and a 5X increase in toughness (17.8 MJ m-3 for honeycomb 

BC). 

Although the in situ fermentation method shown in Chapter 3 successfully inserted PVA 

into the BC network, this method only applies to water soluble polymers. The construction 

of inorganic/BC composites is difficult because most inorganic particles are unstable during 

days of fermentation. To overcome this disadvantage, in Chapter 4, we used a surface charged 

inorganic component-graphene oxide (GO), which could remain stable in the liquid 

fermentation medium. BC/GO composites with excellent toughness values (35 MJ m-3) were 

successfully grown by bacteria. 

The composites in Chapter 2-4 are fabricated by living microorganisms, but they are all 

“dead” materials since the living cells were killed and removed in the post treatment 

procedure. However, some functions, like photosynthesis, require cells to stay alive in the 

final materials. Therefore, living materials are also important in the development of advanced 

functional materials.  

3D bioprinting is an emerging technique and remains a very useful tool in the spatial 

patterning of living materials. In Chapter 5 and 6, we used this technique to construct 

functional living materials with shapes that can be controlled spatially at the millimeter scale. 

In Chapter 5, we printed a calcium-alginate hydrogel containing bacteria and optimized the 

printing resolution. In Chapter 6, based on the same calcium-alginate hydrogel, we printed 

microalgae. The bioprinting was done on the top of a dried BC film, in order to improve the 

mechanical properties of the fragile calcium-alginate hydrogel. Notably, the presence of 

microalgae endows the material with photosynthetic properties, which makes it promising in 

diverse applications including photosynthetic skin, artificial leaves, bio-garments, 

photosynthetic adhesive labels, etc. 
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Overall, by varying the raw materials (BC, CaCO3, PVA, GO, etc.) and processing 

methods (ex situ, in situ, 3D printing), multiple bioinspired materials or living materials could 

be produced by different microorganisms, while being organized at the nano-, micro-, and/or 

macroscales. These microorganism-based processing methods are very promising in the 

green and scalable production of advanced functional materials.  
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Samenvatting 

Catastrofale breuk van een materiaal kan leiden tot ernstige ongevallen vooral op het 

gebied van lucht- en ruimtevaarttechniek, constructie, en transport. Daarom zijn materialen 

met hoge taaiheidswaarden erg belangrijk voor deze speciale toepassingen. 

Veel biologische materialen in de natuur, zoals parelmoer, zijde, en hout, hebben hoge 

taaiheidswaarden vanwege hun sterk georganiseerde micro- en nanostructuur. Geïnspireerd 

door deze natuurlijke materialen, probeerden veel wetenschappers taaie materialen te bouwen 

door de oriëntatie van de micro- en nanostructuur van het materiaal te verbeteren. Meeste 

van de huidige fabricagemethoden zijn echter energieverbruikend of arbeidsintensief, 

hierdoor blijft de milde en schaalbare productie van technisch taaie materialen blijft een 

uitdaging. 

In dit proefschrift zijn verschillende biogeïnspireerde materialen of levende materialen 

vervaardigd met specifieke ruimtelijke organisaties, gebruikmakend van ex situ (Hoofdstuk 

2), in situ (Hoofdstuk 3 en 4) en 3D bioprinting (Hoofdstuk 5 en 6) technieken. Alle 

materialen in dit proefschrift biologisch zijn geproduceerd met micro-organismen. 

Als biologisch geproduceerd natuurlijk materiaal vertoond bacteriële cellulose (BC) 

veelbelovende toepassingen in de volgende generatie structurele materialen vanwege zijn 

uitstekende treksterkte, fijn gelaagde nanovezelstructuur, biologische afbreekbaarheid en 

schaalbare produceerbaarheid. De taaiheidswaarden van BC moeten echter nog worden 

verbeterd. Bovendien, om BC bepaalde functies te geven (fotosynthetisch, elektrisch, 

magnetisch, biologisch), moeten aanvullende componenten in het BC-vezelnetwerk worden 

ingebracht, zodat functionele BC-composieten met een hoge taaiheid kunnen worden 

ontwikkeld. 

Om op BC gebaseerde anorganische/ organische composieten te construeren, moeten 

anorganische deeltjes worden ingebracht, wat moeilijk blijft, in de gelaagde structuur van BC. 

Om dit probleem op te lossen, hebben we in Hoofdstuk 2 een keukenblender gebruikt om de 

vaste BC-pellicle mechanisch te desintegreren tot een vezelige suspensie. Een door micro-

organismen geïnduceerde calciumcarbonaat (CaCO3) -precipitatiemethode werd gebruikt om 

de BC-suspensie in hoge mate gemineraliseerd te maken. De biomineralized BC-slurry kan 

eenvoudig worden samengevoegd tot een gelaagd 3D-bulkmateriaal door het aan de lucht te 

drogen. De biomineralized BC-composieten zijn extreem samendrukbaar (ze kunnen 100 kN-

kracht weerstaan) en vertonen hoge taaiheidswaarden (22 MJ m-3), meer dan vijf keer hoger 

dan puur BC. Vanwege deze aantrekkelijke mechanische eigenschappen, de snelle, 
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schaalbare milde en groene fabricageprocedure (12 uur, 28 °C, zonder gevaarlijke 

chemicaliën) en de brandwerende, vormbare en recycleerbare eigenschappen, vertoont dit 

biomineralized BC-composiet veelbelovende toepassingen in de industrie, inclusief de 

productie van meubels, houders voor mobiele telefoons, helmen en beschermende kleding. 

Hoewel de ex situ-methode van Hoofdstuk 2 met succes CaCO3 in het BC-netwerk heeft 

ingebracht, kan de mechanische desintegratiemethode de treksterkte van BC-composiet 

verminderen. Om mechanische desintegratie te voorkomen, hebben we in Hoofdstuk 3 een 

in situ fermentatiemethode gebruikt om polyvinylalcohol (PVA) in het BC-netwerk te 

introduceren. PVA-polymeren werden toegevoegd aan het vloeibare fermentatiemedium en 

een BC/ PVA-composiet kon door bacteriën worden gevormd. Door de PVA-concentratie en 

de nabehandelingsprocedure te reguleren, konden we de BC/ PVA-film zelf assembleren in 

een honingraatmicrostructuur. Vergeleken met gecontroleerde BC vertoonde de resulterende 

honingraat BC/ PVA-film een 2x toename in treksterkte (315 MPa voor honingraat BC) en 

een 5x toename in taaiheid (17.8 MJ m-3 voor honingraat BC). 

Hoewel de in situ fermentatiemethode van Hoofdstuk 3 met succes PVA met in het BC-

netwerk heeft ingebracht, is deze methode alleen van toepassing op wateroplosbare 

polymeren. De constructie van anorganische/ BC-composieten is moeilijk omdat de meeste 

anorganische deeltjes instabiel zijn tijdens fermentatiedagen. Om dit nadeel te ondervangen, 

hebben we in Hoofdstuk 4 een aan het oppervlak geladen anorganisch component-

grafeenoxide (GO) gebruikt, dat stabiel zou kunnen blijven in het vloeibare 

fermentatiemedium. BC / GO-composieten met uitstekende taaiheidswaarden (35 MJ m-3) 

werden met succes gemaakt door bacteriën. 

De composieten in Hoofdstuk 2-4 worden vervaardigd door levende micro-organismen, 

maar dit zijn allemaal "dode" materialen aangezien de levende cellen werden gedood en 

verwijderd tijdens de nabehandelingsprocedure. Sommige functies, zoals fotosynthese, 

vereisen echter dat cellen in het uiteindelijke materiaal in leven blijven. Daarom zijn levende 

materialen ook belangrijk bij de ontwikkeling van geavanceerde functionele materialen. 

3D-bioprinting is een opkomende techniek en blijft een zeer nuttig hulpmiddel bij het 

maken van ruimtelijk patroon met levende materialen. In Hoofdstuk 5 en 6 hebben we deze 

techniek gebruikt om functionele levende materialen te construeren met vormen die 

ruimtelijk op millimeterschaal kunnen worden bestuurd. In Hoofdstuk 5 hebben we een 

calcium-alginaat hydrogel met bacteriën geprint en de printresolutie geoptimaliseerd. In 

Hoofdstuk 6, gebaseerd op dezelfde calcium-alginaat hydrogel, hebben we microalgen 

geprint. De bioprinting werd uitgevoerd op een gedroogde BC-film om de mechanische 

eigenschappen van de kwetsbare calciumalginaat-hydrogel te verbeteren. Met name de 
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aanwezigheid van microalgen verleent het materiaal fotosynthetische eigenschappen, 

waardoor het veelbelovend is voor diverse toepassingen, waaronder fotosynthetische huid, 

kunstmatige bladeren, biokledingstukken, fotosynthetische zelfklevende etiketten, enz. 

Door de grondstoffen (BC, CaCO3, PVA, GO, etc.) en verwerkingsmethoden (ex situ, 

in situ, 3D-printen) te variëren, kunnen in het algemeen meerdere bio-geïnspireerde 

materialen of levende materialen worden geproduceerd door verschillende micro-organismen, 

terwijl ze georganiseerd worden op de nano-, micro- en/ of macroschaal. Deze op micro-

organismen gebaseerde verwerkingsmethoden zijn veelbelovend voor de groene en 

schaalbare productie van geavanceerde functionele materialen.
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Introduction 

 

 

 

 

Abstract: Living systems, such as muscle, bone, nacre, wood or skin, possess excellent 

mechanical properties with limited number of raw components. The advantageous 

mechanical properties originate from their hierarchical structure. Inspired by such structure, 

many methods are currently being developed to fabricate biomimetic materials. However, 

these human methods are generally either energy-intensive or labour-intensive, and cannot 

easily achieve the ideal structure as nature did. The use of microorganisms as factory, is 

attracting increasing attention in material science, as it replicates fast and can be genetically 

engineered to achieve multiple functions. Using microorganisms for fabricating bioinspired 

materials is still at its early stage in material science but of critical importance in the green 

and scalable production of high-performance functional materials.  

 

 

 

 

 



 

 

 



Chapter 1 

3 

 

Figure 1.1 Nanofibrous layered structure of spider silk. (A-C) Spider (Loxosceles laeta) and the flattened 

Loxosceles spigot from which silk ribbons are extruded. (D) Scheme of the fibrous layered organization of a 

Loxosceles silk. Scale bars of (B) and (C) are 5 μm and 2 μm, separately. This image is reproduced with permission 

from ref 1 (Copyright 2018 American Chemical Society). 

1.1 Bioinspired Materials 

In living systems, many biological materials possess remarkable properties due to their 

highly organized nano- and microstructure.2, 3 Spider silk (Figure 1.1) is one of the toughest 

(Loxosceles laeta spider, toughness value = 150.6 MJ m-3) natural materials due to its multi-

layered ribbon-like microstructure.1 Wood (Figure 1.2) possesses excellent mechanical 

performance due to its hierarchical structure.4  Nacre (Figure 1.3), as the inner layer of the 

mollusk Mytilus edulis shell, has a very high mineral content (over 95 % of calcium carbonate 

(CaCO3));5, 6 yet, because of its special “brick and mortar” multi-layer structure (Figure 1.3), 

the toughness value of natural nacre is over 1000 times higher than pure CaCO3.5  

All such biological materials are composed of a very limited number of raw components, 

from organic polymers (cellulose, chitin, silk, collagen)2 to inorganic minerals (CaCO3, 

hydroxyapatite, magnetite).7 Nevertheless, excellent mechanical performance can be 

achieved by simply regulating their nano- and microstructures.7 Inspired by the structure-

property relationship of these natural materials, researchers across the world are trying to 
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obtain high-performance structural materials by mimicking the structure of these natural 

materials.8 

 

 

Figure 1.2 The hierarchical structure of wood, from molecular, nano-, micro- to macroscopic scale. This image is 

adapted with permission from ref 4 (Copyright 2018 American Chemical Society).  

 

 

Figure 1.3 Structure and toughening mechanism of natural nacre. (A) Optical image of nacre; (B) SEM image 

of the cross section of natural nacre; (C) Composition of a single platelet in nacre and the toughening mechanism of 

natural nacre. Figure 1.3 C is reproduced with permission from ref 5 (Copyright 2015 Springer Nature). 
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1.2 Processing Methods of Bioinspired Materials 

To construct the biomimetic fibrous or layered nano- and microstructure, many 

fabrication techniques were developed (Figure 1.4).8 Spinning9 (including electrospinning,10 

wet spinning,11 and melt spinning12) or extrusion methods8 are generally used for one 

dimensional (1D) fiber fabrication. Coating8 (including spin-coating,13 spray coating,14 dip-

coating15 and blading16), vacuum filtration,17 layer-by-layer,18 biomineralization19 and self-

assembly20 methods can be utilized for two dimensional (2D) films preparation. Three 

dimensional (3D) printing,21 freeze-casting,22 sintering23 and hot-pressing24 can be used for 

the construction of 3D bulk materials.  

 

Figure 1.4 Summary of the processing methods for bioinspired materials. 

 

It should be noted that biomineralization and self-assembly methods can also be used 

as 1D fiber25 or 3D bulk material26 fabrication. Sintering is specifically for the metal-based 

composites fabrication approaches.23 The current biomimetic materials are generally 

produced by the combination of two or more of the above-mentioned methods.19, 24  

However, most of the current fabrication methods are either labour-intensive, energy-

intensive, environmental-unfriendly, or with limited scalable abilities.8, 27 The development 

of green and mild fabrication methods with scalable productibility becomes increasingly 

important. 

The elaboration of novel biological fabrication methods would open a new window in 

the mild and scalable production of bioinspired materials and living materials.28-30  
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1.3 Biological Fabrication Methods 

Microorganisms,29, 31 including bacteria, fungi and algae, can replicate fast, grow under 

mild conditions and secrete many biological enzymes, which could be used as bio-catalysts 

in chemical reactions32 and in material science applications.33 Moreover, as microorganisms 

require very little space to be stored and can usually stay alive upon freezing, they draw 

increasingly attention in the fabrication of bioinspired materials and living materials.28, 33-35 

Compared to the traditional fabrication methods, biological fabrication methods are 

mild and easily scalable. A common material processing procedure consists of spreading 

living cells within a polymer matrix.29, 30 In this case, living cells usually secrete or produce 

materials with certain functions. 

It should be noted that during the biological production stage, it is important to keep the 

living cells alive. Nutrients, polymer substrates and cross-linking methods are three major 

factors that need to be considered in the biological production design (Figure 1.5). 

 

 

 

Figure 1.5 Designing principles for the biological production of bioinspired and/or living materials. 

 

Living microorganisms in the final composite could have different functions. One is to 

produce the components for the material (such as CaCO3,34 cellulose30), which might for 

example influence the mechanical performance of the final composite.35 The other is to bring 

certain functions (e.g., algae could bring photosynthetic function31). Recent examples of 
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biological production of materials include Heveran et al33, who developed an engineered 

living building material by microorganism-based CaCO3 precipitation. A photosynthetic 

cyanobacteria was employed to grow CaCO3 crystals into a gelatin hydrogel scaffold, 

endowing the living material with enhanced fracture toughness. In addition, Xin et al35 

exploited living bacteria and 3D-printed materials to grow biomimetic mineralized 

composites with ordered microstructures. The final composites exhibited outstanding 

specific strength and fracture toughness.35 Also, Sushila Maharjan et al31 produced a 

photosynthetic living material with 3D printing technique, and the microalgae living cells 

were utilized as an oxygen generator in the final living composite. 

1.4 Bacterial Cellulose and Composites 

Among all the biologically-produced materials, bacterial cellulose (BC) is one of the 

most extensively investigated material.28, 36, 37  

BC is a biopolymer produced by the fermentation of bacteria.38 During fermentation, 

cellulose producing bacteria could polymerize glucose into cellulose macromolecules.39 Due 

to the inter- and intra- molecular hydrogen bonding, these cellulose macromolecules can be 

hierarchically packed together to form BC nanofibers (Figure 1.6).37 Pure BC is a hydrogel-

like wet pellicle, with a layered nanofibrous microstructure.39, 40 Compared to plant cellulose, 

BC is not associated with impurities (e.g., hemicellulose, lignin, pectin).40 Therefore, BC 

purification does not involve the chemically hazardous delignification process.41 As wet BC 

hydrogel can be produced in large scale at the air-liquid interface during static fermentation, 

the shape and size of BC is easily tunable.38, 42 Meanwhile, due to several advantages, 

including high tensile strength, high water holding capacity, high purity, mild production 

temperature, etc., BC draws increasingly attention in the fabrication of next generation 

bioinspired structural materials.43 
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Figure 1.6 Scheme of the 3D fibrous network of BC. This image is adapted with permission from ref 42 (Copyright 

2016 Elsevier). 

 

Although BC possesses multiple advantages, it lacks certain functions,36 including 

conductivity, biocompatibility, photosynthetic, magnetic properties, etc. Therefore, inserting 

other materials with such functions into the BC network are necessary to prepare BC 

composites for food, construction, waste water treatment and biomedical applications.36, 37  

There are three basic methods for incorporating other ingredients into the BC network: 

ex situ blend, in situ impregnation and in situ fermentation (Figure 1.7).36 The ex situ 

blending method is a widely used method, where a BC wet pellicle is first mechanically 

disintegrated into a BC nanofiber suspension, followed by mixing the nanofiber suspension 

with water soluble polymers,44 nanoparticles,45, 46 inorganic materials,47 etc. Alternatively, 

other functional ingredients can also be grown together with the BC nanofiber suspension 

and reassembled into a functional material, endowing BC with certain functions. Zhu et al48 

used a hydrothermal method to grow metal oxide nanodiscs together with BC nanofibers and 

the reassembled BC membrane was used in visible light photodegradation applications. 

Huang et al45 mixed halloysite nanotubes with a BC nanofibrous suspension and removed 

the liquid by vacuum filtration to obtain a membrane as lithium ion battery separators. Wang 

et al49 grafted polypyrrole onto the surface of BC nanofibers and prepared a BC membrane 

used for bendable and flexible supercapacitor. Moreover, agarose,50 chitosan,51 aramid 

nanofiber,52 zein nanoparticles,46 polyaniline,53 epoxy resin,54 MXene,55 and soy protein 

insolate,44 were also introduced to produced BC composites for diverse applications, 

including lithium ion battery,52 food packaging,46 biosensor,53 supercapacitor,55 and air 

filtration.44 
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However, the mechanical disintegration impairs the natural BC pellicle network, and 

the dried BC films assembled from such BC nanofiber suspension shows lower tensile 

strength values compared to dried BC films originating from a natural BC pellicle. To avoid 

destroying the natural BC network, in situ impregnation methods are also being developed. 

In the in situ impregnation methods,56 a pristine BC wet pellicle is immersed into a solution, 

where other ingredients are added in. The ingredients can diffuse into the BC network.57 

Many components including silver nitrates,58 aluminium nitrate,59 poly (vinyl alcohol) 

(PVA),60 collagen,61 graphite,62 and aniline63 have been impregnated into the BC network. 

 

 

Figure 1.7 Summary of BC composites fabrication methods. In the ex situ methods, a BC pellicle is mechanically 

disintegrated into a BC nanofiber dispersion, followed by the addition of water-soluble ingredients into the BC 

nanofiber suspension to realize the insertion of water-soluble ingredients into the BC nanofibrous network and form 

the BC composites. In the in situ impregnation methods, BC wet pellicles are immersed into a solution containing 

other ingredients that can diffuse into the BC network to form the final composites. In the in situ fermentation 

methods, ingredients are added into the BC fermentation flask before the BC solid pellicle is formed, such that the 

BC pellicle would form in the presence in these other ingredients, resulting in a grown BC pellicle containing the 

desired ingredients within its network. 

 

However, the diffusion inside BC is limited to low molecular weight molecules58 or to 

nanoscale particles.62 When it comes to macromolecules60, 64 and microparticles,65, 66 the 

diffusion becomes very slow and the ingredients cannot diffuse into the BC network 

homogeneously. To enhance the impregnation speed, energy-consuming vacuum filtration 

procedure67 or other treatment with external forces64 are needed. 
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Compared to the previous two methods, in situ fermentation method68 can achieve a 

homogeneous distribution of viscous polymers into the BC network. In the in situ 

fermentation method, other water soluble components are added into the bacterial culture 

medium. The BC wet pellicle forms at the air-liquid interface. Together with the medium, 

the dissolved ingredients can therefore be entrapped into the BC network during the growing 

procedure of BC. Many polymers including sodium alginate,69 keratin,70 pectin,71 gelatin,68 

carboxyl methyl cellulose,69 starch,71 silk72 and PVA73 have been introduced into the BC 

network with an in situ fermentation method.  

Although the in situ fermentation method is an effective way of producing polymer/BC 

composites, it is difficult to insert inorganic particles into the BC network with this method, 

as sedimentation of such particles would occur during the several days of in situ fermentation. 

To solve this problem, an aerosol assisted spray method74 was developed. Several inorganic 

particles including silver nanowires,75 graphene oxide76 and clay77 have been grown into the 

BC network successfully with this spray culture method. However, the spray procedure 

increases the chances of contamination, and the homogeneous spray might be difficult when 

it comes to large surface area. These two disadvantages need to be optimized in future 

developments. 

In summary, BC is one of the most extensively studied bacterial polymer. Many other 

materials, including organic polymers69 and inorganic particles,77 have been inserted into the 

BC network, with ex situ, in situ impregnation and in situ fermentation methods (Figure 1.7), 

to form BC composites. Among these methods, in situ fermentation method is the most 

promising one, as the general in situ fermentation could realize the homogeneous distribution 

of viscous polymers into the BC network,68 while the improved in situ fermentation (aerosol 

assisted spray method)74 could insert inorganic particles into the BC network. Due to the mild 

fabrication temperature, tailored material geometry, scalable production ability and excellent 

material comprehensive properties, BC based composites36 show promising applications in 

human daily life, including batteries,45 food packaging,46 biosensors,53 tissue engineering,70 

and sustainable plastics,77 etc. 
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1.5 The Importance of Spatial Organization 

From considering several natural materials (silk,1 wood,4 nacre6 and BC37), scientists 

learned that the spatial organization across scales (from the molecular or nanoscale, to the 

micro- and macroscopic scales) is crucial for the construction of advanced functional 

materials with excellent mechanical performance.7 Several production approaches, including 

self-assembly,78 biomineralization,26 layer-by-layer,18 3D printing,29 draw increasingly 

attention for the construction of the hierarchical structure. Among these approaches, self-

assembly,78 biomineralization19 and layer-by-layer18 can be used for nano- and microscale 

design, while 3D printing29 can be utilized for structural design at the macroscopic scale. The 

combination of these approaches would benefit for the future design of high-performance 

functional materials with structures controlled at different scales.21 

1.6 Challenges and Research Aim 

High-performance materials are highly demanded in the industry. However, the current 

fabrication methods are either energy-consuming or labour-intensive, and the mild and 

scalable production of bioinspired high-performance structural materials remain challenging. 

As a new starting biomaterial, bacterial cellulose is drawing increasing attention in the 

fabrication of bioinspired materials, as it can be produced in large scale under mild 

fabrication temperature (30 °C) by bacteria. However, pure bacterial cellulose lacks 

toughness, biocompatibility, conductivity and photosensitivity. To broaden the application 

field of this new material, functional components, including biopolymers, inorganic particles, 

living microorganisms, etc., need to be inserted into the densely packed bacterial cellulose 

layered microstructure.  

The overall aim of this thesis is to construct spatially organized bioinspired functional 

materials using various microorganisms. “How to produce a composite material 

biologically?”, “How to improve their mechanical properties?” and “How to spatially 

organise the material?” are three major challenges to be solved in this thesis. 

1.7 Thesis Outline 

This thesis entitled “Biological Production of Spatially Organized Functional 

Materials” is organized in seven chapters.  
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In Chapter 1, the background information and the current fabrication techniques of 

bioinspired materials were described. The research progress of BC-based composites was 

summarized. 

In Chapter 2, inorganic CaCO3 particles were inserted into the BC network and 

BC/CaCO3 structural materials with tuneable mechanical properties were constructed. Due 

to the densely packed layered structure of BC, it remains difficult to insert CaCO3 particles 

into the natural BC network. In this chapter, we used a kitchen blender to disintegrate BC 

wet pellicle into a fibrous suspension, the BC suspension was then biomineralized by a 

microorganism-induced CaCO3 precipitation method to form a BC/CaCO3 slurry. Due to the 

BC fiber and CaCO3 crystal entanglements, the biomineralized slurry could reassemble into 

a layered structure. The resulting BC/CaCO3 composites are very tough and extremely 

compressible. They could resist a 100 kN compression force and could be dropped from 10-

meter-height without breakage. More importantly, this new material is moldable and 

recyclable, and is produced fully by bacteria in large scale. Due to these advantages, this 

material is promising as the next generation sustainable structural materials. 

In Chapter 3, a water-soluble polymer-PVA was inserted into the BC network 

following an in situ fermentation approach. Before the solid BC pellicle was formed, PVA 

was added into the liquid fermentation medium. As PVA was dissolved in the medium, the 

newly formed BC pellicle at the air-liquid interface could entrap PVA and medium into its 

fibrous network during fermentation. The final BC/PVA wet pellicle was post-treated with a 

“freezing-thawing” (FT) procedure and dried. Interestingly, when the PVA concentration is 

up to 10 %, the final BC/PVA composite could self-assemble into a spiral honeycomb 

microstructure. Because of this special microstructure organization, the honeycomb BC/PVA 

composite shows improved tensile strength (×2) and toughness (×5) compared to pure BC. 

In Chapter 4, graphene oxide (GO) particles were inserted into the BC network with a 

semi-static in situ fermentation method. Unlike water soluble polymers, most inorganic 

particles cannot remain stable in the liquid medium and aggregate easily during in situ 

fermentation. This aggregation process makes the in situ fermentation of BC/inorganic 

particle composites difficult. Unlike normal inorganic particles (clay, CaCO3, etc.), GO 

particles possess abundant functional groups on its surface. These charges help GO to remain 

stable in the liquid solution over months. Therefore, GO could be inserted into the BC 

network with an in situ fermentation method. However, only a thin layer (＜2 mm) of GO 

could grow into the bottom side of BC. To insert GO into the whole BC pellicle, we simply 

shook the incubation flask once a day during fermentation, so that some GO-containing liquid 

could be present on the top of the freshly formed BC and then be entrapped into the newer 
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BC layers. The BC/GO composites show competitive toughness values (35 MJ m-3) 

compared to most BC-based materials. 

In Chapter 5, a simple 3D printing technique was developed to pattern living 

microorganisms onto certain substrates. We printed a bioink (sodium alginate and genetically 

engineered bacteria producing curli) onto a CaCl2 containing agar surface. As sodium 

alginate and Ca2+ can form an “egg-box” chelation, the bioink could be solidified into a Ca2+-

alginate hydrogel upon contacting the agar surface. After incubating the 3D prints for several 

days, the curli-producing bacteria produced curli within the hydrogel, enabling the Ca2+-

alginate bacterial hydrogel to resist citrate treatment. 

In Chapter 6, based on the same Ca2+-alginate and 3D printing technique, we printed 

microalgae onto a BC substrate, and constructed a self-standing photosynthetic living 

material. The presence of BC substrate mechanically strengthened the bioprints and helped 

this material to resist various physical distortions, which is hardly achievable in most 3D 

printed living materials. Moreover, the microalgae living cells endow this material with 

photosynthetic properties.  

Overall, the genetically engineered possibility and fast replicability of microorganisms 

make them promising in creating new materials, inducing chemical reactions and bringing 

new functions to materials. Although the utilization of microorganisms in material science is 

still at its infant stage, it will become increasingly important in the fabrication of next 

generation functional materials and living materials. 
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Scalable Bacterial Production of Moldable 

and Recyclable Biomineralized Cellulose 

with Tunable Mechanical Properties 

 

Abstract: While urgently needed, sustainable 

structural materials with excellent impact-resistance 

properties are challenging to produce, especially in 

a scalable fashion and with control over 3D shape. 

Here, bacterial cellulose (BC) and bacterially-

precipitated calcium carbonate are self-assembled 

into a layered structure reminiscent of the structure 

of tough biomineralized material in nature (nacre, 

bone, and dentin). The fabrication method consists 

of biomineralizing BC to form an organic/inorganic 

mixed slurry, in which calcium carbonate crystal size is controlled with bacterial poly(γ-

glutamic acid) and magnesium ions. This slurry self-assembles into a layered material due to 

fiber-crystal binding and entanglements. A high toughness of 22 MJ m-3 is achieved, five-

fold higher than pure BC. The fabrication method is rapid (12 hours of biomineralization), 

and readily scalable, without involving toxic chemicals. The resulting material shows high 

impact and fire resistance. Notably, the biomineralized BC can be repeatedly recycled and 

molded into any desired 3D shape and size using a simple kitchen blender and sieve. This 

fully biodegradable composite is well-suited for use as component in daily life applications, 

including furniture, helmets, and protective garments. 
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2.1 Introduction 

Petroleum-based high-performance structural materials play a vital role in the aerospace, 

biomedical, construction, and automotive industries due to their low cost, excellent 

mechanical properties, and large production scale.1-3 However, the manufacture and usage of 

such materials cause multiple irreversible damages to the environment, including 

accumulation of plastic waste, chemical pollution, energy-wasting, and climate change.2 To 

reduce these negative effects on the planet, recyclable and sustainable structural materials 

fabricated in a green manner under mild conditions are highly demanded.4 The most abundant 

biodegradable polymer on earth, cellulose, draws high levels of attention as a raw material 

for the production of sustainable structural materials.5 Generally, plant-derived cellulose 

containing impurities such as lignin is used despite the fact that it requires an 

environmentally-unfriendly delignification process to obtain cellulose nanofibers.6 In 

contrast, bacterial cellulose (BC) has gained interest in recent years due to its high purity, 

which is obtained with sustainable and mild processing conditions.7  BC is an extracellular 

biopolymer secreted by certain microorganisms in the form of a hydrogel-like pellicle at the 

air-liquid interface.8 Multiple advantages of BC, including its nanofibrous microstructure, 

light weight, low cost, biocompatibility, and biodegradability, make it an ideal candidate for 

producing the next generation of sustainable structural materials.9 However, pure BC is brittle 

because of its high crystallinity. Even though BC possesses good tensile strength, its 

toughness is not sufficient for several applications with impact resistance requirements (e.g., 

helmets, protective garments). Also, pure BC is an organic material, which is less fire 

resistant compared to inorganic materials, limiting its range of applications.  

To acquire BC-based materials with a combination of high tensile strength and 

toughness, which are often mutually exclusive,10 several in situ and ex situ methods including 

wet drawing,11 wet spinning,12 twisting,13 and tape-peeling14 have been developed. However, 

most of these methods focus on the production of one-dimensional (1D) fibers15 or two-

dimensional (2D) films,16 while three-dimensional (3D) BC bulk materials are rarely reported. 

This difficulty in producing 3D materials based on BC at a large scale is mainly due to BC 

losing over 99 % of its weight upon drying, resulting in thin films with thicknesses from 

several centimeters to below 0.1 mm (Figure S2.1). More recently, a 3D BC bulk material9 

was developed by adhering multiple BC layers and polymers together using a hot-pressing 

technique. However, high numbers of BC layers are needed to obtain the final 3D BC 
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composites, and the hot-pressing process is highly energy-consuming, which would greatly 

increase the material and energy costs during industrial-scale production.   

To lower the material costs, tune the fire retardance and mechanical properties (such as 

stiffness, strength, and toughness), and achieve the sustainable fabrication of 3D BC bulk 

composites, we combine BC with calcium carbonate (CaCO3).17 CaCO3 is one of the most 

abundant inorganic raw materials in nature and is widely used in high-performance 

bioinspired structural materials.18-22 While the preparation of CaCO3-containing composites 

is easily realized with a mineralization method wherein CaCO3 crystals are grown gradually 

on a supportive matrix,18 the mineralization of BC still remains challenging. Due to the dense 

structure and abundance of hydrogen bonding within BC networks, inorganic CaCO3 crystals 

cannot easily penetrate and enter into a bulk BC hydrogel matrix20 without the assistance of 

external force.18, 23 Producing a highly mineralized BC (containing over 50 wt% of CaCO3) 

via direct mineralization of bulk BC without external force, requires weeks and months of 

repeated work, while the resulting material still does not possess competitive mechanical 

properties,23 let alone large-scale production.24 Organizing mineralized BC into an ordered 

bulk material with homogeneous inorganic crystal distribution and competitive mechanical 

properties remains a challenge and is of critical importance in developing BC-based 3D 

structural materials.  

Here, we develop a hierarchical self-assembly approach to produce large-scale, shape- 

and size-controlled biomineralized BC composites with tunable mechanical properties, under 

mild conditions following a sustainable, easy, and industrially-scalable protocol (Figure 2.1). 

Three different types of bacteria are used to produce the components that make up this 

composite. Bulk BC hydrogels are mechanically disintegrated into a fibrous suspension, 

followed by bacterially-induced CaCO3 biomineralization25-27 to form an inorganic-organic 

mixed slurry. The crystal size and distribution can be adjusted by another bacterially-

produced biopolymer: poly(γ-glutamic acid) (PGA).28 The bacterial slurry can then self-

assemble into a material with a layered microstructure, achieving a toughness of 22 MJ m-3, 

which is over five-fold higher than that of pure BC. The resultant layered structure of CaCO3 

separated by organic polymers (BC and PGA) is reminiscent of the hierarchical structures of 

tough biomineralized materials found in nature,4 such as nacre, bone or dentin. The 

homogeneous distribution of inorganic crystals together with the extensive crystal-fiber 

connections within the BC matrix enable the formation of stiff and tough 3D materials. This 

bacterially-produced composite can be molded into different geometries, is recyclable, and 

shows promise for use in such applications as furniture, protective garments, etc. 
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Figure 2.1 Biomineralized BC fabrication. (A) Fabrication procedure of BC, including a static in situ fermentation 

at 30 °C, boiling with sodium hydroxide, and washing with distilled water. The BC pellicle shows a hydrogel-like 

appearance and a nano-fibrous layered microstructure. (B) Fabrication procedure of the biomineralized BC, from 

step (1) to (6): (1) to (2) blending the BC hydrogel into a fibrous suspension, (2) to (3) mixing the BC fibrous 

suspension with the bacteria mineralization ingredients (CaCl2, urea, bacteria, medium, and PGA), (3) to (4) 

biomineralization, (4) to (5) boiling and sieving the biomineralized slurry to remove the bacteria and medium, (5) 

to (6) molding the purified biomineralized BC slurry, and solvent-evaporation-induced self-assembly. The final 

material shown on the picture was polished with sandpaper. (C-E) Scanning electron microscope (SEM) images of 

the cross sections of (C) reassembled biomineralized BC composite, (D) reassembled BC, and (E) pristine BC. 

2.2 Results and Discussion 

Biological production and morphology of biomineralized bacterial cellulose 

To achieve the sustainable and scalable fabrication of BC-biomineralized 3D structural 

materials with excellent mechanical properties, a bacterially-induced CaCO3 
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biomineralization method29, 30 was used in combination with a solvent-evaporation-induced 

self-assembly method (Figure 2.1).  BC was produced by microbial fermentation with a 

cellulose-producing strain, Gluconacetobacter hansenii (G. hansenii).31 After 2 weeks of 

growth, a wet BC pellicle was formed at the air-liquid interface (Figure 2.1A). This material 

was boiled with 1 w/v% sodium hydroxide solution and washed with water to remove 

impurities. To increase the degree of mineralization of the BC, the BC network was 

mechanically disintegrated (Figure 2.1B), so that the contact interface area between CaCO3 

and BC would be greatly increased during mineralization. For biomineralization, the 

disintegrated BC fibers were mixed in a bacterial growth medium containing Sporosarcina 

pasteurii (S. pasteurii), urea, and 10 mM of calcium chloride (CaCl2) (Figure S2.2). S. 

pasteurii secrete the enzyme urease, which cleaves urea into ammonia and CO3
2-, resulting 

in a pH increase and the formation of calcium carbonate (CaCO3) crystals.17 During this 

biomineralization procedure, the BC fibers were dispersed in the liquid and thus were able to 

become highly mineralized (Figure 2.1B). This biomineralized BC slurry was then purified 

by boiling on a heating plate for sterilization, washing with water to remove the unreacted 

residuals and the medium, and finally air-drying. Thermal gravimetric analysis (TGA) 

showed 60 wt% CaCO3 content in these samples (Figure S2.3).  

 

Due to the high aspect-ratio of BC fibrils, pure BC suspension by mechanically 

disintegration has been shown to be able to reassemble into a layered structure after drying, 

similar to that of pristine BC (Figure 2.1C, D).32, 33 Therefore, we suspect our biomineralized 

BC composite might also represent a layered structure because of the self-assembly ability 

of the BC fibrous suspension. 

After the biomineralization and the purification steps, we used SEM to assess the 

microstructure of the air-dried biomineralized BC/CaCO3 slurry. Remarkably, we observed 

that BC could reassemble into a layered structure with CaCO3 crystals entrapped within the 

layers (Figure 2.1C, Figure 2.2A, B). Due to the high aspect-ratio of BC fibrils, pure BC 

suspensions formed by mechanical disintegration reassembled into a layered structure after 

drying (Figure 2.1D), similar to that of pristine BC (Figure 2.1E). Therefore, our 

biomineralized BC composite likely adopted a layered structure because of this ability of the 

BC fibrous suspension to self-assemble.  

SEM imaging of these samples revealed large CaCO3 crystals (110 ± 40 µm crystal size) 

(Figure 2.2A, C) and a non-uniform cross-sectional layered morphology (Figure 2.2B) with 

a layer thickness of 130 ± 50 µm (Figure 2.2D). The relatively broad distribution in layer 
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thickness (Figure 2.2D) is likely attributable to the broad crystal size distribution (Figure 

2.2C) and large crystal size (Figure 2.2A). 

 

Figure 2.2 Morphology of biomineralized BC composites. (A, E, I, M) Representative SEM images of crystals 

within the biomineralized BC with (C, G, K, O) associated crystal size distributions. (B, F, J, N) SEM images of the 

material cross-sections and (D, H, L, P) layer thickness distributions of biomineralized BC composites. 

Biomineralized BC samples were fabricated either (A-D) without or (E-P) with PGA in the biomineralization 

medium; and with either (A-H) only Ca2+, or with a Ca2+: Mg2+ ratio of (I-L) 1: 2 or (M-P) 1: 4 in the 

biomineralization medium. 

 

We then attempted to obtain a more homogeneous layer distribution by reducing the 

CaCO3 crystal sizes. Also, the presence of large crystals are likely to result in stress 

concentration34 in certain structural features of the material, and result in poor overall 

mechanical properties of the material.35 To reduce the crystal size and in turn the layer 

thickness, chemically produced poly (acrylic acid) can be incorporated into the 

biomineralization medium, as the abundant carboxyl groups can act as binding sites for 

crystal growth and regulate the crystal size distribution.36 Here, instead of poly (acrylic acid), 

which is produced with the use of toxic chemicals,37 we incorporated a similar polymer that 

can be bacterially produced, PGA.28 PGA is a water-soluble, renewable polyamide polymer38 
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produced by Bacillus licheniformis. PGA displays abundant carboxyl groups on its molecular 

backbone39 that can provide binding sites for calcium ions (Ca2+) during CaCO3 

mineralization.40 When PGA was added to the medium for bacterial biomineralization, both 

the crystal size (12 ± 5 µm) (Figure 2.2E, G) and the layer thickness (48 ± 10 µm) (Figure 

2.2F, H) were significantly reduced compared to samples without PGA in the 

biomineralization medium (Figure 2.2A-D) (p < 0.01). We therefore conclude that the 

addition of PGA helps to form a layered structure with thinner and more narrowly-distributed 

layer thicknesses, which is important for constructing layered bioinspired materials.4 

Therefore, unless indicated otherwise, the rest of the biomineralization procedures in this 

study were carried out in the presence of PGA. 

To further reduce the crystal size, the formulation of biomineralization medium needed 

to be further optimized. In traditional chemical mineralization approaches, magnesium ions 

(Mg2+) can be introduced to regulate the crystal size and morphology, as they inhibit the 

growth of CaCO3 crystals.41 We therefore added Mg2+ into the bacterial biomineralization 

system. Varying the Ca2+/ Mg2+ molar ratio in the biomineralization medium, while keeping 

the same overall ion concentration of 10 mM, resulted in different crystal sizes and 

morphologies (Figure 2.2I-P). With a Ca2+: Mg2+ ratio of 1: 2 in the biomineralization 

medium, the crystal diameter was 15 ± 19 µm (Figure 2.2I, K), while with a Ca2+: Mg2+ ratio 

of 1: 4, the crystal diameter dropped to 9.3 ± 4.9 µm (Figure 2.2M, O). Notably, the samples 

with both Ca2+ and Mg2+ assembled into a finely-layered structure with a layer thickness of 

42 ± 11 µm when the Ca2+: Mg2+ ratio was 1: 2 (Figure 2.2J, L), and 24 ± 5 µm when Ca2+: 

Mg2+ ratio was 1: 4 (Figure 2.2N, P). X-ray diffraction (XRD) indicated that the CaCO3 

crystals in the biomineralized BC composites (Ca: Mg 1:4 with PGA) adopted a calcite 

polymorph (Figure S2.4) 

In summary, the layered structure of our material derives from the reassembly of BC 

fibers upon drying. After biomineralization, BC fibers are entangled with CaCO3 crystals. 

During the drying procedure, BC fibers tend to aggregate together due to hydrogen bonding 

interactions, through which CaCO3 crystals can be entrapped into the reassembled BC 

network. The addition of PGA and Mg2+ could regulate the biomineralization procedure via 

inhibition of the crystal growth41, 42 and reduce the crystal diameter, which reduces the final 

layer thickness of our material. 

 

The layered biomineralized BC composites (Ca2+: Mg2+ 1: 4) could be produced in large 

scale (Figure 2.3A, material diameter of 30 cm) and repeatedly deconstructed and molded 

into a wide variety of desired shapes (Figure 2.3B). The material recycle procedure was 
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achieved by immersing the biomineralized BC material into water for 2 days. The softened 

biomineralized BC, together with water, was then re-blended with a simple kitchen blender 

into a slurry again. The slurry and water mixture was poured into a sieve, transferred into a 

mold of the desired shape, and air-dried to self-assemble into another biomineralized BC 

material. One single molded composite was able to be re-molded many times. 

 

Figure 2.3 Recyclability of the biomineralized BC composites. (A) A 30-cm-diameter biomineralized BC object 

(Ca2+: Mg2+ 1: 4), showing the possibility for mass production of the biomineralized BC. Scale bar = 10 cm. (B) 

Biomineralized BC composites (Ca2+: Mg2+ 1: 4) produced in a variety of shapes. The shape and size of the resulting 

material was tunable based on the shape of the mold. All these shapes were fabricated from the same piece of material 

that was repeatedly remolded into different shapes. Scale bar = 2 cm. 

 

Mechanical properties of biomineralized BC composites 

Inspired by nacre, which is a natural CaCO3 material possessing high toughness values 

due to their special layered “brick and mortar” structure,43 we hypothesized that the layered 

crystal-containing structure of our biomineralized BC composites likely plays a role in their 

mechanical properties.18-20 The mechanical properties were therefore assessed with tensile 

testing (Figure 2.4). Specifically, we investigated the elongation at break and tensile strength 

values of the biomineralized BC composites, which are the two important factors contributing 

to the final toughness values of a material.43  Compared to pure BC, the elongation at break 

of biomineralized BC is significantly higher (p < 0.01) (Figure 2.4A). For samples produced 

with different Ca2+ content in the bacterial biomineralization medium ranging from 2.5 mM 

to 20 mM, the elongation at break varied from 8.0 ± 0.4 % (pure BC) to 44.4 ± 1.8 % (2.5 

mM Ca2+), 56.6 ± 0.4 % (5.0 mM Ca2+), then reaching its highest value (73.0 ± 1.1 %) for 

samples with 10 mM Ca2+ in the bacterial biomineralization medium (Figure 2.4A) and 

finally decreasing to 17.9 ± 1.1 % (20.0 mM Ca2+). Since the elongation at break is an 
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important factor contributing to a material’s toughness, 10 mM was selected to be the optimal 

Ca2+ concentration in the bacterial biomineralization medium in order to maximize toughness.  

However, when Ca2+ content increases from 2.5 mM to 20 mM in the biomineralization 

medium, the ultimate tensile strength drops significantly (p < 0.01), from 82.4 ± 0.6 MPa 

(pure BC) to 49.7 ± 1.4 MPa (2.5 mM Ca2+), 29.3 ± 0.9 MPa (5.0 mM Ca2+), 15.5 ± 0.4 MPa 

(10.0 mM Ca2+) and 11.4 ± 0.1 MPa (20.0 mM Ca2+) (Figure 2.4A). This reduction in tensile 

strength is likely due to the higher volume fraction of CaCO3 crystals, which occupy the 

majority of the composite’s volume and increase the brittleness of the material, decreasing 

its strength. 

 

Figure 2.4 Mechanical properties of the biomineralized BC composites. (A) Tensile stress-strain curves of 

biomineralized BC with different Ca2+ content in the biomineralization medium. (B) Tensile stress-strain curves, (C) 

tensile strength, and toughness values of biomineralized BC with and without Mg2+ ions in the biomineralization 

medium. (D, E) Optical and SEM images of the surface morphology of the biomineralized BC composite with Ca2+: 

Mg2+ ratio of 1: 4 (D) before and (E) after tensile testing. Arrows represent stretched sample wrinkles after the 

application of load. (F) SEM images of the cross-section of the biomineralized BC composite with Ca2+: Mg2+ ratio 

of 1: 4 after tensile testing. Arrows indicate delamination in the specimen. All the samples in this figure were made 

with PGA. 

 

Since the addition of PGA and Mg2+ into the biomineralization medium reduced the 

crystal size (Figure 2.2), we assessed any resultant effect on the mechanical properties via 



Chapter 2 

31 

tensile testing. With a Ca2+ and Mg2+ molar ratio of 1: 4, the material showed enhanced tensile 

strength (47.2 ± 5.2 MPa, Figure 2.4B, C and Table S2.1) while displaying a high elongation 

at break (79.1 ± 2.8 %). The biomineralized BC composites (Ca2+: Mg2+ 1: 4) showed a sharp 

increase in tensile strength before breaking (Figure 2.4B) in the final region of the stress-

strain curve (strain-hardening), as would be expected from the breakage of the numerous 

crystal-fiber connections (Figure S2.5). Because of this simultaneous increase in tensile 

strength and elongation at break, the toughness of the Mg2+-containing biomineralized BC 

composite (Ca2+: Mg2+ 1: 4) was as high as 21.8 ± 0.7 MJ m-3 (Figure 2.4C, Table S2.1), 

which was 183 % higher than that of the sample without Mg2+ (7.7 ± 0.3 MJ m-3) and 445 % 

higher than that of pure BC (4.0 ± 0.2 MJ m-3). This increase in tensile strength and toughness 

correlates with the reduced crystal size, and thus with an increased in crystal density. In these 

composites, more entanglements would be present between CaCO3 crystals and BC fibers 

(Figures 2.4D), thus more energy would be needed to break the specimen. Besides, PGA 

might also help in improving toughness, since it can act as a viscoelastic glue in composite 

materials.17 We therefore compared elongation at break values of biomineralized BC 

composites with and without PGA (produced with 10 mM Ca2+), and found that indeed, the 

samples with PGA showed an elongation at break of 73.0 ± 1.1 % (Figure 2.4A), which is 

higher compared to samples without PGA (59.4 ± 7.2 %, Figure S2.6).  

To further understand the mechanisms leading to such high toughness, both optical and 

SEM images of the biomineralized BC composites (Ca2+: Mg2+ 1: 4) before and after tensile 

testing were obtained. Unlike pure BC, the biomineralized BC composites were not fully 

broken after tensile testing but showed a marked increase in length (Figure 2.4D), also 

reflected in the high elongation at break. SEM results (Figure 2.4D-E) showed that the 

wrinkled surfaces before testing (Figure 2.4D, SEM image) of the biomineralized BC 

composite specimens (Ca2+: Mg2+ 1: 4) became elongated (Figure 2.4E), which can explain 

the high elongation at break values. Meanwhile, delamination where layers separate from one 

another (Figure 2.4F, white arrows) and breakage of fiber-crystal bonds (Figure 2.4F) 

occurred during failure under tension. 

We also tested how well our biomineralized BC composites could resist compression. 

When a 100-kN force was applied to compress the biomineralized BC composites (Ca2+: 

Mg2+ 1: 4), the specimen became denser, with a reduction in thickness from 10 mm to 3.7 

mm after compression (Figure S2.7A, B). Compression tests showed that our biomineralized 

BC composites were extremely compressible (Figure S2.7), not breaking even under a 

compression force as high as 100 kN. To elucidate the origin of such high compressibility, 

the surface (Figure S2.7C) and cross-section morphology (Figure S2.7D) of the compressed 
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specimens (Ca2+: Mg2+ 1: 4) were imaged. A high density of microcracks (Figure S2.7C) was 

observed on the surface of the compressed specimens, while the layered cross-section 

morphology (Figure S2.7D) remained intact. These microcracks might allow the material to 

absorb the energy from the applied compression force, resulting in the compressible nature 

of the biomineralized BC composites, which may protect against extreme compression forces. 

 
Figure 2.5 Hardness and impact resistance tests of the biomineralized BC composites. (A) Hardness values for 

pure BC and biomineralized BC composites before and after compression. (B, C) Optical microscope images of the 

biomineralized BC composite after hardness testing (Ca2+: Mg2+ 1: 4) (B) without and (C) with compression. All the 

samples in this figure were made with PGA. ** p < 0.01, significant; ns, not significant. Error bars represent standard 

deviations. (D) The impact dropping tower and (E-G) the samples after impact resistance testing. The sample 

thickness in E-G is 8 mm. Scale bar = 2 cm. (H) The corresponding force-time curves during the impact resistance 

testing. 
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Since our material was highly compressible, we considered using compression as an 

additional (optional) processing step in the material fabrication. To test the influence of 

compression on the mechanical properties of the materials, tensile tests were carried out on 

the materials after being compressed with 100 kN of force (Figure S2.8). The compressed 

specimens showed an increase in ultimate tensile strength and a decrease in elongation at 

break compared with the non-compressed specimens (Table S2.1). The decrease in 

elongation at break could be due to the reduced surface roughness from the compression 

procedure (Figure S2.7C). However, compared to pure BC (elongation at break: 6.7 ± 1.3 %, 

Table S2.1), the compressed biomineralized BC composites still showed relatively high 

values for elongation at break (over 45 %), which might be attributable to the intact layered 

structure. 

The hardness (Figure 2.5A) and toughness of the materials were assessed before and 

after compression. In nonmineralized BC samples, the hardness values of the pure air-dried 

BC film remained similar before (179.5 ± 23.1 MPa) and after (182.7 ± 13.0 MPa) 

compressing. The biomineralized composite samples had hardness values up to more than 

three times lower than that of pure BC, with 49.3 ± 19.7 MPa (only Ca2+), 61.2 ± 18.7 MPa 

(Ca2+: Mg2+ 1: 2), and 94.7 ± 9.1 MPa (Ca2+: Mg2+ 1: 4). Nevertheless, after being pressed 

with a 100 kN compression force, the hardness values increased significantly (p < 0.01) to 

208.0 ± 36.2 MPa (only Ca2+), 197.9 ± 9.1 MPa (Ca2+: Mg2+ 1: 2), and 251.1 ± 55.2 MPa 

(Ca2+: Mg2+ 1: 4) and became even higher than that of pure BC (182.7 ± 13.0 MPa). Optical 

microscope images of the biomineralized composites (Ca2+: Mg2+ 1: 4) after hardness testing 

(Figure 2.5B, C) showed that the indentation diameter for the compressed sample was 

smaller than the noncompressed specimen, consistent with an increase in hardness after 

compression.44 This increase in hardness values indicates that we can tune the hardness of 

biomineralized BC by compression. Notably, the compressed samples retained almost the 

same toughness values (Table S2.1) compared with their non-compressed counterparts 

(Figure S2.8, Table S2.1). 

 

To evaluate the impact resistance of the biomineralized BC composites, we used a 

dropping tower (Figure 2.5D). A mass of 1.6 kg was lifted to 1.5 m and released to hit the 

tested material with a speed of 5.0 m s-1 upon contacting the material. To test whether the 

specific mineralization method had an influence on the composite toughness, a control 

sample containing the same BC and Ca2+ concentration in the mineralization medium (10 

mM Ca2+), was prepared by traditional chemical mineralization in which CaCl2 was reacted 

with Na2CO3 in a BC23 slurry while stirring. Impact resistance testing of this sample resulted 
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in a sharp, brittle disintegration (Figure 2.5E); while the biomineralized BC composite (Ca2+: 

Mg2+ 1: 4) with the same thickness (8 mm-thick) was not broken (Figure 2.5F), showing that 

the biomineralized BC composite exhibited higher impact-resistance than the chemically-

mineralized sample. The biomineralized BC composite (Ca2+: Mg2+ 1: 4)  after compression 

was also tested by the impact resistance experiment (Figure 2.5G) and showed no observable 

breakage, also demonstrating higher impact resistance than the chemically-mineralized 

sample. The force-time curves (Figure 2.5H) from the impact resistance testing indicated 

that both the noncompressed and compressed biomineralized BC composites (Ca2+: Mg2+ 1: 

4) showed high peak impact resistance force values (18.1 kN, 15.4 kN), which is 7-9 times 

higher than the chemically-mineralized sample (2 kN). The higher impact resistance of 

biomineralized BC can be attributed to its higher toughness (Table S1). 

 

Figure 2.6 Examples for the applications of the biomineralized BC composites. Biomineralized BC composites 

(Ca2+: Mg2+ = 1: 4) molded into (A) a stool shape, and (B) a cup. Composites produced with the (C) chemical method 

and (D) bacterial biomineralization method before (left) and after (right) dropping from a 10 m height three 

consecutive times. All the samples in this figure were made with PGA. Scale bars correspond to 2 cm. 

 

Since the bacterial biomineralized BC slurry was easily molded into different complex 

shapes and thicknesses (Figures 2.3B, 2.6A, B) by simply fitting the slurry into a mold shape, 

we fabricated a stool and a cup. Such molded composite materials could withstand, as an 

example, a 70 kg person standing on it (hollow stool, Figure 2.6A), or be dropped from over 

10 m height multiple times without any visible breakage (solid shape of 8 mm thickness, 

Figure 2.6D).  
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However, the chemically–mineralized sample disintegrated into pieces after dropping 

three times from a height of 10 m (Figure 2.6C). The chemically-mineralized BC composites 

could be broken easily by hand, vulnerable to far weaker forces than the large forces during 

impact tests. To assess the cause of this reduced impact resistance, we compared the structure 

of the biologically-mineralized and the chemically-mineralized samples. Two chemical 

mineralization methods were used here, either based on the reaction of CaCl2 with Na2CO3
23 

(as for previous samples) or using gas diffusion.47 Surprisingly, these two chemical 

approaches to form mineralized BC composites did not produce materials that demonstrate a 

layered structure (Figure S2.9A, B). The SEM images showed aggregated BC phases 

(Figure S2.9A, white arrows), separated by large clusters of CaCO3, in contrast to the finely-

layered structure obtained via bacterial biomineralization (Figure 2.2), confirming the 

importance of the layers to obtain favorable mechanical properties, as also shown for nacre45 

and nacre mimicking composites.18 In biomineralized BC, the BC fibers were found to 

connect in between the layers to form fiber bridges (Figure S2.2) and to physically wrap 

around CaCO3 crystals (Figure S2.5). These crystal-fiber entanglements might be the cause 

of the vastly different self-assembly behavior observed between the chemical and bacterial 

mineralization approaches. 

To assess the fire resistance properties of the biomineralized BC composites, specimens were 

exposed to the outer cone of the flame of a Bunsen burner. A pure organic filtrated BC sample, 

fabricated following the same procedure as biomineralized BC, without the addition of S. 

pasteurii bacteria, was used as a control. This control sample caught on fire immediately 

upon contact with the flame (Figure S2.10A) while the biomineralized BC resisted fire when 

exposed to a flame for 1 min (Figure S2.10B).  

Since our biomineralized BC composite could be remolded into new shapes, we also 

tested the mechanical properties (Figure S2.11, Table S2.1) of the remolded samples (Ca2+: 

Mg2+ = 1: 4). The tensile strength and toughness values of the remolded biomineralized BC 

composites did not significantly differ in comparison with their original counterparts. 
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Table 2.1 Comparison of the mechanical properties of the biomineralized BC composites with literature. 

Samples 

 

Tensile Strength 

[MPa] 

Elongation at 

Break [%] 

Toughness 

[MJ m-3] 

Hardness 

[MPa] 

References 

Pure BC  148.1 ± 13.4 4.5 ± 0.1   4.9 ± 0.8 – 14 

Natural nacre 60-70 < 1 0.2-2 950 45, 46 

Biomineralized BC – – – 370 24 

Cellulose nanofiber nacre 60-133 1-6 0.5-3 200-500 47 

Gelatin-CaCO3 nacre 30-97 3.1-12.5 – – 22 

Matrix-directed 

mineralized nacre 

16-20 0.09-0.12 – 1650 18 

Biomineralized cross-

lamella nacre 

43.6 ± 4.5 < 1 0.3 ± 0.7     – 48 

Acrylonitrile butadiene 

styrene (ABS) plastic 

30-43 10-50 0.14-2.73 835 49-51 

Ca2+: Mg2+ 1: 4 and PGA 47.2 ± 5.2 79.1 ± 2.8 21.8 ± 0.7 94.7 ± 9.1 This work 

Ca2+: Mg2+ 1: 4 and PGA -

compressed 

50.6 ± 1.9 54.0 ± 11.1 21.3 ± 4.2 251.1 ± 55.2 This work 

 

2.3 Conclusions 

We produce impact resistant biomineralized BC composites with high and tunable 

toughness and stiffness via a combination of an environmentally-friendly bacterial 

biomineralization procedure and an evaporation-induced self-assembly process. Our layered 

bacterially produced composites show a toughness (21.8 ± 0.7 MJ m-3) over five folds higher 

than that of BC (4.0 ± 0.2 MJ m-3). The mechanical properties of this material are tunable by 

adjusting the biomineralization components and post processing method, where toughness 

values could be improved from 7.7 ± 0.3 MJ m-3 to 21.8 ± 0.7 MJ m-3 by adding Mg2+ and 

hardness values could be improved from 94.7 ± 9.1 MPa to 251.1 ± 55.2 MPa by compressing.  

The most commonly used method to fabricate layered structures containing CaCO3 is 

layer-by-layer mineralization.17, 20, 21 However, such methods are time-consuming and labor-

intensive, and are challenging to apply for large-scale material production. A previous 

approach applying direct mineralization of a bulk substrate requires multiple mineralization 

cycles,24 and only a limited mineral content is achievable, with most of the crystals only 

attached onto the surface of the substrate. To overcome this challenge, an external force has 
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been previously utilized to push the mineralization solution into a pre-designed matrix,18 to 

reach a mineral content similar to natural nacre. While this material possesses excellent 

toughness, such a fabrication approach is technically difficult and produces lower tensile 

strength (38 MPa) and elongation at break (0.13 %) compared to the material produced here. 

More recently, a CaCO3-based mineralized synthetic nacre was prepared with a gas diffusion 

method,48 creating in a mineral-interlocking microstructure to improve the mechanical 

properties. This material has a tensile strength (43.6 MPa) close to that of our material (50.6 

MPa), but a significantly smaller elongation at break (0.9 % vs 54.0 %). Overall, our 

biomineralized BC composites show competitive strength and toughness values compared to 

most of the biomineralized synthetic nacre as well as to other natural or synthetic tough 

materials, including commercial ABS plastic (Table 2.1). 

In addition to producing excellent mechanical properties, our fabrication procedure is 

based on easy processing under mild conditions compared to other impact-resistant materials, 

the fabrication of which is typically technically difficult52 or energy-consuming,14 with 

limited shape control of the resultant materials. As the biomineralization process could be 

completed within 12 hours and the biomineralized BC slurry could self-assemble into a multi-

layered structure by simply drying in the air, the whole fabrication procedure of our 

biomineralized BC composites is much faster compared to the month-long continual work of 

a layer-by-layer mineralization method17 and the years-long biomineralization processes of 

natural nacre in nature.45 Here, the fabrication procedure is fast, ecologically-friendly and 

readily scalable. Notably, this material could be recycled with a simple kitchen blender and 

a sieve, which is promising and convenient for daily life applications. Due to these features, 

this fully biodegradable, highly tough material shows multiple promising applications in 

daily human life, including production of furniture, cellphone holders, helmets, and 

protective garments. 
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2.5 Supplementary Information 

Materials 

D(+)-glucose monohydrate and di-sodium hydrogen phosphate ( ≥ 99.0%) were 

obtained from Carl Roth GmbH. All other chemicals were purchased from Sigma-Aldrich. 

Preparation of BC slurry 

For cellulose production, Gluconacetobacter hansenii (G. hansenii ATCC® 53582™) 

were grown statically at 30 °C in HS medium (5 g L-1 tryptone, 5 g L-1 yeast extract, 2.7 g L-

1 disodium hydrogen phosphate, 1.5 g L-1 citric acid, and 20 g L-1 glucose). The BC pellicle 

formed at the air-liquid interface was harvested after 15 days of incubation and boiled on a 

heating plate at 100 °C with a 1 w/v% solution of sodium hydroxide for 10 min to kill the 

bacteria. The pellicle was then washed and immersed in distilled water several times to 

remove the impurities. The washing steps were repeated until the pellicles turned pure white. 

For the BC slurry preparation, 120 mL of water was mixed with 30 g wet BC pellicle, and 

the BC pellicle/water mixture was mechanically homogenized into a fibrous suspension with 

a kitchen blender for 5 min. The BC slurry was then autoclaved and stored at 4 °C. 

Preparation of bacterial PGA 

Bacterial PGA is produced based on the previously reported procedure.1 Briefly, 

overnight cultures of Bacillius licheniformis (B. licheniformis NBRC12107, NBRC, Japan) 

grown in BL medium (10 g L-1 peptone, 2 g L-1 yeast extract and 1 g L-1 MgSO4·H2O) were 

added at 1.5 v/v% to autoclaved PGA production medium (20 g L-1 L-glutamic acid, 13.6 g 

L-1 sodium citrate monobasic, 80 g L-1 glycerol, 7 g L-1 NH4Cl, 0.5 g L-1 KH2PO4, 0.244 g L-

1 MgSO4, 0.04 g L-1 FeCl3·6H2O, 0.15 g L-1 CaCl2·2H2O, 0.1 g L-1 MnSO4·H2O, pH was 

adjusted to 7.5 with NaOH) and incubated at 30 °C for 48 h at 180 rpm. After incubation, the 

viscous PGA solution was centrifuged at 8200 ×g for 15 min at 4 °C to remove the bacteria. 

The polymer solution was diluted with twice the volume of ethanol. The precipitated PGA 

polymer was then dried at 50 °C for 2 days. 

Bacterially-induced biomineralization 

Sporosarcina pasteurii bacteria (S. pasteurii DSM-33, ATCC 11859, DSMZ, Germany) 

were inoculated into 50 mL SP2 medium (20 g L-1 yeast extract, 10 g L-1 NH4Cl, 10 µM 

NiCl2, pH was adjusted to 8.5 with NaOH) and incubated for 48 h at 28 °C at 180 rpm. The 

bacterial solution was centrifuged at 1500 ×g for 15 min. The supernatant was removed, and 

the bacteria pellet was re-suspended with 25 mL of fresh SP2 medium and 25 mL of sterile 

40 w/v% glycerol. The SP2 glycerol stocks were stored at -80 °C for use. 
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The slurry mixture for biomineralization consisted of 400 mL L-1 BC slurry (120 g wet 

BC hydrogel), 20 g L-1 urea, 10 g L-1 tryptone, 5 g L-1 yeast extract, 10 g L-1 NH4Cl, 1 mL L-

1 of SP2 glycerol stock, 1 g L-1 PGA and CaCl2·2H2O/MgCl2·6H2O solution. The overall 

concentrations of Ca2+/Mg2+ in the medium are listed here for each condition tested: 2.5 mM 

only Ca2+: 2.5 mM CaCl2·2H2O; 5.0 mM only Ca2+: 5 mM CaCl2·2H2O; 10.0 mM only Ca2+: 

10 mM CaCl2·2H2O; 20.0 mM only Ca2+: 20 mM CaCl2·2H2O; 1: 2 Ca2+: Mg2+: 3.33 mM 

CaCl2·2H2O and 6.67 mM MgCl2·6H2O; 1: 4 Ca2+: Mg2+: 2 mM CaCl2·2H2O and 8 mM 

MgCl2·6H2O. The slurry containing bacteria was incubated statically at 28 °C for 12 h for 

biomineralization. There was no difference in pH change during CaCO3 precipitation with 

and without addition of PGA, which was utilized to adjust the crystal morphology.  

Self-assembly of bacterial composites 

After biomineralization, the slurry was boiled during 10 min for sterilization, and the 

liquid medium was removed by filtering the slurry with a kitchen sieve and rinsing with 

distilled water. The condensed mud-like slurry was then molded into various shapes and sizes. 

Finally, the material was dried for 2 days to form the resulted composites.  

For the control sample of pure filtrated BC, all the formulations and post treatment methods 

were similar to those for the biomineralized BC composites (10 mM Ca2+ concentration in 

the biomineralization medium) except that no S. pasteurii bacteria were added into the 

biomineralization medium. 

For the control samples for weight-drop testing, a chemical mineralization method was 

used. Briefly, 10 mM of Na2CO3 was added into the 400 mL L-1 BC slurry (120 g wet BC 

hydrogel) with 10 mM CaCl2·2H2O and 1 g L-1 PGA solution while stirring. The resultant 

BC-CaCO3 mixture was vacuum filtrated and dried in the fume hood for 2 days.   

For the gas diffusion method,2 10 g BC bulk hydrogel or 10 g blended BC suspension 

was placed into a Petri dish and mixed with 20 mL 5M CaCl2·2H2O, the mixture was then 

put into a sealed desiccator containing a beaker filled with 100 g (NH4)2CO3 powder. The 

mineralization was carried out for 7 days. 

Characterization 

SEM:  

The sample morphology was observed with a scanning electron microscope (SEM, 

JEOL JSM 6010 LA). Samples were sputter-coated with gold-palladium at 20 mA for 60 s. 

The imaging was carried out under SEI mode at 5-15 kV in vacuum. Crystal diameters and 

layer thickness values were measured with the Image J software from SEM images taken 

over 100 different regions within the samples. 

Tensile testing:  
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The tensile properties were measured using a Zwick LF7M10 universal testing machine 

with a 10 kN load cell; the grip distance was 10 mm; and the samples were tested with a 

loading rate of 2 mm min-1. At least three specimens per group were measured for the data 

presented. The toughness of the biomineralized BC composites was calculated according to 

the equation (2.1): 

𝑈 = ∫ 𝜎
𝜀𝑓
0

𝑑𝜀         (2.1) 

where U is the energy per volume absorbed, σ is the stress, ε is the strain, and εf is the 

elongation at break. 

Compression testing: 

The compression testing was carried out using a Zwick LF7M19 universal testing 

machine with a 250 kN load cell. The samples were compressed to 80 % of their initial height 

and recovered until the compression force became zero. The samples were tested with a 

loading rate of 5 mm min-1. At least three specimens per group were measured for the data 

presented. 

Hardness testing:  

Specimens for microindentation were embedded into an epoxy resin (Epofix Cold-

Setting Embedding Resin, volume ratio of epoxy and hardener was 15:2) and polished with 

decreasing grades of polishing papers (SiC foils #1200, #2000 and #4000, Struers) to obtain 

a mirror surface. Vickers hardness measurements were performed under the test force 0.2 kgf 

(further denoted as HV0.2) using an Automatic MicroHardness Tester (Struers Dura Scan 70). 

The embedded samples were indented by a standard Vickers indenter (L 5 mm, Ø 6 mm), 

with at least 8 indents performed for each sample. An optical microscope (OM, VH-Z250R, 

KEYENCE, USA) was used to image the surface morphology after hardness measurements.  

Impact resistance testing:  

The samples were placed onto a flat stainless-steel table, then a dropping tower (1.6 kg) 

with a steel tip (tip diameter = 5 mm) was lifted to the maximum height (1.5 m) and released. 

The maximum speed was 5.0 m s-1. At least three specimens were measured for each sample 

type. 

Dropping experiment: 

The materials were brought to a height of over 10 meters inside a building and dropped 

to the ground floor. Each sample was dropped three times. Samples were photographed 

before and after dropping. 

TGA:  

Thermal properties were measured using a thermogravimetry analysis machine (TGA, 

Mettler Toledo) at 30-1000 °C, with a heating rate of 10 °C min-1 in an air atmosphere. At 
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600 °C, the mass of pure BC reached 0 %, while the mass of CaCO3 remained at 100 % of 

its initial value. Therefore, the CaCO3 content in the final composite can be represented from 

the mass ratio values at 600 °C.  

XRD:  

X-ray diffraction (XRD) was carried out with a Bruker D8 Advance diffractometer 

Bragg-Brentano geometry and Lynxeye position sensitive detector, Cu Kα radiation. The 

parameters used here consist of divergence slit V12, scatter screen height 5 mm, 45 kV 40 

mA, sample spinning, and detector settings: LL 0.11, W 0.14. Measurements were carried 

out with a coupled θ -2θ scan of 10° - 110°, step size of 0.021°, and a counting time of 1 s 

per step. Data evaluation was carried out with Bruker software DiffracSuite.EVA vs 4.3. 

Fire-resistant testing:  

The specimens were exposed to the outer cone flame of a Bunsen burner. 

Statistical Analysis: 

Statistical analysis was performed on https://astatsa.com/. The groups were compared 

with one-way (single factor) ANOVA with post-hoc Tukey's HSD (honest significant 

difference) tests. p < 0.01, significant. 

 

 

Figure S2.1 Optical images of wet BC hydrogel (A) before (thickness is 10 mm) and (B) after squeezing, and (C) 

after air-dried BC. BC loses over 99 % of its weight after drying in air and becomes a 2D film. 
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Figure S2.2 (A) Schematic of the bacterial biomineralization procedure, resulting in biomineralized cellulose 

composites with a layered structure. (B) SEM images of the cross-section of biomineralized BC composites (Ca2+: 

Mg2+ 1: 4, with PGA) at differing magnifications, showing the layered structure (left), the cellulose interlayer 

connections (middle), and the entangled crystal-fiber morphology (right). 

 

 

Figure S2.3 (A) TGA curves of pure BC and CaCO3 crystals; (B) TGA curves of the biomineralized BC composites 

with 10 mM Ca2+ in the biomineralization medium, taken at different time points during mineralization. The dotted 

lines indicate the remaining mass ratio of crystals (60 % at 600 ˚C). An increasing CaCO3 content was found for 

longer biomineralization durations, reaching 60 % after the first 12 hours and then increasing by less than 10 % 

between 12 hours and 72 hours of biomineralization. Therefore, a relatively high degree of biomineralization can be 

achieved within 12 hours. 
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Figure S2.4 XRD spectra of the biomineralized BC composite (Ca: Mg 1:4 with PGA). The CaCO3 crystals in 

the final composite show a calcite (C) morphology. 

 

 

Figure S2.5 SEM images of the cross-section of the crystal-fiber binding morphology in the final materials. 

Both A and B are images of biomineralized BC produced with a Ca2+: Mg2+ ratio of 1: 4 and PGA. 

 

 

 

Figure S2.6 Tensile stress-strain curves of biomineralized BC composites produced with 10 mM Ca2+ in the 

biomineralization medium and without PGA. 
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Figure S2.7 The biomineralized BC composite (Ca2+: Mg2+ 1: 4) (A) before and (B) after compressing. The 

compression force applied to the sample surface was 100 kN. SEM images of the (C) surface and (D) cross-section 

of biomineralized BC (Ca2+: Mg2+ 1: 4) after compression. Microcracks (white arrows) were observed on the 

specimens’ surface (C), while the layered structure (D) was still present after compression. 

 

 

 

Figure S2.8 (A) Tensile stress-strain curves of the compressed pure BC and biomineralized BC composites. (B) 

Comparison of the tensile stress-strain curves for compressed and non-compressed pure BC and biomineralized BC 

composite (Ca2+: Mg2+ 1: 4). 
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Figure S2.9 SEM images of the mineralized BC produced via (A) a chemical reaction by reacting CaCl2 with 

Na2CO3, or via (B) a gas diffusion method. Both of these two methods did not produce a homogeneous 

interconnection between BC and the inorganic crystals. The BC fibers tended to aggregate together (Figure A, white 

arrows), while the inorganic crystals were not produced within the organized BC networks. 

 

 

Figure S2.10 Optical images of (A) pure BC exposed to a flame for 1 second and (B) biomineralized BC composite 

(Ca2+: Mg2+ 1: 4) exposed to a flame for 1 minute. Due to the high inorganic crystal content, the biomineralized BC 

composite showed fire retardant abilities throughout 1 minute of direct exposure to the flame (B), while pure BC 

ignited immediately upon contact with the flame (A). 
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Figure S2.11 The tensile properties (A-C) of the original and the re-molded biomineralized BC composites 

(Ca: Mg 1:4 with PGA). The tensile strength and toughness values of the re-molded biomineralized BC composites 

remain unchanged compared to their original counterparts. ns, not significant. 

 

Table S2.1 Mechanical properties of the biomineralized BC composites. 

Samples Tensile Strength 

[MPa] 

Elongation at 

Break [%] 

Toughness 

[MJ m-3] 

Hardness 

[MPa] 

Pure BC and PGA 82.4 ± 0.6 8.0 ± 0.4 4.0 ± 0.2 179.5 ± 23.1 

Ca2+ (without PGA) 9.3 ± 1.5 59.4 ± 7.2 3.9 ± 0.6 Not measured 

Ca2+ and PGA 15.5 ± 0.4 73.0 ± 1.1 7.7 ± 0.3 49.3 ± 19.7 

Ca2+: Mg2+ 1: 2 and PGA 24.3 ± 1.0 95.7 ± 4.7 15.8 ± 0.8 61.2 ± 18.7 

Ca2+: Mg2+ 1: 4 and PGA 47.2 ± 5.2 79.1 ± 2.8 21.8 ± 0.7 94.7 ± 9.1 

Pure BC and PGA -compressed 82.9 ± 0.8 6.7 ± 1.3 3.7 ± 0.6 182.7 ± 13.0 

Ca2+ and PGA -compressed 17.8 ± 1.6 54.7 ± 3.9 7.4 ± 0.1 208.0 ± 36.2 

Ca2+: Mg2+ 1: 2 and PGA -compressed 30.0 ± 0.8 45.6 ± 3.4 11.6 ± 0.6 197.9 ± 9.1 

Ca2+: Mg2+ 1: 4 and PGA -compressed 50.6 ± 1.9 54.0 ± 11.1 21.3 ± 4.2 251.1 ± 55.2 

Ca2+: Mg2+ 1: 4 and PGA-remolded 44.7 ± 3.3 79.6 ± 5.6 21.4 ± 2.1 Not measured 
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3 

Spiral Honeycomb Microstructured 

Bacterial Cellulose for Increased Strength 

and Toughness  

Abstract: Natural materials, such as 

nacre and silk, exhibit both high 

strength and toughness due to their 

hierarchical structures highly 

organized at the nano-, micro-, and 

macroscales. Bacterial cellulose (BC) 

presents a hierarchical fibril structure 

at the nanoscale. At the microscale, however, BC nanofibers are distributed randomly. Here, 

BC self-assembles into a highly organized spiral honeycomb microstructure giving rise to 

high tensile strength (315 MPa) and a high toughness value (17.8 MJ m-3), with pull-out and 

de-spiral morphologies observed during failure. Both experiments and finite element 

simulations indicate improved mechanical properties resulting from the honeycomb structure. 

The mild fabrication process consists of an in-situ fermentation step utilizing poly (vinyl 

alcohol), followed by a post-treatment including freezing-thawing and boiling. This simple 

self-assembly production process is scalable, does not require toxic chemicals, and enables 

the fabrication of light, strong, and tough hierarchical composites with tunable shape and size. 
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3.1 Introduction 

High-performance materials that combine lightweight, high strength, and high 

toughness are highly demanded in the aerospace, biomedical, and construction industries. 

However, strength and toughness are generally considered mutually exclusive properties in 

man-made materials.1 In biological systems on the other hand, there are multiple examples 

of strong and tough materials (e.g., spider silk,2 nacre,3 bone,4 and wood5). This is achieved 

via their hierarchical structure, which is highly ordered from the molecular and microscale 

up to the macroscale.6 The construction of highly organized hierarchical structures is key to 

produce high-performance structural materials.7, 8  

To achieve such hierarchical structures, different types of materials could be used, 

including organic materials (e.g., polymers,9 carbon-based10), inorganic materials (e.g., 

calcium carbonate11), or a combination of both.12 Among those materials, natural 

biopolymers are drawing increasing attention due to their bioinspired nature, current 

environmental concerns, and the need for sustainable materials.9 Cellulose is a particularly 

interesting example of such green biopolymers. As the most abundant biopolymer in nature, 

cellulose, in the form of nanofibers, widely exists in most plants and wood structures,13 as 

well as in the biofilms surrounding some microorganisms (e.g. in Gluconacetobacter 

hansenii).14 Cellulose nanofibers themselves consist of a hierarchical fibril structure 

originating from the strong intramolecular and intermolecular hydrogen bonding, resulting 

in high tensile strength and elastic modulus.13 Therefore, cellulose nanofibers are ideal 

building blocks for constructing high-performance materials with organized mesoscale 

structures.15 In particular, bacterial cellulose (BC) is secreted in large quantities by bacteria 

in the form of a hydrogel-like biofilm.16 This biofilm consists of randomly distributed single 

BC nanofibers,17 which possess the same organized fibril structure as plant cellulose,18 

exhibiting high crystallinity and good mechanical performance.19 To obtain BC nanofibers, 

the most frequently used method is to mechanically disintegrate the wet BC hydrogel 

pellicles.20 These BC nanofibers are then recombined together using techniques, such as wet 

spinning20 or 3D printing.21 These ex situ methods, however, destroy the naturally layered 

BC structure and weaken its mechanical performance significantly.22 To increase the tensile 

strength and toughness of  BC, an organized BC microstructure is desired.23 Several 

methods, including wet stretching,23 twisting and tape peeling,24 can produce an aligned BC 

microstructure based on the natural BC network. These methods could demonstrate that 
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aligning BC at the microscale enhances the mechanical performance significantly, but they 

are usually highly energy-intensive and show limited scalability. 

 

 

Figure 3.1 Fabrication and characterization of the self-assembled spiral honeycomb bacterial cellulose film. 

(A) Illustration of fabrication procedure of BC film with honeycomb structure. PVA was added to the fermentation 

medium. The film was formed at the air-liquid interface and was processed with a freezing-thawing, boiling, washing, 

and drying procedure. (B) Optical image of BC wet pellicle before air-drying. (C) Optical image of honeycomb BC 

film. (D) Scanning electron microscope (SEM) image of BC film, showing a spiral honeycomb microstructure. 

 

Here, we report the formation of a highly organized spiral honeycomb microstructure 

in BC films via a self-assembly process under mild conditions that combines an in situ 

fermentation and a post-treatment procedure (Figure 3.1).  During the BC growing 

procedure, poly (vinyl alcohol) (PVA), a water-soluble additive often used during BC 

fermentation to regulate BC’s biological25 and mechanical property,26 was added to the 

fermentation medium and BC wet pellicles were harvested at the air-liquid interface. We then 

applied a freezing-thawing (FT) procedure, followed by boiling, washing and air-drying. 

These mild treatments provide a green and scalable alternative to the fabrication of 

nanofibrous BC with tailored shapes and sizes, and interestingly, lead to the self-assembly of 

the material into a spiral honeycomb microstructure. These honeycomb films exhibit higher 
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tensile strength and higher toughness compared to BC films of same composition but without 

a spiral honeycomb architecture. Hexagonal honeycomb structures are abundant in nature 

and are capable of adjusting the mechanical performance of various materials.27 Furthermore, 

in honeycomb microstructured samples, nanofibers are densely packed in a spiral form, 

which is an efficient way to enhance stretchability.28 

3.2 Results and Discussion 

Biofabrication procedure and morphology of composites 

In this work, cellulose nanofibers are produced by G. hansenii, a strain of bacteria with 

high cellulose production yield.14 Cellulose from plant or wood is generally not pure, 

containing lignin, hemicellulose, pectin, etc.,29 and an environmentally unfriendly 

delignification procedure is needed.30 On the contrary, BC consists of pure cellulose without 

those impurities,31 and is therefore an advantageous building block in manufacturing 

cellulose-based advanced materials.8 A straightforward approach to produce BC-based 

composites is in situ fermentation,32 which consists of simply dissolving water-soluble 

polymers into the fermentation medium during cellulose production by the bacteria. The 

produced BC nanofibers tend to aggregate at the air-liquid interface, forming a random 

nanofibrous network held together via strong hydrogen bonding. The liquid medium, 

including the dissolved polymers, is then entrapped into the BC, resulting in a homogeneous 

spread of water-soluble polymers into the BC network. For these polymers to remain in the 

composites, crosslinking methods are generally used.33  

Here, the in situ fabrication procedure consists of adding PVA at 10 w/v% into the G. 

hansenii fermentation medium. After 10 days of culturing at 30 ˚C, BC/PVA pellicles were 

harvested at the air-liquid interface. To crosslink PVA, these pellicles were frozen at -20 ˚C 

for 24 hours and brought to room temperature to thaw for 6 hours. This FT procedure was 

repeated 5 times, and then the material was boiled in water for sterilization, immersed in 

water for washing, and finally dried in air (Figure 3.1A, B, C). 

Interestingly, a highly organized layered spiral honeycomb structure is observed in these 

films (Figure 3.2A-F and Figure S3.1, 10 % PVA-BC-FT samples). SEM images of 

horizontal sections (Figure 3.2A-C) reveal that BC nanofibers are spirally and densely 

packed to form a hexagonal microunit, with borders of these microunits consisting of aligned 

and entangled BC nanofibers. This results in a honeycomb morphology with spiral BC 

nanofibers (Figure 3.2D-F). While the 10 % PVA-BC-FT film keeps the layered structure of 

natural BC (Figure S3.2A), the microscale arrangement in each layer is changed from the 
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randomly distributed nanofibers seen in natural BC (Figure S3.2B) to a spiral honeycomb 

structure.  

 
Figure 3.2 SEM images of the bacterial cellulose films. (A-C) horizontal sections and (D-F) cross-sections of 10 % 

PVA-BC-FT composite film. SEM images of the cross-section of (G) 1 % PVA-BC-FT, (H) 5 % PVA-BC-FT and 

(I) 20 % PVA-BC-FT. 

 

To investigate the underlying mechanisms behind the formation of such a structure, we 

vary the PVA concentration in the fermentation medium between 1 w/v% and 20 w/v%. The 

sample cross-sections show a random fibrous structure for both 1 w/v% PVA (1 % PVA-BC-

FT, Figure 3.2G) and 5 w/v% PVA (5 % PVA-BC-FT, Figure 3.2H), as observed in natural 

BC. However, the samples with 20 w/v% PVA (20 % PVA-BC-FT, Figure 3.2I and Figure 

S3.3) show a spiral fibrous structure. This structure is not identical to the hexagonal spiral 

honeycomb structure seen in the samples with 10 w/v% PVA (10 % PVA-BC-FT). Indeed, 

the spiral unit diameter increases to 50 µm for 20 % PVA-BC-FT as compared to 23 µm in 

the case of 10 % PVA-BC-FT. Therefore, the PVA concentration in the initial fermentation 

medium is of key importance for the formation of the spiral structure. Spirals tend to be 

formed when the PVA concentration exceeds 10 w/v% while 10 w/v% is the optimal 

concentration for the formation of ordered spiral hexagonal structures. 

To assess whether PVA concentration is the only factor influencing the structure, the FT 

was omitted from the fabrication method. The 10 % PVA-BC-FT samples are compared to 
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10 % PVA-BC, produced following the same procedure except for the FT. Interestingly, there 

is no honeycomb or spiral structure observed in 10 % PVA-BC (Figure S3.4). The FT process 

is therefore essential to the formation of spiral honeycombs. From these results, both the PVA 

concentration in the fermentation medium and the post-treatment process are crucial factors 

contributing to the formation of this fibrous honeycomb structure.  

The presence of PVA in the honeycomb composites is confirmed with Fourier 

Transform Infrared Spectra (FTIR) (Figure S3.5). Thermal Gravimetry Analysis (TGA) 

reveals that only a small amount of PVA is present in the final honeycomb film since the TGA 

of pure BC and that of honeycomb composites are similar (Figure S3.6). PVA in the 

composites is likely washed away during the post-treatment procedure. During the FT 

procedure, PVA polymer chains are expected to become more organized to form PVA 

crystals,34 which could act as physical crosslinking points. Upon boiling, PVA polymer chains 

in the crystal rearrange and become less organized due to heating, causing the PVA to be 

water-soluble again. Before this heating procedure, PVA is spread homogeneously in the BC 

network and acts as a plasticizer. As the PVA polymer chain is rich in hydrogen bonds, PVA 

may interfere with the hydrogen bonding between the cellulose fibrils.32 The hydrogen bonds 

in the original BC fibers, may, consequently, be weakened, resulting in the rearrangement of 

the random BC nanofibers and initiating a self-assembly process that leads to the formation 

of the spiral honeycomb structure in the post-treatment. Meanwhile, as no honeycomb 

structure were observed without FT, the PVA crystals during FT34 might act as a template to 

form the highly ordered structure: the BC fibers could reorganize into the honeycomb spirals 

based on the PVA crystal template. During the boiling procedure, this PVA crystal template 

is removed while the spiral honeycomb structure remains in the composites. This could 

explain why a higher amount of PVA contributes to the formation of the spiral structure. 

 

Bacterial viability and yield of materials production 

We then assess whether the yield of BC/PVA composite produced depends on the 

bacterial viability, which can be influenced by the presence of PVA. To study this, the wet 

thickness of fermented BC is measured after different fermentation times (5, 10, 15 days), 

with and without PVA, and the corresponding amount of viable bacteria is assessed. In all 

sample types, the bacteria viability reaches a maximum after 5 days of fermentation (Figure 

3.3A). After 5 and 10 days of culture, bacterial viability in pure BC and BC/PVA composites 

is similar. After 15 days, however, pure BC shows higher bacteria viability. Therefore, the 

addition of PVA in the fermentation medium lowers the number of viable bacteria only for 

periods longer than 10 days. The dry weight yield of all specimens remains unchanged after 
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10 days (Figure 3.3B), because bacteria entrapment into the BC pellicle and limited contact 

with oxygen restricts BC production after 10 days.35 The wet thickness, wet weight and dry 

weight measurements (Figure 3.3B, Figure S3.7A, B) all show a decrease in composite 

production when more PVA is present. This decrease in wet thickness is probably due to the 

viscosity change when the polymer is added, as shown before.33, 36 The viscosity of the 

fermentation medium increased significantly after adding PVA, especially for the highest 

concentrations, thus decreasing the oxygen transfer rate and cell migration, and slowing down 

BC production rate.16, 36 As long as PVA concentration is below 10 w/v%, we could harvest 

BC/PVA composites with a wet thickness exceeding 4.0 mm after 10 days of fermentation, 

which is thick enough to perform mechanical testing.  

The film shape and size are easily tailored by adjusting the shape and size of the 

fermentation vessel (Figure S3.7C, D, E). The entire fermentation step is carried out under 

mild conditions without using or generating any toxic chemicals. The fabrication process is 

scalable, green, and environmentally-friendly. 

 

Figure 3.3 Bacterial viability during fermentation and the yield of the fermented BC/ PVA pellicle. (A) Colony 

forming units (CFUs) measurements, (B) dry weight yield. ** p < 0.01, significant; ns, insignificant. 

 

Tensile properties of the BC/PVA composites 

The microstructure of a material influences its mechanical performance. Honeycomb 

structures are commonly observed in nature, and are seen in many biological systems like 

wood,5 turtle shells,37 bamboo38 and cork.39 The honeycomb microstructure of wood, which 

is formed through a different mechanism,5, 40 is demonstrated to be one of the reasons that 

wood possesses excellent mechanical properties,27 hence the growing interest in mimicking 

this structure.41 The random fibrous structure of natural BC, originating from the bacteria 

moving freely in all directions during fermentation,42 limits its mechanical properties. 

Therefore, the microscale spiral honeycomb structure observed here in the 10 % PVA-BC-
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FT samples are likely to affect BC’s mechanical properties. Tensile tests are performed to 

test  

 

Figure 3.4 Tensile properties of the BC/PVA composite film with and without FT. (A) Stress-strain curves, (B) 

ultimate strength, (C) elongation at break, (D) toughness, and (E) Young’s moduli. ** p < 0.01, significant; ns, 

insignificant. 

 

this. The 10 % PVA-BC-FT samples show a significantly higher ultimate strength (314.98 ± 

20.51 MPa, Figure 3.4A-B) and elongation at break (8.58 % ± 1.27 %, Figure 3.4C) when 

compared to the other groups. Comparing the samples that have undergone the FT procedure 

to the ones which have not, we find that 10 % PVA-BC-FT and BC-FT (ultimate strength: 

223.07 ± 13.82 MPa; elongation at break: 4.19 % ± 0.29 %) show higher ultimate strength 
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and higher elongation at break than 10 % PVA-BC (ultimate strength: 176.66 ± 5.59 MPa; 

elongation at break: 4.14 % ± 0.63 %) and BC (ultimate strength: 153.89 ± 8.21 MPa; 

elongation at break: 3.10 % ± 0.35 %,), see Figure 3.4B-C. This indicates that the FT 

procedure improves the tensile properties of BC. The ultimate strength of 1 % PVA-BC-FT 

(211.64 ± 21.45 MPa, Figure 3.4B) and 5 % PVA-BC-FT (217.41 ± 13.96 MPa, Figure 3.4B) 

are close to that of BC-FT. Therefore, the main reason for this sharp increase in the ultimate 

strength of 10 % PVA-BC-FT is not the addition of PVA, but rather its different 

microstructure. Due to the contributions from a high tensile strength and a higher elongation 

at break, 10 % PVA-BC-FT shows a toughness (17.76 ± 3.63 MJ m-3), which is significantly 

higher than that of BC (2.89 ± 0.33 MJ m-3, Figure 3.4D). The Young’s modulus of the 10 % 

PVA-BC-FT composite does not increase significantly as compared to most other specimen 

types, with Young’s moduli of all sample types varying between 7.41 ± 0.85 GPa and 11.24 

± 0.63 GPa (Figure 3.4E). In conclusion, the improved mechanical properties of 10 % PVA-

BC-FT are most likely linked to its nanofibrous layered structure and honeycomb 

microstructure. PVA was previously added to the fermentation medium to form BC/PVA 

composites.33, 43 In these studies, however, the maximum tensile strength was smaller (less 

than 55 MPa), different post-treatment methods were used, and no honeycomb structure was 

observed. The BC/PVA composite film was compared with other cellulose-based composite 

films and showed competitive tensile strength and toughness values when compared to other 

BC-based composites fabricated under mild conditions (Table S3.1). 

 

Figure 3.5 The de-spiral and pull-out breaking mechanisms of the bacterial cellulose films with honeycomb 

microstructure.  Schematic of (A) de-spiral and (E) pull-out; SEM images of the (B-D) de-spiral morphology and 

(F-H) pull-out morphology of the honeycomb BC film after tensile testing. 

 

To further understand the failure mechanism of this new material, cross-sections of the 

10 % PVA-BC-FT specimens after tensile testing are imaged, showing fibrous de-spiral 

(Figure 3.5A-D and Figure S3.8) and pull-out morphologies (Figure 3.5E-H). The pull-out 
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morphology was previously reported in other layered materials and was suggested to be 

responsible for the toughness enhancement during failure.44-46 This failure process can absorb 

more energy under tension, thus could contribute to the high strength and toughness measured 

in this honeycomb nanofibrous material. 

 

 

Figure 3.6 Numerical simulation results of the BC film with honeycomb and random microstructure. Stress 

distribution in (A) random structure and (B) spiral honeycomb structure. (C) Stress-strain curve of random and spiral 

honeycomb structures predicted by FE simulations. 

 

Finite element simulations 

To study the mechanistic aspects of how the spiral honeycomb structure improves BC 

mechanical properties, numerical simulations are carried out. In the random structure, a high 

level of localized stress concentrations is observed in some regions of the structure (Figure 

3.6A). These regions are prone to failure for a higher level of applied strains. In contrast, the 

stress is more uniformly distributed in the spiral honeycomb structure (Figure 3.6B). 

Moreover, the maximum principal stress in the spiral honeycomb structure is lower than the 

maximum stress in the random structure ((Smax)Spiral honeycomb) =2.22 GPa, (Smax)Random=4.81 

GPa) when both structures are subjected to the same level of axial strain. The computational 

models are limited to the elastic regime and we do not include any plasticity and post-yielding 

in the model. Nevertheless, the computational models confirm that the structures with random 

networks tend to break at a lower strain level due to the inhomogeneous stress distribution 

throughout the structure as compared to spiral honeycomb lattice structures. Moreover, the 

predicted numerical elastic moduli (slope of curves in Figure 3.6C) agree with the 

experimental observations showing higher elastic modulus for the structures with spiral 

honeycomb lattices given the fact that both models had similar overall densities. The small 

differences between the numerical and experimental results could be due to the 

simplifications considered for the simulation of these intricate structures. 
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3.3 Conclusions 

The natural biopolymer bacterial cellulose possesses an organized fibril structure at the 

nanoscale. At the microscale however, the BC nanofibers are distributed randomly. To further 

increase the tensile strength and toughness of BC, it is important but still remains challenging 

to control the organization of BC at the microscale. Here, we demonstrate the combination 

of an in situ biofabrication of BC with 10 w/v% PVA with a post treatment procedure 

including freezing-thawing, boiling, washing and air-drying, to generate a strong and tough 

BC film with a highly organized spiral nanofibrous honeycomb microstructure. At high 

enough concentration, PVA likely affects the hydrogen-bond network of BC fibrils. The 

weakened BC fibers could therefore self-assemble in the observed spirals with a highly 

organized hexagonal microunit. As a result, this honeycomb BC film shows a 2X increase 

(from 154 MPa for BC to 315 MPa for honeycomb BC) in tensile strength and a 5X increase 

(from 2.9 MJ m-3 for BC to 17.8 MJ m-3 for honeycomb BC) in toughness compared to the 

BC samples with random nanofibrous structure. The sharp increase in mechanical properties 

is due to this special honeycomb structure, because materials of similar composition with no 

honeycomb structure show reduced tensile strength and toughness. In addition to experiments, 

finite element simulations also indicate improved mechanical properties resulting from the 

honeycomb structure. Furthermore, shape, size, and thickness of this material are controllable 

by simply adjusting the shape and size of the culture vessel and the cultivation time. This 

fabrication method provides a green and mild platform for incorporating beneficial polymers 

into BC to produce materials with superior mechanical properties and complex biomimetic 

structures on a large scale. 
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3.5 Supplementary Information 

Materials, strain and culture conditions 

Poly (vinyl alcohol) (PVA, Mw 89000-98000, 99+% hydrolyzed), tryptone (Pancreatic 

digest of casein), yeast extract, agar, citric acid monohydrate (ACS reagent, ≥ 99.0%) and 

cellulase from Trichoderma reesei (aqueous solution, ≥ 700 units g-1) were purchased from 

Sigma-Aldrich. D(+)-glucose monohydrate, sodium chloride (NaCl), and di-sodium 

hydrogen phosphate (≥ 99.0%) were obtained from Carl Roth GmbH. 

The cellulose producing strain Gluconacetobacter hansenii (ATCC® 53582™ ) was 

propagated in Hestrin-Schramm (HS) medium (5.0 g L-1 tryptone, 5.0 g L-1 yeast extract, 2.7 

g L-1 disodium hydrogen phosphate, 1.5 g L-1 citric acid and 20 g L-1 glucose) at 30 °C under 

static conditions for 3 days to obtain the BC pellicle. The inoculum for bacterial fermentation 

was prepared by treating the BC pellicle with cellulase at 180 rpm at 30 °C overnight. The 

solution was then centrifuged (4 °C, 3220×g centrifuge speed, 10 mins) to remove the 

cellulase, and the bacterial pellet was re-suspended in fresh HS medium to obtain an OD600 

of 1. We then used 1 v/v % of this solution as the inoculum. 

Growing composite materials by bacteria 

PVA powder was dissolved into HS medium at concentrations of 1 w/v%, 5 w/v%, and 

10 w/v%, followed by boiling in a kitchen microwave oven for 5 mins and cooling. This 

process was repeated three times to sterilize the solution. After that, the polymer/medium 

solution was inoculated with G. hansenii bacteria (Gluconacetobacter hansenii ATCC® 

53582™  bacteria were obtained from the American Type Culture Collection (ATCC)). 

Fermentation was then carried out at 30 °C for 10 days under static conditions. The 

nanofibrous polymer composites were formed at the air-liquid interface such that the shape 

of the composite pellicle was determined by the shape of the fermentation chamber (flask or 

rectangular box-like) and the material thickness was established by the culture time. 

Post-treatment of the nanofibrous composites 

After fermentation, the freshly formed solid pellicle was transferred to a plastic petri 

dish and treated with a “freezing-thawing” method. Briefly, the solid pellicle was stored at -

20 °C to be frozen for 24 hours and was, then, left to thaw at room temperature for 6 hours. 

The PVA inside the composites is known to crosslink by the crystals formed after repeating 

this “freezing-thawing” procedure for 5 times.1 After crosslinking, the pellicles were boiled 

to kill the bacteria and washed with distilled water for 3 days to remove the unreacted 
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polymers and impurities, followed by drying in the air to form the final polymer/cellulose 

nanofibrous composite films. 

Characterization of the BC/PVA nanofibrous composites 

The material morphology was observed by scanning electron microscopy (SEM, JEOL 

JSM 6010 LA). The material was sputter-coated with gold-palladium at 20 mA for 60 s and 

was observed at 5-15 kV under vacuum. SEM was carried out on the specimens after the 

boiling and washing steps. 

To check for the presence of polymers inside the composites, FTIR (Perkin Elmer, 

Spectrum 100) equipped with an attenuated total reflection (ATR) accessory was used. The 

FTIR spectra were the average of 20 scans in the 550-4000 cm-1 range at a resolution of 4 

cm-1. 

TGA (Mettler Toledo) was assessed at 30-1000 °C with a heating rate of 10 °C min-1 in 

the air atmosphere. Derivative Thermogravimetry (DTG), the first derivative of the TGA 

curve, was also plotted (Figure S3.6B). 

The tensile tests were performed using a Zwick/Roell Z010 universal testing machine 

with a 500 N load cell and 1 kN grips. The measuring distance between the clamps was 10 

mm and the samples were tested with a loading rate of 2 mm/min. At least six specimens per 

group were measured for the data presented here.  

Measuring the bacterial viability and composite yield 

The effects of adding PVA on the bacterial viability was assessed with the colony-

forming unit (CFU) measurements. Briefly, G. hansenii with/without added PVA was 

cultured for 0, 5, 10, and 15 days statically at 30 °C. After the respective incubation times, 

the cellulase treatment was carried out by adding cellulase to the above and incubating the 

resulting mixture at 30 °C overnight at 180 rpm. Then, the treated solutions were centrifuged 

to remove the cellulase, medium, and PVA. The bacterial pellet was re-suspended in the same 

initial volume of saline (0.9 w/v% NaCl). Dilutions of this in the range of 100-10-8 were made 

and 20 µL of each dilution was spotted on HS agar plates (supplemented with 2 v/v% acetic 

acid). The plates were then incubated at 30 °C for 3 days and the number of colonies was 

enumerated and the Log10 (CFU/mL) was calculated. 

The yield of the composite materials was assessed by measuring the wet thicknesses of 

the different composite pellicle specimens (of varying culturing times) with a Vernier caliper. 

The wet and dried sample weights were measured using a weighing balance. 

Finite element simulations  

For numerical simulation, a nonlinear finite element (FE) solver (Abaqus Standard 6. 

14) was used. The geometry of the random structures was created in Matlab (R2018b) 
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software, and was then imported as an input file into Abaqus software. We used the quadratic 

Timoshenko beam element (B22) since these elements allow for axial deformations, bending, 

and shear. Each nanofiber was simulated as a beam with a circular cross-section and a 

diameter of 0.059 mm. Each strut of the honeycomb unit cell was assumed to consist of 5000 

parallel nanofibers and to have a rectangular cross-section with a width (W) of 0.059 mm and 

a length (L) of 5 mm. Therefore, the out-of-plane thickness (T) of both structures was 

considered 0.059 mm. The dimensions (W×H) of the random structure and spiral honeycomb 

were considered to be 8 × 8 mm2 and 138 × 138 mm2, respectively. The level of connectivity 

of the random structure which was defined as the average connectivity of all nodes,2 was 

considered 5.5. This value was selected in a way that both random structure and honeycomb 

have equal densities. 

An elastic material model was used for both structures (E=125 GPa and ν=0.2). The 

appropriate values for elastic properties were obtained via calibration and the initial range for 

Young’s moduli was selected based on previous studies.3, 4 In both models, a uniaxial 

displacement-controlled stretch test in the y direction (Figure 3.6A, B) was simulated. To 

this aim, two reference points were defined on the top and bottom of the structure, which 

were kinematically coupled with their corresponding nodes at the top and bottom of the 

structure. A displacement boundary condition corresponding to 1 % strain was applied to the 

top reference point while all degrees of freedom of the bottom reference point were 

constrained. The normal stress, σ = F/A, was defined as the ratio of the reaction force, 𝐹, to 

the initial cross-section area, 𝐴 = 𝑊×𝑇.   

Statistics 

Statistical analyses were performed on https://astatsa.com/. The experimental groups 

were compared using one-way (single factor) ANOVA with post-hoc Tukey's HSD (honest 

significant difference) tests. 

 

 

Figure S3.1 SEM images of the spiral honeycomb microstructure (sample 10 % PVA-BC-FT). (A) and (B) are 

the same specimen imaged at different magnifications. 
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Figure S3.2 The cross section (A) and the surface morphology (B) of air-dried BC. It shows a nanofibrous layered 

structure. 

 

 

 

Figure S3.3 SEM images of the spiral structure (20 % PVA-BC-FT sample). (A) and (B) represent two different 

specimens. 

 

 

 

Figure S3.4 SEM image of 10 % PVA-BC sample, where no freezing-thawing procedure was carried out. It 

shows a similar structure to that of natural BC, with no special circular or honeycomb structure observed. 
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Figure S3.5 FTIR spectra of the BC/PVA composites (A) and their individual components (B). 

 

Figure S3.6 TGA (A) and DTG (B) curve of the BC based samples. 

 

Figure S3.7 Yield and optical images of the BC/ PVA wet hydrogel after fermentation. (A) wet weight yield (B) 

wet thickness of pure BC and BC/PVA composites after different fermentation periods. The 1 %, 5 % and 10 % 
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represent the PVA concentrations in the initial fermentation medium. (C, D, E) Photos of BC/PVA composite films 

(before drying) after 10 days fermentation with different shapes and sizes. ** p < 0.01, significant; ns, insignificant. 

 

Figure S3.8 SEM images of the de-spiral morphology of the honeycomb specimen after failure (10 % PVA-

BC-FT sample). The different panels (A-D) represent different magnifications. De-spiral morphologies (white 

arrows) are shown in all the images. 

 

Table S3.1 Comparison of tensile strength and toughness values among the cellulose-based film materials 

Type of cellulose-based film  Tensile strength 

[MPa] 

Tensile toughness 

[MJ m-3] 

References 

BC/ poly(methyl methacrylate) 69.0 - 71.0 4.7 - 7.6 5 

BC/ poly(acrylated epoxidized soybean oil) 68.0 - 95.0 1.0 - 1.4 6 

BC/ reduced graphene oxide  102.0 8.2 7 

BC electrospun fiber  20.0 12.6 8 

BC/ Alginate  1.6 2.2 9 

Core-shell washed coaxial spinning cellulose fiber 172.0 11.4 10 

Cellulose nanofiber 140.0 11.2 11 

Tap peeling BC * 731.8 36.4 12 

Wet drawn BC * 1005.3 24.7 13 

BC-FT 223.1 2.9 This work 

10 % PVA-BC-FT  315.0 17.8 This work 

* These films were processed with a hot-pressing technique. Hot pressing is an energy consuming technique suited 

for small pieces of materials, to make them denser. We avoided using hot pressing in our processing to keep our 

production mild and scalable. 
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4 

Bacterially grown Cellulose/ Graphene 

Oxide Composites Infused with γ-poly 

(glutamic acid) as Biodegradable 

Structural Materials with Enhanced 

Toughness 
Abstract: Bioinspired bacterial cellulose 

(BC) composites are next generation 

renewable materials that exhibit promising 

industrial applications. However, large-scale 

production of inorganic/organic BC 

composites by in situ fermentation remains 

difficult. The methods based on BC 

mechanical disintegration impair the mechanical property of BC dried films, while the static 

in situ fermentation methods fail to incorporate inorganic particles within the BC network 

due to the limited diffusion ability. Furthermore, the addition of other components in the 

fermentation medium significantly interferes with the production of BC. Here, a tough BC 

composite with a layered structure reminiscent of the tough materials found in nature (e.g., 

nacre, dentin, bone) is prepared using a semi-static in situ fermentation method. The 

bacterially produced biopolymer γ-poly (glutamic acid) (PGA), together with graphene oxide 

(GO), are introduced into the BC fermentation medium. The resulting dried BC-GO-PGA 

composite film shows a high toughness (36 MJ m-3), which makes it one of the toughest BC 

composite films reported.  In traditional in situ fermentation methods, the addition of a 
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second component significantly reduces the wet thickness of the final composites. However, 

in this report, we show that addition of both PGA and GO to the fermentation medium show 

a synergistic effect in increasing the wet thickness of the final BC composites. By gently 

agitating the solution, GO particles get entrapped into the BC network, as the formed pellicles 

can move below the liquid level and the GO particles suspended in the liquid can be entrapped 

into the BC network. Compared to other methods, this method achieves high toughness while 

using a mild and easily scalable fabrication procedure. These bacterially produced 

composites could be employed in the next generation of biodegradable structural high-

performance materials, construction materials and tissue engineering scaffolds (tendon, 

ligament, skin) that require high toughness. 
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4.1 Introduction 

With the increasing concern of environmental pollution, plastic waste and energy 

shortage worldwide, the green fabrication of renewable bio-based materials is urgently 

needed.1 Biodegradable biopolymers including polyesters (poly(hydroxyalkanoate) (PHA),2 

polylactide (PLA),3 polyethylene furanoate (PEF)3), polysaccharides (cellulose,4 chitin,5 

alginate6), and polyamides (γ-poly(glutamic acid) (PGA),6 silk,7 collagen8), are drawing 

increasing attention. Among them, cellulose is the most abundant biopolymer found in 

nature.9 Due to its hierarchical fibril structure and excellent mechanical strength, cellulose 

has become a desirable building block for the construction of high-performance structural 

materials.4, 10 However, plant-based cellulose is generally associated with hemicellulose, 

lignin, pectin,11 and the extraction of pure cellulose from nature requires a chemically 

hazardous delignification process.12 An environmentally friendly alternative is bacterial 

cellulose (BC), which is secreted by microorganisms (e.g., Acetobacter13) in the form of a 

hydrogel-like pellicle.14 In contrast to plant cellulose, BC is chemically pure (with almost 

100 % cellulose content15) and can be produced in large scale at the air-liquid interface with 

a static fermentation method under mild conditions.16 The BC pellicle consists of a layered 

nanofibrous microstructure,11 a promising matrix substrate for making biomimetic 

materials.17 

Although BC shows excellent mechanical performance, pure BC dried films lack certain 

properties such as high toughness values (over 5 MJ m-3)18 and biocompatibility,19 which 

limits its applications in various fields.20 To endow BC dried film with certain functions and 

broaden the possible applications, functional additives, including biopolymers21 and 

inorganic particles, need to be incorporated into the fibrous network of BC.22 The preparation 

of BC composites can be done with an ex situ method that involves mechanical crushing the 

BC wet pellicle into a BC fiber dispersion and blending it with other components.23-25 This 

method destroys the natural fibrous layered structure of BC pellicle and may impair the 

mechanical performance of the final BC composites. The mechanical disintegration may also 

reduce the tensile strength of reorganized BC dried films compared to pristine BC dried 

films.26 To avoid this disadvantage, it is preferred to maintain the natural structure of BC. For 

incorporation of a second component into the BC structure, in situ impregnation27 or vacuum 

filtration28 methods are generally used. However, when it comes to viscous polymers, the 

vacuum filtration is time-intensive, while the natural impregnation procedure without 

external force may result in an inhomogeneous polymer distribution in the BC network. 
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Therefore, the incorporation of viscous polymers and inorganic particles without using toxic 

chemicals or external force into the BC fibrous network while maintaining its native structure 

is difficult, but attractive for the fabrication of BC-based high-performance composites.  

 

Figure 4.1 Schematic of the hydrogen bonding interactions among PGA, GO and BC fibers. 

 

Static in situ fermentation provides a perfect solution to this problem. During the static 

fermentation process, water-soluble polymers or inorganic dispersions are added directly to 

the initial fermentation medium before the BC solid pellicle is formed.20 The dissolved 

polymers or suspended particles are mixed together with the medium and thus become 

trapped into the newly formed BC fibril network, resulting in the formation of BC 

composites.20 To incorporate inorganic particles into BC via in situ fermentation, 

sedimentation of inorganic particles should be avoided during the fermentation. Therefore, 

particles with abundant surface charges or polar groups, like graphene oxide (GO), are 

favorable. Also, the use of such additives may interfere with BC growth,29, 30 resulting in low 

yields, hence increased production costs for industrial applications.29 The fabrication of 

inorganic particle-BC composites with a static in situ fermentation method has thus been 

restricted to thin films with an overall wet thickness smaller than 2 mm,31 because the 

particles can only remain suspended in the BC fermentation medium for a short time. After 

being precipitated, the particles cannot be entrapped in the surface BC fibers.20 Therefore, 

such static in situ fermentation methods fail to produce BC nanocomposites due to the limited 

diffusion of the nanoscale units from the liquid medium to the upper surface layer of growing 

BC.26  
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Figure 4.2 Fabrication procedure of the BC-GO-PGA composites. (A) Scheme of the fabrication method during 

the semi-static in situ fermentation, where the earlier formed layers are moved below the surface while the newly 

formed layers are formed at the air liquid interface; (B-D) optical images of the BC-GO-PGA composites after semi-

static in situ fermentation; (E) the BC-GO-PGA film after drying. 

 

Here, a BC composite material with enhanced yield is produced under mild conditions 

by a semi-static in situ fermentation method (Figures 4.1, 4.2), where newly formed BC 

composite layers are shaken below the air-liquid interface once a day by simply moving the 

fermentation flask.  A bacterially produced biopolymer, PGA, as well as GO are added to 

the initial fermentation medium. Due to the combined effect of PGA and GO, the yield (wet 

thickness) of the resulting material increases significantly. The yield is even slightly higher 

than when pure BC is produced, which is hardly achievable by other static in situ 

fermentation methods, where the wet thickness of the final composites is generally reduced 

after the addition of a second component in the initial fermentation medium. The resulting 

material shows a considerably high toughness (36 MJ m-3), making it one of the toughest BC 

membrane reported so far. Compared to other methods, this membrane is fabricated under 

mild conditions and shows promising features for use as the next generation of biodegradable 

structural high-performance materials, construction materials, and in tissue engineering 

applications (tendon, ligament, skin) due to its enhanced yield and scalability. 
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4.2 Results and Discussion 

Fabrication of BC-GO-PGA composites 

Compared to ex situ methods,23-25 in situ biofabrication methods,20 based on the addition 

of components into the initial fermentation medium is a straight-forward approach to 

incorporate other elements into the BC network. Water soluble polymers22, 30 are widely used 

in static in situ BC fermentation since they mix readily with the bacterial medium and become 

trapped in the BC network. However, it is difficult to insert inorganic particles into the BC 

network as these particles tend to be unstable at the ionic strength required in the bacterial 

fermentation medium.20 The agitated in situ fermentation method32 keeps the inorganic 

particles suspended in the liquid medium and inserts those particles into the BC network 

during fermentation. However, this method can only produce small (usually less than 1 

centimeter) BC pieces33 that are dispersed in the solution, instead of a bulk BC material.  

To overcome these problems, we developed a semi-static in situ fermentation method 

(Figure 4.2A). In an Erlenmeyer flask, PGA and GO were mixed with Hestrin-Schramm (HS) 

medium. The fermentation was carried out at 30 ˚C under static conditions with the cellulose 

producing strain Gluconacetobacter hansenii (G. hansenii). A thin layer of BC composites 

was formed at the air-liquid interface after 1 day of culturing. This thin layer can be 

submerged below the liquid level (Figure 4.2A) by simply shaking the Erlenmeyer flask once. 

The BC pellicle composites (Figure 4.2B-D) were obtained by daily repeating this static 

incubating-shaking procedure.  

Compared to pure BC, the addition of PGA reduced the wet thickness of the resulting 

BC-PGA composite throughout the fermentation procedure (Figure 4.3A) from 5.4 ± 0.2 mm 

(day 5), 9.2 ± 0.5 mm (day 10), and 9.8 ± 0.6 mm (day 15) for BC alone; to 1.7 ± 0.1 mm 

(day 5), 2.6 ± 0.1 mm (day 10) and 2.5 ± 0.2 mm (day 15) for the BC with PGA. Notably, 

there was no significant difference in wet thickness values between 10 days and 15 days of 

fermentation (Figure 4.3A), both with and without PGA. Therefore, a period of 10 days was 

selected as fermentation time for all other composites produced in this study. 

To assess whether the GO content and the addition of PGA influence the yield of the 

composite materials produced, wet thicknesses were measured after 10 days of fermentation 

(Figure 4.3B-F). The wet thickness values dropped from 10 ± 1 mm to 5.0 ± 0.2 mm when 

the GO content in the fermentation medium was increased from 0.03 mg mL-1 to 0.67 mg 

mL-1 without any PGA in the medium (Figure 4.3B, E, S4.1). Although higher yield (wet 

thickness) could be obtained at lower GO concentration (0.03 mg mL-1), sedimentation 
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(Figure 4.3E, F) occurred at lower GO content (0.03 mg mL-1) in the fermentation medium. 

At 0.03 mg mL-1 GO content, the bottom surface of the BC composite material, which is the 

surface in contact with the solution, showed a yellow color (Figure 4.3C, similar to that of 

pure BC), suggesting that the GO particles cannot be incorporated into the BC network. 

However, at higher GO concentration (0.67 mg mL-1), the BC composites showed a black 

color on their bottom surface (Figure 4.3C), which indicates that GO particles were 

successfully incorporated into the BC network. Therefore, the entrapment of GO into the BC 

network only happens at high enough GO concentration, where the yield of the final 

composites is significantly reduced. These conflicting properties restrain the in situ 

biofabrication of BC-GO composites.  

 

Figure 4.3 Yield of the BC-GO composites during in situ fermentation. (A) Wet thickness over the course of 

fermentation (with and without the addition of PGA) at different time points. (B) Comparison of the wet thickness 

with different GO concentrations in the initial fermentation medium (after 10 days of culturing). (C-D) Optical 

images of the BC-GO composites (bottom side, which is in contact with the liquid) without (C) and with (D) PGA 

at different GO concentrations (from left to right: 0.03 mg mL-1, 0.13 mg mL-1, 0.33 mg mL-1, 0.67 mg mL-1) in the 

initial fermentation medium after 10 days of in situ fermentation. (E-F) Optical images of the fermentation broth 

without (E) and with (F) PGA after 10 days of static culturing. * p < 0.05, ** p < 0.01, significant; ns: not significant. 
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Interestingly, the addition of PGA to the fermentation medium resulted in the formation 

of BC-GO-PGA composites (Figure 4.3B, F, S4.1). The wet thickness of BC-GO-PGA 

composites showed similar values at low and high GO concentrations, i.e., a thickness of 10 

± 1 mm at 0.03 mg mL-1 GO and 11 ± 1 mm at 0.67 mg mL-1 GO. Both BC-PGA (2.6 ± 0.1 

mm) and BC-GO similarly showed reduced wet thicknesses compared to that of pure BC (9.2 

± 0.5 mm), while the synergistic addition of PGA together with GO resulted in an increase in 

wet thicknesses for BC-GO-PGA, reaching values varying from 10 ± 1 mm to 11 ± 1 mm 

(Figure 4.3B). 

The synergistic effect of PGA and GO on the yield of the final composite can be 

explained by a reduction of BC crystallinity. The crystallization process was shown to be a 

rate limiting step during BC production.34 Negatively charged water-soluble polymers have 

been used as additives to enhance the yield by reducing BC crystallinity.35 These polymers 

can absorb via hydrogen bonds onto BC microfibrils, and their negatively charged groups 

thus prevent the aggregation BC microfibrils due to electrostatic repulsion.36 In our situation, 

the addition of negatively charged PGA failed to increase the yield, most likely because it 

increased significantly the viscosity of the fermentation medium. The polymer viscosity 

influences the diffusion of water-soluble polymers into the BC microfibril network. When 

GO was added to the fermentation medium together with PGA, the medium viscosity was 

reduced compared to PGA alone, thus promoting the diffusion of PGA onto the surface of 

each BC microfibril, resulting in the reduction of crystallinity and the enhanced yield of the 

final composites. 

At high GO concentration (0.67 mg mL-1), BC-GO-PGA showed enhanced yield 

(Figure 4.3B) and GO particles could be entrapped into the BC network (Figure 4.3D), 

however only a small fraction of the full thickness of BC-GO-PGA composites presented a 

mixed structure, manifested by a black color (Figure 4.3C, E, D, F). This is because the top 

layer of the composite (Figure 4.3E, F) was not in contact with GO in the fermentation 

medium.  

To solve this problem, we used a semi-static fermentation method (Figure 4.2). After 

one day of static culturing, a thin layer of BC-GO-PGA composite was formed. We then 

gently shook the flask containing this thin layer of BC-GO-PGA film at the air-liquid 

interface to position the film below the liquid level and left the fermentation flask static for 

another day. This allowed the grown BC to contact the GO containing fermentation medium 

and form new BC-GO-PGA layers. After 10 days of daily treatment (once a day), BC-GO-

PGA composites could be formed, with a completely colored hydrogel-like morphology 

(Figures 4.2B-D, 4.4E). 
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Figure 4.4 Characterization of layered composites. (A) Optical image of BC-PGA wet hydrogel by in situ 

fermentation before drying. SEM images of (B) the cross-section, (C) surface morphology and (D) fiber morphology 

of the BC-PGA composite material after drying. Optical images of the in situ fermented BC-PGA-GO composite 

material (E) before and (I) after drying. SEM images of (F-H) the cross-section morphology and (J-L) the surface 

morphology of the in situ fermented BC-GO-PGA composites after drying in air. 

 

Morphology of the BC-GO-PGA composites 

After an in situ fermentation procedure, the fermented BC composites would normally 

be purified following the traditional BC purification method, where BC pellicles are boiled 

with 1 w/v% of sodium hydroxide (NaOH) solution and washed with distilled water.37 This 

method, however, might result in the loss of PGA during the washing step due to its water-

soluble nature.38 To keep PGA within the fermented BC network, we used a calcium chloride 

(CaCl2·2H2O) solution, instead of NaOH, when boiling the fermented composites. During 

this process, calcium ions (Ca2+) can bind with the carboxyl groups (-COOH) in the PGA 

backbone to form a complex that resists solubilization in water. Fourier-transform infrared 

spectroscopy (FTIR) results (Figure S4.2) confirm the presence of PGA in the final 

composites. Furthermore, “freezing-thawing” (FT) procedures have been proven to be an 

effective way of improving the crystallinity and tensile properties of BC composites.39 

Therefore, after the boiling procedure with Ca2+,40 we treated our specimens with a FT 

process, where the BC composites were placed inside a -20˚C freezer during 24 hours and 

then thawed at room temperature for 6 hours. After repeating this FT process 5 times, the BC 

composites were washed with water until the pH of the water reaches 7. Hereafter, we refer 
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to this whole post-treatment procedure as “CaFT”. After this CaFT procedure, the BC wet 

pellicles were air-dried in the fume hood to form the final composite material (Figure 4.4I).  

The addition of PGA did not influence the optical appearance of BC, with both BC-PGA-

CaFT (Figure 4.4A) and pure BC (Figure S4.3) showing a white hydrogel-like appearance. 

Scanning electron microscope (SEM) images of BC-PGA-CaFT (Figure 4.4B, C, D) showed 

layered nanofibrous structures comparable to that of pure BC (Figure S4.4). However, after 

the addition of GO in the fermentation medium, the BC-GO-PGA-CaFT samples obtained 

via the semi-static method showed a black color due to the insertion of GO in the BC matrix 

(Figure 4.4E, I). SEM images of BC-GO-PGA-CaFT (Figure 4F-H, J-L) showed that GO 

particles are inserted into the layered nanofibrous network of BC, with GO being entangled 

and associated with BC nanofibers (Figure 4.4G, H, K, L). It should be noted that BC-GO-

PGA-CaFT dried films showed a wrinkled surface morphology (Figure 4.4J) while the 

surface morphology of BC-PGA-CaFT dried films was rather smooth (Figure 4.4C). The 

formation of this wrinkled structure in the GO containing sample is likely due to the large 

surface area of GO flakes, which tend to become curly, aggregate and absorb on the surface 

of BC fibers.41, 42 

Thermogravimetric analysis (TGA) curves (Figure S4.5) showed that the residual mass 

values of BC-GO-CaFT and BC-GO-PGA-CaFT lie between the ones of pure GO and BC-

PGA-CaFT, confirming the presence of GO in the final composites. The GO content in the 

final composites can be calculated based on the residual mass ratio of TGA curves,26 and the 

BC-GO-PGA dried films showed a ~50 wt% GO content. X-ray diffraction (XRD) analysis 

(Figure S4.6) revealed that the peaks present in the BC-GO-PGA-CaFT sample become less 

sharp compared to those of BC-PGA-CaFT, thus further confirming the presence of GO in 

the final composites. 

 

Tensile properties of the BC-GO-PGA composites 

To assess whether the post treatment methods have any influence on the mechanical 

properties of BC-PGA composites, tensile tests were carried out. After 10 days of static 

fermentation in presence of PGA, the BC wet pellicles were treated using 4 different methods: 

(1) by simply boiling in water (BC-PGA-water), (2) by boiling in a CaCl2·2H2O solution 

(BC-PGA-Ca), (3) by boiling in water followed by the FT procedure (BC-PGA-FT), or (4) 

by a combination of boiling in a CaCl2·2H2O solution followed by the FT procedure (BC-

PGA-CaFT). The tensile tests (Figure 4.5A) show that the CaFT post-treatment procedure 

increased both the ultimate tensile strength and the elongation at break of the BC-PGA 

composites significantly. Compared to BC-PGA boiled in water (BC-PGA-water), BC-PGA-
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CaFT showed a 36 % increase in ultimate tensile strength (from 180 ± 20 MPa to 250 ± 20 

MPa) and a 72 % increase in elongation at break (from 5.1 ± 0.8 % to 8.7 ± 0.5 %) (Table 

S4.1). Due to the beneficial effect of CaFT on tensile properties of BC-PGA composites, all 

the GO-containing specimens were post-treated with the CaFT method. 

 

Figure 4.5 Tensile properties of the composite materials. (A) Stress-strain curves of BC-PGA composites with 

different post treatment methods after in situ fermentation. (B) Stress-strains curves of the fermented composites 

after CaFT treatment. (C) Comparison of toughness values of the BC-GO-PGA composite with other specimens. (D) 

Comparison of toughness values of BC, BC-GO and BC-GO-PGA. These three specimen types are treated with 

CaFT. ** p < 0.01, significant. 

 

From the previous analysis, we could demonstrate that GO inserts into the BC network 

when the GO content in the initial fermentation broth was 0.67 mg mL-1, therefore we used 

0.67 mg mL-1 of GO here. After 10 days of semi-static in situ fermentation, BC-GO 

composites with and without PGA were post-treated with the CaFT procedure. Tensile tests 

(Figure 4.5B) revealed that BC-GO-PGA-CaFT showed a significant increase in elongation 

at break value (45 ± 8 %) compared to BC-CaFT (4.3 ± 0.3 %), BC-PGA-CaFT (8.7 ± 0.5 %) 

and BC-GO-CaFT (8.7 ± 0.5 %). A lower elastic modulus value was obtained for BC-GO-

PGA-CaFT dried films (1.8 ± 0.4 GPa, Table S4.1) compared to BC-PGA-CaFT (7.2 ± 2.2 

GPa) and BC-CaFT (10 ± 2 GPa). Furthermore, the overall toughness value of BC-GO-PGA-

CaFT reached up to 36 ± 11 MJ m-3, which is significantly higher than all other specimens 

(Figure 4.5C-D, Table S4.1). 
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Figure 4.6 Proposed breaking mechanism of the BC-GO-PGA composites. (A-C) Layer sliding, (D-F) peel off 

and (G-I) pull out morphologies are observed from SEM of the failure cross-section. 

 

The considerably higher toughness for BC-GO-PGA-CaFT dried film samples is 

explained by the higher elongation at break. To understand the underlying mechanism behind 

this increase in elongation at break, the cross-section morphology of BC-GO-PGA-CaFT 

dried films after tensile testing were examined (Figure 4.6). Instead of a catastrophic failure, 

BC-GO-PGA-CaFT dried films showed a progressive failure morphology, with layer 

sliding43 (Figure 4.6A-C), peel off44 (Figure 4.6D-F) and pull out43 (Figure 4.6G-I) 

morphologies observed. Additionally, BC-GO-PGA-CaFT dried films showed a wrinkled 

surface morphology (Figure 4.4J), and during the tensile testing, the wrinkles might extend 

and absorb energy, thus increasing the elongation at break. Therefore, the wrinkled structure 

might also be one of the reasons for the high toughness values. Moreover, the addition of 

PGA itself can also contribute to the increase in toughness, as shown previously for other 

types of composites,45, 46 since BC-PGA-CaFT showed higher toughness (Table S4.1, 14 ± 2 

MJ m-3) than BC-CaFT (6.1 ± 0.8 MJ m-3). In summary, the combined effects of several 

mechanisms including a progressive failure accompanied by layer sliding, peel off and pull 

out, a wrinkled morphology, as well as the addition of PGA, could all contribute to the fact 

that the BC-GO-PGA-CaFT dried film were significantly tougher compared to the other 

specimens. 
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Comparison with other BC based materials 

Because of its layered nanofibrous structure, and its mild and scalable production 

capability, BC draws increasing attention for the fabrication of bioinspired high-performance 

structural materials.17, 47, 48 To insert other components into the BC fibrous network, multiple 

methods, including mechanical disintegration,23-25 in situ post impregnation,37 in situ vacuum 

filtration28 and in situ fermentation,48 are being developed. Among these methods, in situ 

fermentation is the most promising method,20 as it is less energy consuming, carried out in 

mild conditions and can easily achieve a homogeneous distribution of other components into 

the BC network. However, it is problematic to insert inorganic particles into the BC network 

with a static in situ fermentation method, due to the limited diffusion of these particles to the 

air-liquid interface.26 Compared to all these BC composites fabrication methods, the semi-

static in situ fermentation method in this study provides an easily implemented approach to 

incorporate inorganic particles into a BC nanofibrous network. Due to the addition of PGA, 

the yield of final composite material increases significantly and the BC-GO-PGA shows a 

relatively high yield compared to other BC based composites produced via in situ 

fermentation (Table S4.2). The BC-GO-PGA-CaFT specimens show an excellent toughness 

value (36 MJ m-3), which is among the highest reported for BC composites and BC based 

high performance materials so far (Table 4.1). 

 

Table 4.1 Comparison of toughness values among the cellulose-based film materials. 

type of cellulose-based film  tensile toughness 

[MJ m-3] 

references 

Alkali treated cellulose  6.3 49 

BC-GO  8.2 47 

CNF (cellulose nanofiber)-GO  14 50 

Wet stretched and hot-pressed BC  25 51 

Double-cross-linked cellulose  28 52 

Hot pressed and tap-peeled BC  36 53 

Anisotropic plant cellulose  41 54 

BC-PGA-CaFT  14 This work 

BC-GO-PGA-CaFT  36 This work 
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4.3 Conclusions 

A BC-GO-PGA composite material with a bioinspired layered morphology was 

prepared following a semi-static in situ fermentation method. This BC-GO-PGA composite 

material is one of the toughest BC composite membranes reported.  GO particles were 

inserted successfully into the BC nanofibrous structure by a daily shaking procedure. Notably, 

after the addition of the bacterial polymer PGA, the yield (wet thickness) of the final BC 

composites increased significantly, which is hardly achievable by other static in situ 

fermentation methods, where the wet thickness of the final composites is generally reduced 

after the addition of components in the initial fermentation medium. Compared to other 

methods, this approach is mild and easily scalable. BC and PGA are both bacterially produced, 

making this an environmentally friendly biofabrication method for bioinspired high-

performance structural materials. Due to these advantages, this material shows promising 

applications as protective garments, or as biodegradable structural high-performance 

materials, construction materials and tissue engineering scaffolds (tendon, ligament, skin) 

that require high toughness. 
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4.5 Supplementary Information 

Experimental Section 

Materials, Strain and Medium: 

D(+)-glucose monohydrate, and di-sodium hydrogen phosphate ( ≥ 99.0%) were 

obtained from Carl Roth GmbH. Other chemicals were purchased from Sigma-Aldrich.  

The cellulose producing strain Gluconacetobacter hansenii (ATCC® 53582™) was 

inoculated in Hestrin-Schramm (HS) medium (5.0 g L-1 tryptone, 5.0 g L-1 yeast extract, 2.7 

g L-1 disodium hydrogen phosphate, 1.5 g L-1 citric acid and 20 g L-1 glucose) at 30 ˚C under 

static conditions for 3 days to obtain the BC pellicle at the air-liquid interface. The inoculum 

for bacterial fermentation was prepared by treating the BC pellicle with cellulase from 

Trichoderma reesei (aqueous solution, ≥ 700 units g-1) on a shaking platform at 180 rpm 

at 30 ̊ C overnight. The solution was then centrifuged (4 ̊ C, 3220 ×g centrifuge speed, 5 mins) 

to remove the cellulase and supernatant, and the bacterial pellet was re-suspended in fresh 

HS medium to obtain an OD600 of 1. A 1 v/v % of this solution was then used as the inoculum. 

Preparation of bacterial PGA: 

Overnight cultures of Bacillus licheniformis (B. licheniformis NBRC12107, NBRC, 

Japan) grown in BL medium (10 g L-1 peptone, 2 g L-1 yeast extract and 1 g L-1 MgSO4·H2O) 

(1.5 v/v%) were added to autoclaved PGA production medium (20 g L-1 L-glutamic acid, 13.6 

g L-1 sodium citrate monobasic, 80 g L-1 glycerol, 7 g L-1 NH4Cl, 0.5 g L-1 KH2PO4, 0.24 g 

L-1 MgSO4, 0.04 g L-1 FeCl3·6H2O, 0.15 g L-1 CaCl2·2H2O, 0.1 g L-1 MnSO4·H2O, pH was 

adjusted to 7.5) and incubated at 30 ˚C for 48 hours on a platform shaking at 180 rpm. After 

incubation, the formed viscous PGA solution was centrifuged at × 8200 g for 15 min at 4 ˚C 

to remove the bacteria. The polymer solution was mixed with over twice the volume of 

ethanol. The precipitated PGA polymer was then dried in the oven at 50 ˚C for 2 days. The 

dried PGA solid polymer was UV treated overnight and dissolved into sterilized distilled 

water at 1 w/v% concentration for use. 

Preparation of the fermentation medium:  

The total volume of the fermentation medium was fixed at 12 mL. 8 mL of HS medium 

and 120 µL of bacteria were added to each glass tube. For the samples with PGA, 2 mL of 1 

w/v% PGA solution was added. 0.05 mL, 0.1 mL, 0.5 mL or 1 mL of 8 mg mL-1 GO solutions 

were added to different tubes. Finally, sterilized distilled water was added to make sure that 

the total volume in each tube was exactly 12 mL. These fermentation broths with different 
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GO concentrations (0.03 mg mL-1, 0.13 mg mL-1, 0.33 mg mL-1, and 0.67 mg mL-1) were 

then incubated at 30 ˚C for 24 hours. 

Semi-static in situ fermentation: 

The above GO containing fermentation broths were incubated at 30 ˚C in static 

conditions. After a period of 24 hours, a thin film formed at the air-liquid interface. The 

incubation flask was gently shaken so that the solid BC pellicle was submerged below the 

liquid level, and the flask was left in a static position for another 24 hours of fermentation. 

This procedure was repeated daily until the end of the fermentation. The BC pellicle remained 

close to the air-liquid interface after being shaken gently, likely due to the presence of BC 

nanofibers in the liquid (Figure S4.7), which increased the density of the liquid. Unless 

specified, all BC pellicles in this study were prepared following this semi-static in situ 

fermentation method. 

Post-treatment of the composites: 

After fermentation, the solid pellet was transferred into a beaker, filled with 200 mL of 

1M CaCl2·2H2O solution. The pellet was boiled on a heating plate for 10 mins to kill the 

bacteria. After cooling down, the pellet was transferred into a -20 ˚C freezer for 24 hours and 

then thawed at room temperature for 6 hours. After repeating this FT process 5 times, the BC 

composites were washed with water until the pH of the water reached 7. After this “CaFT” 

procedure, the BC wet pellicles were dried in the fume hood for 7 days to form the resulting 

composites and stored in a glass desiccator with reduced pressure for further testing. To check 

the moisture content, the air-dried films were further oven-dried at 50 ˚C for 48 hours. The 

air-dried films showed similar morphology and moisture content compared to the air-and-

oven-dried films (Figure S4.8).  

Characterization of the BC composites: 

The wet thicknesses of the different composite pellicles of varying culturing times were 

measured with a Vernier caliper.  

The materials’ morphology was observed by SEM (JEOL JSM 6010 LA). The material 

was sputter-coated with gold-palladium at 20 mA for 60 s and was observed at 5-15 kV with 

SEI mode under vacuum.  

FTIR (Perkin Elmer, Spectrum 100) equipped with an attenuated total reflection (ATR) 

accessory was carried out with the average of 20 scans in the 550-4000 cm-1 range at a 

resolution of 4 cm-1. 

TGA (Mettler Toledo) was performed at 30-1000 ˚C with a heating rate of 10 ˚C min-1 

in nitrogen atmosphere. The GO content in the final BC-GO-PGA dried film was calculated 

by TGA1 according to equation (4.1): 
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𝑤𝑡%(𝐺𝑂) =
𝜑0−𝜑𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝜑𝐺𝑂−𝜑𝑝𝑜𝑙𝑦𝑚𝑒𝑟
× 100%             (4.1) 

Where φ0 is the total residual ratio of TGA for BC-GO-PGA dried film under nitrogen 

atmosphere, φpolymer is the residual ratio of BC-PGA dried film under the same measurement 

conditions, and φGO is the residual ratio of pure GO under the same testing conditions. 

XRD (Bruker D8 Advance, Bruker AXS) was carried out by an Ultima III X-Ray 

diffractometer (Rigaku Co. Ltd., Japan). Ni-filtered Cu Kα radiation (λ = 0.1542 nm) was 

generated from 40 kV voltage and 40 mA current, with a LynyEye detector, Cobalt (with Iron 

filter) source, Bragg Brentano (reflection mode) geometry, a step size of 0.02˚ and scan speed 

of 2˚/min between 2θ = 5˚- 60˚.  

Tensile testing: 

For tensile strength testing, the samples were prepared by drying the wet pellicle in a 

fume hood during 7 days. These dried films were cut into rectangular shapes with dimensions 

of 50 × 7 mm2 and stored into a glass desiccator with reduced pressure before tensile testing. 

The tensile testing was performed using a Zwick/Roell Z010 universal testing machine with 

a 500 N load cell and 1 kN grips. The grip distance was 10 mm and the tests were carried out 

with a loading rate of 2 mm min-1 under ambient lab conditions, with a temperature of 23 °C 

and 45 % humidity.  

Statistics: 

Statistical analyses were performed on https://astatsa.com/. The experimental groups 

were compared using one-way (single factor) ANOVA with post-hoc Tukey's HSD (honest 

significant difference) tests. 

 

Figure S4.1 Side view of BC-GO composites obtained by in situ fermentation. Without PGA, the sample 

thickness decreases at higher GO concentration in fermentation medium. After the addition of PGA, the sample 

thickness remains similar at various GO concentrations. GO could penetrate into the BC network (black area) only 

at higher GO concentrations. 
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Figure S4.2 FTIR spectra of the in situ fermented BC composites. 

 

 

Figure S4.3 Optical images of pure BC wet pellicle after treatment with CaFT. 

 

 

Figure S4.4 SEM image of the cross-section of a freeze-dried pure BC film. 
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Figure S4.5 TGA curves of the in situ fermented BC composites. 

 

Figure S4.6 XRD spectra of the in situ fermented BC composites. 

 

 

Figure S4.7 Optical images of fermented BC pellicles. (A) Tube with a solid BC pellicle floating in the liquid 

medium. (B) Optical image of a solid BC pellicle connected to a gel-like suspension (white dashed circle). This gel-

like suspension comes from the liquid medium during fermentation. 
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Figure S4.8 SEM images and TGA curves of air-dried (7 days) BC-GO-PGA film and air-dried and further 

oven dried BC-GO-PGA film. The air-dried BC-GO-PGA film (A) shows similar morphology to the air-dried and 

oven dried BC-GO-PGA film (B). The TGA curves (C) show that there is minimal difference from water loss. 

 

Table S4.1 Tensile properties of in situ fermented BC composites (mean ± standard deviation). 

Sample ID Tensile Strength 

[MPa] 

Elongation at Break 

[%] 

Young’s Modulus 

[GPa] 

Toughness 

[MJ m-3] 

BC-CaFT 230.9 ± 11.9 4.3 ± 0.3 10.0 ± 2.3 6.1 ± 0.8 

BC-PGA-water 182.8 ± 15.1 5.1 ± 0.8 7.1 ± 1.7 5.6 ± 0.4 

BC-PGA-Ca 158.2 ± 11.1 3.7 ± 0.3 7.1 ± 2.3 3.5 ± 0.6 

BC-PGA-FT 207.2 ± 9.1 5.5 ± 0.3 7.5 ± 6.4 7.0 ± 0.3 

BC-PGA-CaFT 248.3 ± 17.0 8.7 ± 0.5 7.2 ± 2.2 14.0 ± 1.6 

BC-GO-CaFT 157.8 ± 16.4 6.3 ± 1.2 6.1 ± 0.7 6.5 ± 2.0 

BC-GO-PGA-CaFT 130.5 ± 17.4 44.9 ± 7.6 1.8 ± 0.4 35.7 ± 10.6 

 

Table S4.2 Dry weight yield of BC based composites formed via in situ fermentation. 

Sample ID Dry weight yield  

(g L-1) 

References 

BC-Polyethylene glycol 400 2.2-5.4 2 

BC-cyclodextrin 5.8-6.6 2 

BC-carboxyl methyl cellulose 7.2 3 

BC-Poly vinyl alcohol 3.8 4 

BC-gelatin 0.5 5 

BC-alginate 0.8-1.0 3 

BC-PGA-CaFT 2.9 This work 

BC-GO-CaFT 4.8 This work 

BC-GO-PGA-CaFT 6.3 This work 

 

 



Chapter 4 

100 

References: 

  1.  Guan, Q.-F.; Han, Z.-M.; Luo, T.-T.; Yang, H.-B.; Liang, H.-W.; Chen, S.-M.;  

Wang, G.-S.; Yu, S.-H. A General Aerosol-Assisted Biosynthesis of Functional Bulk 

Nanocomposites. Natl. Sci. Rev. 2019, 6 (1), 64-73. 

  2.  Heßler, N.; Klemm, D. Alteration of Bacterial Nanocellulose Structure by In Situ 

Modification Using Polyethylene Glycol and Carbohydrate Additives. Cellulose 2009, 16 

(5), 899-910. 

  3.  Cheng, K.-C.; Catchmark, J. M.; Demirci, A. Effect of Different Additives on 

Bacterial Cellulose Production by Acetobacter Xylinum and Analysis of Material Property. 

Cellulose 2009, 16 (6), 1033-1045. 

  4.  Yu, K.; Balasubramanian, S.; Pahlavani, H.; Mirzaali, M. J.; Zadpoor, A. A.; Aubin-

Tam, M. E. Spiral Honeycomb Microstructured Bacterial Cellulose for Increased Strength 

and Toughness. ACS Appl. Mater. Interfaces 2020, 12 (45), 50748-50755. 

  5.  Chen, Y.; Zhou, X.; Lin, Q.; Jiang, D. Bacterial Cellulose/Gelatin Composites: In Situ 

Preparation and Glutaraldehyde Treatment. Cellulose 2014, 21 (4), 2679-2693. 

 



 

The content of this chapter is based on:  

Ewa M Spiesz,* Kui Yu,* Benjamin A. E. Lehner, Dominik T. Schmieden, Marie-Eve Aubin-

Tam, Anne S. Meyer. Journal of Visualized Experiments, 2019, 147, e59477. 

* equal contributions. 

 

5 

Three-dimensional Patterning of 

Engineered Biofilms with a Do-it-yourself 

Bioprinter  
 

Abstract: Biofilms are aggregates of bacteria embedded in a self-produced spatially-

patterned extracellular matrix. Bacteria within a biofilm develop enhanced antibiotic 

resistance, which poses potential health dangers, but can also be beneficial for environmental 

applications such as purification of drinking water. The further development of anti-bacterial 

therapeutics and biofilm-inspired applications will require the development of reproducible, 

engineerable methods for biofilm creation. Recently, a novel method of biofilm preparation 

using a modified three-dimensional (3D) printer with a bacterial ink has been developed. This 

article describes the steps necessary to build this efficient, low-cost 3D bioprinter that offers 

multiple applications in bacterially-induced materials processing. The protocol begins with 

an adapted commercial 3D printer in which the extruder has been replaced with a bio-ink 

dispenser connected to a syringe pump system enabling a controllable, continuous flow of 

bio-ink. To develop a bio-ink suitable for biofilm printing, engineered Escherichia coli 

bacteria were suspended in a solution of alginate, so that they solidify in contact with a 

surface containing calcium. The inclusion of an inducer chemical within the printing 

substrate drives expression of biofilm proteins within the printed bio-ink. This method 

enables 3D printing of various spatial patterns composed of discrete layers of printed biofilms.  

Such spatially-controlled biofilms can serve as model systems and can find applications in 

multiple fields that have a wide-ranging impact on society, including antibiotic resistance 

prevention or drinking water purification, among others. 
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5.1 Introduction 

There is currently an increasing need to develop environmentally-friendly, sustainable 

solutions for the production of spatially-patterned materials, due to the expanding number of 

markets for such materials.1 This article presents a simple, economical method for the 

production of such materials and therefore offers a large spectrum of future applications. The 

method presented here allows three-dimensional (3D) printing of spatially-patterned 

structures using a bio-ink containing living bacteria. Bacteria remain viable within the printed 

structures for over one week, enabling the bacteria to perform natural or engineered metabolic 

activities. Printed bacteria can thereby produce and deposit desired components within the 

printed structure, for example creating a functional cross-linked biofilm.2 

Traditional methods for the production of advanced materials involve high energy 

expenditures (e.g., high temperatures and/or pressures) and can produce large quantities of 

chemical waste, often toxic substances that require cost-extensive utilization.3, 4 In contrast, 

multiple bacterial species are able to produce materials that can be readily applicable in 

various industries. These materials include polymers such as polyhydroxyalkanoates (PHA)5 

or poly(glycolide-co-lactide) (PGLA),6 bacterial cellulose,7 bacterial concrete materials,8 

biomimetic composites,9 amyloid-based adhesives,10 or bio-based electrical switches,11 

among others. Moreover, bacterial production of valuable materials typically takes place at 

near-ambient temperatures and pressures and in aqueous environments, without requiring or 

producing toxic compounds. While producing materials with bacteria has been demonstrated 

in the literature and some industrial applications have already emerged,12, 13 a reliable method 

for spatial patterning of such materials remains a challenge.  

This article demonstrates a straight-forward method of converting a low-cost 

commercial 3D printer into a 3D bacterial printer. The protocol shows how to prepare a bio-

ink containing and sustaining the living bacteria, as well as how to prepare substrates onto 

which the 3D printing can be performed. This method is appropriate to use with a variety of 

natural and engineered bacterial strains able to produce materials. These bacteria can be 

spatially distributed within a 3D printed structure and still continue their metabolic activity, 

which will result in a spatial distribution of the desired materials produced by the bacteria.  

This printing method enables additive manufacturing of biofilms, aggregates of bacteria 

surrounded by a self-produced extracellular matrix. Biofilms are heterogeneous 3D networks 

in which proteins, polymers, bacterial cells, oxygen, and nutrients are all spatially 

structured.14 While in the form of a biofilm, bacteria exhibit an increased antibiotic resistance 
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and structural robustness, making them difficult to eradicate from surfaces including medical 

catheters and implants. The key to biofilm properties, and also the largest challenge to biofilm 

research, seems to be the heterogeneity of biofilms.15-17 Production of spatially-controlled 

model biofilms is of special interest as it would allow for either reproducing or tuning the 

spatial patterns of biofilm components, aiding the understanding of the stable deposition of 

biofilms on virtually any surface in nature. 

This article presents a method for the production of biofilms using 3D-printed hydrogels 

containing engineered E. coli bacteria that produce biofilm proteins in the presence of an 

inducer, as well as methods of verification of biofilm formation.2 The major extracellular 

matrix components of these biofilms are curli amyloid fibers18 that contain self-assembled 

CsgA proteins. When engineered E. coli bacteria are induced to express CsgA proteins, they 

form a stable model biofilm that protects the cells against being washed off of the printing 

surface. Such a 3D printed biofilm can be spatially controlled and can serve as a useful 

research tool for the investigation of multiscale biofilm structure-function mechanics or 

materiomics.19 These bespoke biofilms will aid the understanding of the principles of biofilm 

formation and their mechanical properties, enabling further research into the mechanisms of 

antibiotic resistance among other applications. 

5.2 Protocol 

Conversion of a commercial 3D printer into a 3D bioprinter  

a. Remove the extruder and the heater of a commercial 3D printer (Table of Materials) 

from the printer frame, and unplug the wiring controlling these elements from the main circuit 

board (Figure 5.1A). Since the sensor that controls the operational temperature of the printer 

needs to be functional to communicate with the printer software, remove from the printing 

software the algorithm that delays printing until operational temperature is reached.  

b. Connect a pipette tip (200 µL tip) via silicon tubing (inner diameter of 1 mm) to a 5 

mL syringe loaded into a syringe pump. Mount the pipette tip onto the 3D printer extruder 

head as a replacement for the original extruder (Figure 5.1B).  

c. If more than one type of bio-ink will be used, mount additional tubing system(s) and 

pipette tip(s) to the printer. 

Substrate preparation for 3D printing 

a. Add 4 mL of 5 M CaCl2 solution to 400 mL of 1 w/v% agar dissolved in Luria-Bertani 

broth (LB) medium, supplemented with appropriate antibiotics and inducers (here 34 µg/mL 

chloramphenicol and 0.5 % rhamnose).  
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b. Dispense 20 mL of the LB-agar solution into each 150 mm × 15 mm Petri dish. Dry 

30 min at room temperature with the lid half-open.  

NOTE: The protocol can be paused here by storing these printing substrates at 4 °C for up to several days. 

Bio-ink preparation 

a. Prepare a sodium alginate solution (3 w/v%), and heat to the boiling point three times 

to sterilize the solution. Store at 4 °C until used. 

b. Grow E. coli MG1655 PRO ΔcsgA ompR234 (E. coli ΔcsgA) bacteria carrying 

plasmids pSB1C3-green fluorescent protein (GFP) (constitutive GFP expression)2 or 

pSB1C3-GFP-CsgA (constitutive GFP expression, rhamnose-inducible CsgA expression) 

overnight at 37 °C with shaking at 250 rpm in 50 mL of LB medium containing 34 µg mL-1 

chloramphenicol and 0.5 % rhamnose.  

c. Centrifuge the cell culture for 5 min at 3220 ×g to pellet the bacteria. Remove the 

supernatant. 

d. Re-suspend the bacteria pellet in 10 mL of LB medium and add 10 mL of sodium alginate 

(3 w/v%). 

3D printing process 

a. Install and open the 3D printing software (Table of Materials) on a computer. Connect 

the 3D printer to the computer. Move the printhead to its home position by clicking the home 

button for the X, Y, and Z axes. 

b. For each print, place a prepared printing substrate onto a particular location on the 

printing bed.  

c. Calibrate the height of the printhead in the Z axis. 

Raise the printhead to a height of 22 mm under manual control, so that it will not collide 

with the edge of the petri dish when moving to the desired position. Position the printhead 

overtop of the plate, and move it down until the pipette tip contacts the printing surface. 

Assign this Z-axis position as Z1 (the height of the printing surface).  

Raise the printhead, and move it outside of the plate area by manual control in the X, Y, 

and Z axes. If the working distance between the printhead and the plate surface is defined as 

Z2, enter Z1 + Z2 into the printing program as the Z-value during printing. 

d. Program the printing shape by a self-developed point-by-point coordinate-determined 

method according to the desired trajectory.  

If the desired trajectory is a straight line, define only the start and end points. Including 

additional points on curved lines will result in smoother curves. Move the printhead manually 

to every point sequentially, and record the coordinates of these points in order. Enter all of 
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these coordinates as well as the printhead moving speed for each printed segment into the G-

code editor.  

e. Both before and after printing, lift the printhead to a distance higher than the plate 

edge (20 mm), and move directly out of the plate region. Save this program as a G-code file 

and load directly for use in subsequent prints, while re-measuring the Z axis height for each 

new printing substrate.  

NOTE: See Table 5.1 for an example G-code for printing a square. 

 

Table 5.1 Programming process and explanations of G-code for printing a square. 

G-code commands Tasks 

G1 Z20 F9000   Lift the z-axis to 20 mm height with 9000 mm/min moving speed. 

G1 X95 Y65 F9000   Move to the starting point of the first line with 9000 mm/min moving speed. 

G1 Z6 F9000   Move downwards in the z-direction to a proper (here z=6mm) printing distance. 

G1 X95 Y105 F300  End point of the first line and starting point of the second line. 

G1 X135 Y105    End point of the second line and starting point of the third line. 

G1 X135 Y65   End point of the third line and starting point of the fourth line. 

G1 X95 Y65   End point of the fourth line and the starting point of the first line; a square is formed. 

G1 Z20 F9000   Lift the z-axis to 20 mm height with 9000 mm/min. 

G1 X55 Y40 F9000   Move to a coordinate (55, 40) outside of the petri dish range. 

 

f. Load the pre-programmed G-code file. Open the G-code editor in the software, and 

program in the commands for printing the desired shape. At each command line, the position 

of the printhead may be changed in the X, Y, and/or Z axis. Input the Z value during all 

printing steps as Z1 + Z2 (height of printing surface + working distance).  

NOTE: The moving speed is also adjustable; 9000 mm min-1 is a suitable value for typical printing rates.  

g. Load the liquid bio-ink into syringe(s), and mount them in the syringe pump(s) of the 

3D bioprinter. 

h. Print the bio-ink onto the printing substrate by clicking the Print button.  

i. During printing, control the printhead movement entirely by the software. Manually start 

the syringe pump before the printhead comes into contact with the printing surface.  

NOTE: The coordination of the syringe pump and the printer is empirically determined depending on the 

extrusion speed, the speed at which the printhead moves to the first print point, and the initial position of the 

printhead. If the initial printhead position is 20 mm, with a printhead speed of 9000 mm min-1 and an extrusion speed 

of 0.1 mL h-1, start the syringe pump immediately after the printing is started. If the extrusion speed is changed from  
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0.1 mL h-1 to 0.3 mL h-1, then wait 2−3 s to start the syringe pump after the printing is started. 

 

j. Stop the syringe pump as soon as the printhead arrives at the last point of printing. 

Halt the syringe pump before the printhead lifts up at the end of the printing process, 

otherwise excess bio-ink will drop onto the printing substrate and reduce the printing 

resolution. 

k. For the construction of 3D structures, control all movements of the printhead in the 

G-code editor. Type in the printing height of the first layer. Increase the Z-value in the G-

code by 0.2 millimeters for the second layer to increase the printing height. Thereafter, 

increase the Z-value by 0.1 millimeters when moving to a higher layer. Do not move the plate 

during the printing process. 

l. To measure the width and height of the printed hydrogel, use a steel ruler placed 

underneath or alongside the sample.  

Growing and testing the effectiveness of biofilm production by E. coli 

a. Incubate the printed samples at room temperature for 3−6 days to allow the 

production of biofilm components (curli fibers). Image the plates using a camera or 

fluorescent scanner. 

b. To dissolve the alginate matrix, add 20 mL of 0.5 M sodium citrate solution (pH = 7 

adjusted with NaOH) to the printing substrates, and incubate for 2 h with 30 rpm shaking at 

room temperature. Discard the liquid and image the plates again to compare with the images 

of the plates before citrate treatment. 

 

 

 

Figure 5.1 Photos showing the conversion of a commercial 3D printer into a 3D bioprinter. (A) The components 

of the 3D bioprinter after conversion from a commercial 3D printer. (B) The bio-ink extruder formed by a tubing 

system attached to a pipette tip. Additional printing tips can be added in the second printhead hole or by adding 

additional holes to the printhead, for use in printing multiple types of bio-ink. 
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5.3 Results 

The first step for successful 3D printing of biofilms is converting a commercial 3D 

printer into a bioprinter. This conversion is achieved by removing the extruder and heater of 

the printer, designed for printing with a polymeric ink, and replacing these with components 

appropriate for printing bio-ink containing living bacteria (Figure 5.1A). The extruder is 

replaced by a pipette tip (or tips, if multiple bio-inks will be used in the printing process) 

attached to a tubing system connected to a syringe pump (Figure 5.1B). The successful 

conversion of the commercial printer into a bioprinter can be assessed based on the ability to 

transfer desired bio-ink(s) from the syringe pump through the tubing system and pipette tip(s) 

onto a printing surface without leaking or heating the bio-ink. If the tubing bulges due to the 

flow of bio-ink during printing, it may be replaced by tubing with thicker walls. It should be 

noted that this printing technique should be able to work with any type of commercial 3D 

printer for which tubing can be attached to the printhead. 

 

Figure 5.2 Examples of 3D bioprinted patterns containing E. coli pSB1C3-GFP-CsgA. These images were taken 

two days after printing. This printing resolution was obtained with pumping speed 0.3 mL h-1, printhead movement 

speed 300 mm min-1, and working distance 0.2 mm. The G-codes for printing these shapes may be found in the 

Supplemental Files. 

 

The 3D bioprinter can create bacteria-encapsulating hydrogels in a variety of two-

dimensional (2D) and 3D shapes (Figure 5.2). Calcium ions in the printing substrate induce 

solidification (chelation of calcium ions with alginate carboxyl groups) of the bio-ink upon 

printing, converting the liquid bio-ink into a solid hydrogel. The resolution of bioprinting 

will depend on the extrusion speed, the size of the pipette tip, the speed of the printhead, the 

volume and concentration of CaCl2 solution added to the agar solution, the flatness of the 

printing surface, and the viscosity of the bio-ink used. The concentration of CaCl2 solution 
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has a great influence on hydrogel sharpness. Four different concentrations of CaCl2 (0.1 M, 

0.2 M, 1 M, and 5 M) were sampled, and only 5 M CaCl2 solution resulted in hydrogel that 

did not become blurred after printing. Therefore, 5 M was chosen as the optimal 

concentration of CaCl2 solution.  

 

In an earlier version of this protocol, the CaCl2 solution was applied onto the surface of 

the agar plate rather than mixed into the agar solution before pouring the agar plate. When 

using this version, the volume of the CaCl2 solution has a critical influence over printing 

quality and resolution. When using a 150 × 15 mm Petri dish, applying a volume of calcium 

chloride solution of more than 100 μL (or 30 μL for a 90-mm Petri dish) results in too much 

liquid remaining on the printing surface. This liquid may spread unevenly when the plate is 

moved, which can change the working distance and cause blockage of the pipette tip. Too 

much volume of CaCl2 can also cause printed hydrogels to float and slide across the solution, 

changing the shape and position of the printed hydrogel. If the volume of calcium chloride 

solution is too small, some regions of the plate may not receive CaCl2 solution and will have 

poor hydrogel solidification. In this improved protocol, adding the CaCl2 solution directly 

into the agar solution prior to pouring the agar plate resulted in substantially less moisture on 

the surface of the printing substrate compared to the surface-applied method, resulting in 

dramatically improved printing resolution. 

 

Table 5.2 The optimal printing parameters for hydrogels with high resolution. Five points were measured for each 

condition. The average value and standard deviation are shown in the table. 

Extrusion speed (mL/h) Printhead moving speed (mm/min) Gel width 

(mm) 

0.1 100 1.6 ± 0.1 

0.1 200 1.1 ± 0.1 

0.1 300 1.0 ± 0.1 

0.3 300 1.8 ± 0.1 

0.3 400 1.2 ± 0.1 

0.3 500 0.9 ± 0.1 

0.5 200 2.2 ± 0.2 

0.5 1200 1.2 ± 0.2 

0.7 200 2.8 ± 0.1 

0.7 1200 1.3 ± 0.1 
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The extrusion speed and printhead movement are interdependent and can be tuned in a 

coordinated manner to alter the printing resolution. For example, if the printer is operated 

with extrusion speed between 0.1 mL h-1 and 0.5 mL h-1 with a constant printhead movement 

speed of 300 mm min-1, the diameter of the printed hydrogel increases with the increase of 

extrusion speed.2, 20 At extrusion speeds over 0.5 mL h-1, the outer edges of the printed lines 

of hydrogel change from straight, parallel lines to wavy lines, and the line width also 

increases. The velocity of the printhead also has an influence on the printing resolution. With 

a constant extrusion speed of 0.3 mL h-1, increasing the speed of the printhead from 300 mm 

min-1 to 500 mm min-1 results in the width of the printed hydrogel becoming narrower, 

decreasing from 1.8 mm to 0.9 mm. If the printhead moving speed is over 500 mm min-1, the 

gel line will easily become discontinuous. For a 200 µL pipette tip and the bio-ink used in 

the current study, several combinations of the printing resolution are considered optimal 

(Table 5.2). At pumping speed 0.3 mL h-1, printhead movement speed 500 mm min-1, and 

working distance 0.2 mm, printed hydrogel is produced with a width of approximately 0.9 

mm. 

 

Figure 5.3 A method of verifying whether biofilm components have been produced by E. coli bacteria within 

a printed pattern. When printed E. coli contained a plasmid that did not encode for curli induction, the printed 

pattern was completely dissolved by sodium citrate treatment (A and B). When E. coli containing a plasmid encoding 

inducible curli proteins was used, the printed biofilm was resistant to sodium citrate treatment (C and D). The 

programming process and explanations of the G-code for printing this square pattern are provided in Table 5.1. 
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One crucial achievement of the bacterial 3D printing method is its ability to create 

engineered biofilms. To create an engineered and spatially-controlled biofilm, the bacteria 

should not only survive the 3D printing process but should also produce biofilm components 

while remaining within the printed pattern. The engineered E. coli bacteria used in this 

protocol, E. coli ΔcsgA bacteria carrying the plasmid pSB1C3-GFP-CsgA, enable 

controllable expression of curli proteins. The use of a csgA-knockout strain ensures that CsgA 

protein is only expressed when it is induced from a plasmid with rhamnose. The bacteria 

export the induced CsgA protein subunits, which then self-assemble21 onto CsgB proteins on 

the bacterial outer membrane22 to form curli fibers. These amyloid-like fibers are the major 

proteinaceous components of biofilm extracellular matrix: a connected network of proteins 

and polymers in which the bacteria are embedded. The printed alginate matrix of the 3D-

printing bio-ink lends physical support and structure to the bacteria during the curli 

production process. The use of constitutive GFP expression allows for visualization and 

quantification of printed cells via fluorescence imaging. 

In order to assess whether the formation of biofilm was successful, the alginate matrix 

was dissolved using a sodium citrate solution, and the shape of the printed bio-ink was 

assessed after the citrate treatment (Figure 5.3). In the case of bio-ink without the inducible 

curli production plasmid, the printed pattern was completely dissolved after the sodium 

citrate treatment, signifying that no biofilm curli network had formed (Figure 5.3A, B). In 

the case of bacteria containing the inducible curli production plasmid, the gel was not 

dissolved after sodium citrate treatment (Figure 5.3C, D). This result indicates that the 

printed bacteria were able to form a curli network extensive enough to stabilize the printed 

pattern of bacteria.2 

 

Figure 5.4 Top view (A) and side view (B) of multi-layered printed structures containing E. coli pSB1C3-GFP-

CsgA. This sample was printed with pumping speed 0.3 mL h-1, printhead movement speed 200 mm min-1, and 

working distance 0.2 mm.  
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To construct multi-layered structures, additional layers were printed (Figure 5.4) by 

adjusting the print height and print trajectory in the G-code editor. Increasing the number of 

printed layers in a sample caused the width and the height of the printed structures to increase 

incrementally (Figure 5.5),2, 20 but even 5-layer printed structures could be created with a 

resolution of millimeters to sub-millimeters. When E. coli engineered to inducibly produce 

curli proteins were printed into multi-layered structures, sodium citrate treatment did not 

dissolve the samples, whereas multi-layer structures containing non-curli-producing E. coli 

were dissolved in sodium citrate solution (Figure 5.6). This experiment demonstrates that 

engineered biofilms can be created in multi-layered, three-dimensional printed structures, as 

well as in single-layer printed structures. 

 

Figure 5.5 The line width and height of printed hydrogels containing different numbers of printed layers. The 

measurements were performed on samples printed with pumping speed 0.3 mL h-1, printhead movement speed 500 

mm min-1, and working distance 0.2 mm. 

5.4 Discussion 

The protocol presented here for 3D printing of engineered biofilms has two critical steps. 

First is the preparation of the agar printing surface, which is the most critical factor to 

producing a specific printing resolution. It is important to ensure that the printing surface is 

flat and that the pipette tip on the printhead is positioned at the correct height from the surface. 

If the surface is not flat, the working distance will change during the printing process. If the 

working distance is less than 0.1 mm, the CaCl2 solution could enter inside the pipette tip and 

cause hydrogel formation, causing the pipette tip to become clogged. If the working distance 

is more than 0.3 mm, the gel cannot be printed continuously. The optimal working distance 

in this study is 0.2 mm. Good approaches for preparing flat agar printing surfaces are to use 
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larger-diameter Petri dishes (150-mm-diameter Petri dish rather than a 90-mm-diameter 

plate), place the plates on a flat table, pour the agar solution with fast and even speed, and 

avoid moving the agar plate during its solidification.  

 

Figure 5.6 A method of verifying whether biofilm components have been produced by E. coli bacteria within 

multi-layer printed structures. Engineered E. coli was printed into 1-, 3-, or 5-layer hydrogels and incubated for 

6 days. When the printed E. coli contained a plasmid that did not encode for curli induction, the printed pattern was 

completely dissolved by sodium citrate treatment (A and B). When the printed E. coli contained a plasmid encoding 

inducible curli proteins, the printed biofilm was resistant to sodium citrate treatment (C and D). 

 

The second critical step is the selection of desired printing parameters including 

pumping speed, viscosity of the bio-ink used, and printhead speed, which determine the 

resulting printing resolution. To select these parameters in an efficient manner, the user can 

sample several extreme values for printhead speed with a constant extrusion rate, noting the 

width of the printed hydrogel for each set of conditions. Then, repeat this experiment with 4 

other extrusion rates. Next, take the five combinations that produced the best printing 

resolution for the application, and vary both printing parameters (pumping and printhead 

speeds) in smaller and smaller steps until the desired resolution is obtained. 

The thickness of the printed lines has an impact on the ability of the printed engineered 

bacteria to form stable biofilms. Under optimal printing conditions (pumping speed 0.3 mL 

h-1, printhead speed 300 mm min-1, and working distance 0.2 mm), printed lines of bio-ink 

will produce stable biofilms after 3-6 days of incubation at room temperature. If the lines 
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become thicker, such as by increasing the pumping speed, the middle regions of each line 

may not be induced sufficiently to produce citrate-stable biofilms.  

When printing a multi-layer bio-ink hydrogel, each printed layer is solidified upon 

contacting the calcium ions that have diffused into the previous printed layer. Since the Ca2+ 

concentration in the printing substrate is high, Ca2+ ions can rapidly diffuse up through the 

lower layers. Therefore, the upper layers can be printed immediately after the previous layers 

have been printed, simply by adjusting the print height in the G-code editor. Additionally, the 

printing distance of the upper layer should be restricted to only 0.1−0.2 mm higher than the 

printing distance of the previous layer. If the added printing distance is less than 0.1 mm, the 

tip will drag across the first layer and reduce the resolution of the printed hydrogel. If the 

added printing distance is larger than 0.2 mm, the bio-ink will form drops of liquid during 

extrusion, causing the printed hydrogel to become discontinuous. 

The current bioprinting approach enables the production of reproducible, spatially-

controlled engineered biofilms, suitable for use in the study of biofilm mechanical properties 

or biological resistance of biofilm bacteria to various factors including antibiotics, surfactants, 

etc. This capability ensures a direct usability of the proposed method. The development of 

higher-precision do-it-yourself (DIY) bioprinters will likely be possible by maintaining the 

printing working distance but lowering the pumping speed and the moving speed of the 

printhead, or by sampling different extruder geometries and bio-ink chemistries. With future 

improvements to the printing resolution, additional applications can be enabled such as tissue 

engineering or drug delivery. The 3D bioprinting approach described here should also be able 

to be expanded to printing additional types of bacteria species that are biocompatible with 

our alginate-based bio-ink. The current protocol provides sufficient sterility by repeatedly 

boiling the bio-ink during preparation, using sterile syringes and printing tips, and utilizing 

antibiotics in both the bio-ink and printing plate. Future experiments using wild-type bacteria 

may require additional sterilization measures such as replacing or disinfecting the tubing 

system between prints. 

To the authors’ best knowledge, the presented method (originally developed in Lehner 

et al.20) is the first published example of an additive manufacturing style for 3D printing of 

bacteria. In the first part of this protocol, this general method is described in detail for the 3D 

printing of bacteria, which is applied to the production of engineered biofilms.2 Multiple 

future applications of 3D-printed biofilms are possible using this method. In nature, multiple 

bacterial systems have evolved that create various types of biofilms, of which in this article 

a single system was explored. Multiple other systems can be easily examined by creating 3D-

printed biofilms with other bacterial systems, such as Bacillus subtilis or Acetobacter xylinum. 
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Alternative methods23, 24 have also been developed for spatial patterning of bacteria at high 

resolution using optical signals. These approaches require more expensive, complicated 

equipment to achieve them in comparison to this printer, and are only suitable for patterning 

of genetically engineered bacteria. 

The ability to spatially pattern 3D-printed biofilms with this method can allow for the 

creation of engineered biofilms that reproduce the spatial heterogeneity of natural biofilms.17 

Because of the highly detailed arrangement of protein and polymeric fibers within a biofilm, 

bacteria in a biofilm state achieve a much higher resistance to chemical and physical stimuli, 

such as an increased resistance to antibiotics as compared to the same bacteria in a planktonic 

state. Moreover, bacteria within a biofilm show an increased resistance to fluid flow, making 

the maintenance and sterility of implantable medical devices much more difficult.25 Printed 

engineered biofilms that attempt to reproduce the specific spatial distributions of biofilm 

components are powerful tools for studying the mechanisms by which bacteria within a 

biofilm achieve resistance phenotypes. 
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6 

Bioprinting of Regenerative 

Photosynthetic Living Materials  

 

Abstract: Living materials, which are fabricated by 

encapsulating living biological cells within a non-living 

matrix, have gained increasing attention in recent years. 

Their fabrication in spatially-defined patterns that are 

mechanically robust is essential for their optimal 

functional performance but is difficult to achieve. Here a 

bioprinting technique employing environmentally-

friendly chemistry to encapsulate microalgae within an 

alginate hydrogel matrix is reported. The bioprinted photosynthetic structures adopt pre-

designed geometries at sub-millimeter-scale resolution. A bacterial cellulose substrate 

confers exceptional advantages to this living material, including strength, toughness, 

flexibility, robustness, and retention of physical integrity against extreme physical distortions. 

The bioprinted materials possess sufficient mechanical strength to be self-standing, and can 

be detached and reattached onto different surfaces. Bioprinted materials can survive stably 

for a period of at least 3 days without nutrients, and their life can be further extended by 

transferring them to a fresh source of nutrients within this timeframe. These bioprints are 

regenerative, i.e., they can be reused and expanded to print additional living materials. The 

fabrication of the bioprinted living materials can be readily up-scaled (up to  70 x 20 cm), 

highlighting their potential product applications including artificial leaves, photosynthetic 

bio-garments, and adhesive labels. 
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6.1 Introduction 

Living materials are bio-hybrid structures that are composed of biological living cells 

(either non-engineered or genetically engineered) housed within a non-living synthetic 

matrix (e.g. organic or inorganic polymers, metals, ceramics, etc.).1-3 The living cells in these 

materials endow them with novel functionalities such as sense-and-respond, energy 

production, production of high-value compounds, detoxification of harmful compounds, or 

self-healing capacities, among others.1, 4, 5 Such functional living materials have been 

increasingly proposed for usage in potential applications including smart textiles, wearable 

devices, biosensors, or fermentation bioreactors.2, 5, 6 However, controlling the spatiotemporal 

form of a living material, while endowing it with sufficient mechanical strength for the 

material to be self-standing, is hardly achievable. 

3D printing has been shown to be an effective technology for the fabrication of living 

materials with controlled shapes and sizes. Customized living materials from nano- to 

macroscales can be 3D printed with high resolution into spatially defined patterns.7-9 

Materials and patterns can be designed with the aid of bioprinting such that they mimic the 

complex architecture, spatial organization, and time-evolving nature of living cells.10 Living 

cells from different taxonomic kingdoms (including algae, bacteria, fungi, yeast, plant, and 

animal cells) have been effectively bioprinted for fabrication of living functional materials.2, 

11-19 Particularly, bioprinting of microalgae has gained considerable attention in the recent 

years.2, 20-22 Microalgae are biotechnologically profitable unicellular microorganisms that are 

capable of photosynthesis.22-25 Due to their adaptability to harsh conditions, robustness, and 

sustainability, microalgae have been widely used in applications such as biofuel production, 

bioremediation, production of high-value metabolites (food and pharmaceutical grade), and 

wastewater treatment,20, 25-27 and they have been printed into silk scaffolds capable of 

improving air quality.22 Bioprinting of microalgae has been predominantly performed so far 

using scaffolds composed of natural, cell-friendly biopolymers such as alginate,21 

carrageenan,20 silk,22 and starch.28 However, these bioprinted living materials remain fragile 

and lack mechanical strength, for example, the tensile strength of calcium alginate film 

ranges between ~ 10-750 kPa,29, 30 with toughness values ranging between ~ 2-80 J m-3.31 The 

fabrication of living materials that are self-standing and mechanically robust, while 

preserving the viability of encapsulated cells, remains a challenge. 

Nature provides an inspiration for fabrication of such mechanically robust living 

materials.32 Materials present in nature possess better mechanical properties than the reported 
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bioprinted living materials because of their hierarchical structure.33, 34 In particular, cellulose 

produced by bacteria is a versatile, cell-friendly, and robust biopolymer35-37 with excellent 

tensile strength (73-194 MPa)35, 38 and toughness (2-25 MJ m-3).36, 38, 39 Bacterial cellulose is 

produced by the fermentation of bacteria such as Gluconacetobacter hansenii and 

Komagataeibacter rhaeticus.40-42 Bacterial cellulose has a nano-fibrous architecture and 

absorptive capabilities,42 which when used as a support for microalgal bioprints might allow 

nutrients to diffuse and reach the microalgal cells, thereby supporting their growth. Thus, we 

aimed to bioprint microalgae onto bacterial cellulose in order to combine the photosynthetic 

functionality of microalgae and the physico-mechanical properties of bacterial cellulose in 

the resultant living materials. Such photosynthetic self-standing living materials could be 

used in environmental applications such as air purification by fixing carbon dioxide and 

releasing oxygen and waste water treatment by trapping heavy metals and pollutants.  

 

Figure 6.1 Bioprinting of photosynthetic living materials in a regenerative approach. Printing of a bio-ink 

(composed of sodium alginate and microalgae) onto a substrate (composed of bacterial cellulose and calcium 

chloride) results in the formation of an alginate hydrogel in which microalgal cells are immobilized. Placement of 

the bacterial cellulose overtop of a microalgal nutrient medium (minimal medium or carbon-supplemented medium) 

ensures microalgal growth within the bioprints on the bacterial cellulose over time. The bacterial cellulose 

supporting the living bioprinted microalgae can then be peeled off from the culture medium and used for various 

applications. Microalgal cells in the bioprints can also be regenerated and used as fresh bio-inks for further 

bioprinting processes. 
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In this study, we report a simple approach for the fabrication of living microalgal 

materials along with the development of cost-effective microalgal bioprinters. We employed 

a house-built bioprinter (Figure S6.1) for patterning of microalgae onto agar and bacterial 

cellulose substrates (Figure 6.1). Here we show that microalgae are capable of being 

bioprinted as mono- or multi-layered constructs into various pre-defined geometries and sizes. 

Interestingly, the bioprints can be detached from the bacterial cellulose and re-attached to a 

fresh bacterial cellulose surface and retain adhesion to the new surface. These bioprinted 

microalgal structures are resilient to physical distortions and to immersion in water, 

indicating their physically stable nature. The bioprinted microalgal cells exhibit high viability 

over a period of at least 1 month. Furthermore, the patterned microalgae in the bioprints can 

be regenerated for preparation of fresh bio-inks. The microalgal cells bioprinted onto 

bacterial cellulose could survive stably at least 3 days following removal from nutrients, with 

their longevity being further extended when transferred onto fresh agar. Overall, these 

regenerative photosynthetic living materials of microalgae bioprinted overtop of bacterial 

cellulose offer diverse possibilities for novel product applications including artificial leaves, 

photosynthetic bio-garments, and adhesive labels. 

6.2 Results 

Living materials can be 3D printed by depositing living cells (bio-ink) onto a non-living 

matrix (substrate) in a layer-by-layer fashion. Both the bio-ink composition and the nature of 

the printing substrate play an important role in maintaining the viability and functionality of 

cells in the resultant bioprinted materials as well as maintaining the overall 3D structure.   

Optimal growth conditions for C. reinhardtii and their temporality in bioprinted materials 

over time 

We investigated the growth of the microalgae Chlamydomonas reinhardtii (C. 

reinhardtii) on bacterial cellulose. C. reinhardtii can grow photoautotrophically (on CO2 as 

a carbon source in the presence of light), chemotrophically/heterotrophically in the absence 

of light (on alternate carbon sources like acetate), or photomixotrophically (a combination of 

these two growth modes).43, 44 In addition, cellulose has been demonstrated to be an 

alternative carbon source for the growth of C. reinhardtii under photomixotrophic 

conditions.45 However, the growth of microalgae on bacterial cellulose has not been evaluated 

so far. Thus, we evaluated the growth of microalgae on bacterial cellulose when placed 

overtop of carbon-supplemented agar and found that microalgae can grow on bacterial 

cellulose in photomixotrophic condition (Figure S6.2). Bacterial cellulose has a nano-fibrous 
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architecture and absorptive capabilities,42 which might allow the nutrients to diffuse and 

reach the microalgal cells, thereby supporting the microalgal growth. 

 

Figure 6.2 Optimal growth conditions and temporality of bioprinted microalgal materials. Bioprinted 

microalgae on agar (minimal medium and carbon-supplemented, indicated as “– bacterial cellulose”) and on 

bacterial cellulose overtop of agar (minimal medium and carbon-supplemented, indicated as “+ bacterial cellulose”) 

under light/dark and dark conditions (7 days of cultivation) were analyzed by (A) photographs (- : printed directly 

on agar without bacterial cellulose; + : printed on bacterial cellulose overtop of agar), (B) cell density measurement 

(O.D.750), and (C) chlorophyll content measurement (O.D.435). Growth of bioprinted microalgae over time was 

measured by (D) photographs (- : printed directly onto agar without bacterial cellulose; + : printed onto bacterial 

cellulose overtop of agar), (E) cell density measurements (O.D.750), and (F) chlorophyll measurements (O.D.435) 

during cultivation under photomixotrophic conditions. Sterile sodium chloride (0.9 w/v%) and DMSO served as the 

controls in the (B and E) cell density and (C and F) chlorophyll measurements, respectively. ns, not significant, ** 

p < 0.01 as determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD, ****p < 0.0001 as 

determined by two-way ANOVA. 

 

We then determined the optimal conditions that yield the maximum microalgal cell 

growth and chlorophyll content within bioprinted structures on agar (minimal or carbon-

supplemented) or bacterial cellulose placed overtop of minimal or carbon-supplemented agar.   

Bioprints grown photomixotrophically (Figure 6.2) either on agar (carbon-supplemented, 

light/dark condition) or on bacterial cellulose (overtop of carbon-supplemented agar, 

light/dark condition) had the most intense green coloration (Figure 6.2A) and yielded the 

maximum cell density (Figure 6.2B) and chlorophyll content in comparison with the 
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photoautotrophic and chemotrophic conditions (Figure 6.2C). Incubation under dark 

condition (minimal medium agar) yielded no visible growth in the samples, due to the 

absence of carbon source and light. Thus, the photomixotrophic growth condition was seen 

to be optimal for growth of microalgae in the bioprints and was used in all further experiments. 

 

The viability of bioprinted microalgal materials was investigated over time visually as 

well as by cell density (O.D.750) and chlorophyll (O.D.435) measurements at regular intervals 

of time for a total period of 4 weeks (Figure 6.2D-F). Immediately after printing (day 0), the 

calcium-alginate hydrogel matrix is transparent for samples both on carbon-supplemented 

agar or on bacterial cellulose overtop of carbon-supplemented agar. After 3 days of culturing, 

the green color of the microalgae was visible within the hydrogel matrix. Visual inspections 

indicated that the intensity of the green color within the bioprints increased over time (Figure 

6.2D), consistent with results from microalgal cell density measurements, indicating a steady 

increase in cell density (Figure 6.2E).  For samples bioprinted onto agar, cell density within 

the bioprints increased steadily throughout the 28-day incubation period, whereas samples 

printed onto bacterial cellulose grew more slowly and reached maximum cell density after 

14 days of incubation. 

Chlorophyll content of the microalgal cells within the bioprints was observed by 

imaging the red fluorescence of chlorophyll induced upon UV excitation46 (Figure S6.3) and 

by chlorophyll content measurement (Figure 6.2F). Chlorophyll content in the bioprinted 

microalgae increased by ~101 fold and ~33 fold (with respect to day 0) when grown upon 

carbon-supplemented agar and bacterial cellulose overtop of agar during 28 days of 

cultivation. The higher cell density and chlorophyll content of bioprinted microalgae on agar 

compared to bacterial cellulose overtop of agar is likely due to lesser availability of nutrients 

on bacterial cellulose. In total, our data show that microalgal cells survive the bioprinting 

process and are able to grow consistently within the bioprinted hydrogel matrices for at least 

a period of 4 weeks. 

We additionally measured the viability of bioprinted microalgae after extended growth 

on either carbon-supplemented agar or on bacterial cellulose overtop of carbon-supplemented 

agar, by recovering and re-growing the microalgae from the bioprints. The microalgae were 

able to regrow in fresh carbon-supplemented medium even after 28 days of growth, indicating 

their long-term viability (Figure S6.4). 

We then assessed whether the bioprinted microalgae on bacterial cellulose would 

survive after removal from the nutrient source (carbon-supplemented agar). For this purpose, 
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we first grew the bioprints on bacterial cellulose (overtop of carbon-supplemented agar) for 

7 days under photomixotrophic condition. We then removed the bacterial cellulose containing  

 

Figure 6.3 Survival (A-C) and revival (D-F) abilities of bioprinted microalgae material over time. Microalgal 

bioprints on bacterial cellulose were grown for 7 days under photomixotrophic conditions. The bioprints were 

assessed for survival after removal from carbon-supplemented agar for a total of 0, 3, 7, or 14 days. Their revival 

abilities were assessed by placing the microalgal bioprints back onto fresh carbon-supplemented agar for 7 days 

under photomixotrophic conditions. Bioprints were assessed via photographs (A, D), cell density (O.D.750) (B, E) 

and chlorophyll (O.D.435) (C, F) measurements. Sterile sodium chloride (0.9 w/v%) and DMSO served as the controls 

in the (B and E) cell density and (C and F) chlorophyll measurements, respectively. ns, not significant, *p < 0.05, 

**p < 0.01 as determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD. 

 

the bioprinted microalgae from the carbon-supplemented agar and further incubated them 

under light/dark conditions. Cell density and chlorophyll measurements indicated that 

microalgae in the bioprints on bacterial cellulose could stably survive up to at least 3 days 

without contact with carbon-supplemented agar, and their growth could be revived by placing 

them back onto fresh carbon-supplemented agar within 3 days of survival (Figure 6.3). To 

control for whether the process of removing the bacterial cellulose from carbon-

supplemented agar affected the bioprinted microalgae, we measured the cell density of 

microalgae bioprints on bacterial cellulose that were lifted from the carbon-supplemented 

agar after 7 days, transferred to a fresh carbon-supplemented agar, and incubated for another 

7 days. When compared to the cell density of a bioprint grown 14 days on the same carbon-

supplemented agar, this transfer process was seen not to impede, but rather to increase the 

cell density of the bioprinted microalgae (Figure S6.5). However, extended periods of 

incubation (≥ 5 days) without contact with carbon-supplemented agar led to an irreversible 



Chapter 6 

127 

decrease in the microalgal cell density and chlorophyll content. Thus, the bioprinted living 

materials can survive for a period of at least 3 days after removal from nutrient source, and 

their longevity can be extended by placing them back onto a fresh nutrient source within this 

timeframe. 

 

To assess whether there were morphological differences between the bioprinted and the 

planktonic microalgal cells, we performed scanning electron microscopy (SEM). The results 

(Figure S6.6) revealed a uniform distribution of microalgal cells (with a mean cell diameter 

of 4-5 µm) with no morphological differences on both carbon-supplemented agar and 

bacterial cellulose overtop of carbon-supplemented agar. The observed cell sizes are 

consistent with previously reported cell sizes of C. reinhardtii.25, 47  

C. reinhardtii has been shown to utilize cellulose, which is composed of D-glucose 

units,48 as a carbon substrate via expression of endo β-1,4-glucanases. If the microalgae in 

the bioprints were to digest and degrade the bacterial cellulose substrate, the mechanical 

properties of the resulting material would be compromised and the material would be 

eventually degraded by the microalgae itself, which is undesirable. Hence, we assessed the 

cellulolytic activities of microalgae grown either planktonically in wells (8 mm in diameter) 

on carbon-supplemented agar containing carboxymethyl cellulose, or as bioprints on carbon-

supplemented agar containing carboxymethyl cellulose, or as bioprints on bacterial cellulose 

overtop of carbon-supplemented agar (Figure S6.7). In these assays, active digestion of 

carboxymethyl cellulose in the agar plates is indicated by a halo formation (cellulolytic zone) 

around the wells due to the enzymatic secretion into the solid medium. Microalgae grown as 

planktonic cultures expressed cellulolytic activities on carboxymethyl cellulose (18.36 ± 0.27 

mm), whereas no cellulolytic zones were observed for bioprinted microalgae on either 

carboxymethyl cellulose or bacterial cellulose. The lack of cellulolytic zones seen for 

bioprinted microalgae could be due to the alginate matrix immobilizing secreted enzymes 

within the bioprinted structures, which would be beneficial from a material perspective since 

the bacterial cellulose printing substrate would not be digested over time by the microalgae 

within the bioprints. 

 

Printability of C. reinhardtii with defined patterns and printing resolution 

To characterize the printability of our photosynthetic living material, C. reinhardtii were 

bioprinted in varying pre-defined basic geometrical patterns (simple, hollow, filled) as single-

layered constructs or as multi-layered complex geometrical patterns (2-4 layered) in a range 

of sizes on carbon-supplemented agar or bacterial cellulose overtop of carbon-supplemented 
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agar. Samples were visually inspected after 7 days of photomixotrophic growth (Figure 6.4A, 

B). Microalgae could be bioprinted in all the pre-defined patterns and sizes (5 × 8 mm; 22 × 

32 mm; 31 × 42 mm; 37 × 52 mm) both onto carbon-supplemented agar or bacterial cellulose 

overtop of carbon-supplemented agar. Thus, with our approach we can make at-scale 

bioprints by merely changing the bioprinting design parameters. Microalgae bioprinted onto 

bacterial cellulose could be readily peeled off from the agar support layer (Figure S6.8), 

allowing the material to be self-standing, thus considerably increasing its range of possible 

applications. 

 

Figure 6.4 Different geometries and printing resolution of bioprinted microalgal materials. (A) Varying 

geometries (basic: mono-layered structure; complex: multi-layered (2-4 layer) structures) and (B) sizes of bioprinted 

microalgae on carbon-supplemented agar (left) or bacterial cellulose (right). Images were taken after 7 days of 

photomixotrophic growth. (C) Line height and width of bioprinted structures (mono-, tri-, and hexa-layered) on 

carbon-supplemented agar or bacterial cellulose overtop of carbon-supplemented agar. Measurements were 

performed after 7 days of photomixotrophic growth (n=9). ns, not significant; all the other comparisons were 

statistically significant (**p < 0.01 as determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD). 

 

The printing resolution for microalgal materials bioprinted with our house-built 

bioprinter was assessed by characterizing the minimum printed line height and width. We 

created multi-layered structures (up to 6 layers) by depositing bio-ink on top of previously 

printed layers in a layer-by-layer fashion. Line heights were measured to be 0.21 ± 0.05 mm 

(1 layer), 0.29 ± 0.05mm (3 layers), and 0.47 ± 0.14 mm (6 layers) for bioprinted microalgae 

on carbon-supplemented agar, whereas line heights were 0.15 ± 0.03 mm (1-layer), 0.22 ± 

0.04 mm (3-layers), and 0.42 ± 0.01 mm (6-layers) on bacterial cellulose overtop of carbon-
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supplemented agar (Figure 6.4C). Thus, the line height increased steadily as the number of 

bioprinted layers increased. Line widths were 1.10 ± 0.13 mm (1 layer), 1.48 ± 0.21 mm (3 

layers), and 1.81 ± 0.20 mm (6 layers) for bioprinted microalgae on carbon-supplemented 

agar, while line widths were 0.89 ± 0.14 mm (1 layer), 1.37 ± 0.18 mm (3 layers), and 1.80 

± 0.21 mm (6 layers) on bacterial cellulose overtop of carbon-supplemented agar (Figure 

6.4C). Thus, line width also increased as the number of bioprinted layers increased, likely 

due to slight spreading of the hydrogel prior to full gelation during the layer-by-layer 

addition. We confirmed this hypothesis by printing 10- and 20-layer structures onto both 

carbon-supplemented agar and bacterial cellulose overtop of carbon supplemented agar, 

which displayed increased line widths (Figure S6.9). In summary, our bioprinting strategy 

can produce bioprints as lines or curves with sharp millimeter-scale resolution for prints up 

to 6 layers tall, with a decrease in resolution for additional layers. The resolution obtained 

with this strategy is similar to that obtained with the bioprinting of bacteria previously 

reported by our groups.11, 14, 49 The resolution is sufficiently high for applications such as 

biogarments, where patterning of microalgae on bacterial cellulose is desirable. Applications 

such as structural materials that would require an increased number of layers at higher 

resolution, would benefit from further improvements in 3D printing capability. 

 

Physical stability and regenerative aspects of bioprinted living materials 

In addition to removing the bioprinted microalgae living materials from agar, we were 

also interested in detaching it from the cellulose substrate, as this would potentially enable 

other types of product applications, e.g., as living photosynthetic patterns and brand labels. 

Upon testing, we found that the microalgal bioprints could successfully be detached from 

bacterial cellulose and re-attached onto a fresh bacterial cellulose surface. The re-attached 

bioprints remained attached even after inverting them (Figure 6.5A).  

The stability of microalgal bioprints to physical distortions is also of crucial importance 

to allow potential user interaction scenarios. We subjected microalgal bioprints on bacterial 

cellulose to physical distortions manually by folding, twisting, and crushing them at least 6 

times each (Figure 6.5B). The microalgal bioprints on bacterial cellulose all resumed their 

original shapes upon unfolding, untwisting, and uncrushing, whereas pure alginate prints or 

microalgae bioprints not supported by bacterial cellulose were fragile and broke within one 

round of the folding/twisting/crushing assessments due to their poor mechanical properties 

(Figure S6.10). Thus, the bacterial cellulose support confers excellent mechanical properties 

to the microalgae bioprints. 
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Figure 6.5 Physical stability and regenerative abilities of the bioprinted living materials. Bioprinted microalgae 

materials after (A) detachment and re-attachment onto bacterial cellulose, and (B) physical distortion assessments. 

Mechanical testing of bioprinted materials including (C) tensile stress-strain curves, (D) tensile strength, and (E) 

toughness. (F) Regeneration from recycled bio-inks. For regeneration, microalgae from week-old 

photomixotrophically grown bioprints on carbon-supplemented agar (-) or bacterial cellulose overtop of carbon-

supplemented agar (+) were recovered by citrate treatment. The recovered cells were regrown in carbon-

supplemented medium for 4 days, harvested for fresh bio-ink preparation, and bioprinted again. Bioprints were 

grown for 1 week under photomixotrophic condition and were imaged. ns, not significant; *p < 0.05, **p < 0.01 as 

determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD. 
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To quantify the mechanical properties conferred by bacterial cellulose, we measured the 

tensile strength and toughness of (1) bacterial cellulose alone, (2) alginate printed onto 

bacterial cellulose (without microalgae), and (3) microalgae/alginate printed onto bacterial 

cellulose. The tensile strength of pure bacterial cellulose was 80.3 ±1.6 MPa, whereas the 

tensile strength of alginate prints on bacterial cellulose was 119.2 ± 0.9 MPa, and the tensile 

strength of microalgae bioprints on bacterial cellulose was 110.8 ± 8.9 MPa (Figure 6.5C-

D). The toughness of pure bacterial cellulose was 7.9 ± 1.1 MJ m-3, whereas the toughness of 

alginate prints on bacterial cellulose was 12.8 ± 0.8 MJ m-3, and the toughness of microalgae 

bioprints on bacterial cellulose was 11.4 ± 2.2 MJ m-3 (Figure 6.5E). Thus, the prints on 

bacterial cellulose (either alginate or alginate-microalgae bioprints on bacterial cellulose) 

possessed higher tensile strength and higher toughness than pure bacterial cellulose samples. 

No significant difference was observed between the tensile strength and toughness of 

bacterial cellulose supporting prints made of alginate alone versus alginate with microalgae. 

Therefore, microalgae present in the bioprints did not contribute to the mechanical properties 

of the living material. 

We evaluated the effects on the mechanical properties of the bioprinted living materials 

of fabrication parameters including elapsed time after printing and number of printed layers 

(Figure S6.11). The tensile strength (Figure S6.11 A-B) of microalgae printed onto bacterial 

cellulose increased significantly (p < 0.05) from 85.4 ± 8.9 MPa at 0 days after printing to 

110.8 ± 8.9 MPa at 7 days after printing, whereas the toughness values remained unchanged 

over time (Figure S6.11 C). This increase in tensile strength could be due to increased 

attachment of the bioprint to the bacterial cellulose over time during the incubation period or 

to decrease in water content of the bioprint. Increasing the number of printed layers had no 

significant effect on the mechanical properties of the bioprinted living materials (Figure 

S6.11 D-F). Moreover, bioprints on bacterial cellulose were observed to retain a stable three-

dimensional shape and intense green color even after 1 month of storage under ambient 

conditions (Figure S6.12). 

The stability of the bioprints in water was assessed by immersing the microalgal 

bioprints multiple times into water and retrieving them. The bioprints remained stably 

attached on the bacterial cellulose and did not display observable dissolution even after 6 

rounds of immersion in water (Figure S6.13). Bioprints on bacterial cellulose were also 

immersed in water for a period of one week under ambient conditions. Upon retrieval of the 

immersed samples, no visible distortion of the bioprinted structures was observed. We also 

tested the mechanical properties of the bioprinted living materials before and after 

immersion, and after drying the immersed materials (Figure S6.14). After immersion in 
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water for one week, the tensile strength of the bioprinted living materials dropped from 110.8 

± 8.9 MPa to 58.2 ± 1.3 MPa. However, when these wet materials were placed out of water 

for 7 days, the tensile strength increased to 145 ± 12.2 MPa. The values for toughness ranged 

between 11-16 MJ m-3 for all the samples without statistically significant differences. 

Therefore, immersion in water reduces the tensile strength of the bioprinted materials without 

affecting the toughness. Additionally, no visible presence or growth of microalgae in the 

water phase was observed during incubation, which was confirmed by measuring the O.D.750 

of the water samples before immersion and after retrieval of the bioprints (Figure S6.15). 

Thus, no or minimal liberation of microalgae from the bioprints into the water occurred, 

which is advantageous in applications wherein the bioprints contact water without raising 

potential environmental concerns.50 

The reversible polymerization chemistry of our alginate bio-ink gives rise to the 

possibility that the bioprinted living materials may be able to be dissolved and re-used. To 

test this hypothesis, we attempted to dissolve the alginate hydrogel and recover the bioprinted 

microalgal cells on carbon-supplemented agar or bacterial cellulose overtop of carbon-

supplemented agar by treatment with sodium citrate (Figure S6.16). The recovered 

microalgal cells were regenerated in fresh carbon-supplemented medium by growth under 

photomixotrophic condition for 4 days. The regenerated microalgal cultures were then used 

to prepare fresh bio-inks with which several bioprints were made, such that one single print 

gave rise to multiple prints of the same dimensions, and further grown for 7 days. The fully 

re-grown bioprinted materials highlight the reusability and regenerative abilities of 

microalgae in these living materials (Figure 6.5F). Thus, the fabricated bioprinted living 

materials can be readily deconstructed following citrate treatment and used as a recycled 

source for the generation of more of such living materials, indicating their circular nature.51 

 

Up-scaled production of bioprinted living materials 

To demonstrate the applicability of this bioprinting approach, we custom-built a second, 

similar cost-effective bioprinter (Figure S6.17) suitable for bioprinting at larger scales (up to 

70 x 20 cm). We could show that our bioprinted living material (of 22 x 12 cm dimension) 

remained flexible (Figure 6.6). The flexible nature of bacterial cellulose and the freedom of 

design achievable with bioprinting technology enables our bioprinted living materials to be 

used in applications like photosynthetic bio-garments, adhesive labels, blinds or curtains for 

windows, etc. 
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Figure 6.6 Photographs of up-scaled bioprinted living materials (22 x 12 cm) (A) Peeled-off from carbon-

supplemented agar, (B) flexibility of the material, (C) overall view of the living material. 

 

6.3 Conclusion 

The printing of living cells typically involves immobilization or encapsulation of the 

living cells within a hydrogel matrix. Different hydrogel systems have been shown to be 

suitable to support cell growth while maintaining the 3D structure,2, 9, 19, 20 however, it remains 

challenging to endow mechanical robustness to bioprinted structures. In this study, we report 

a calcium-alginate-based hydrogel system for bioprinting of C. reinhardtii microalgae cells 

overtop a cellulose substrate. Calcium-alginate-based hydrogels are easy to pattern and cell-

friendly, such that the microalgal cells remain alive both during and after the bioprinting 

process for relatively long periods of time. Their optical transparency and selective 

permeability ensure efficient light transmission, mass transfer of nutrients, and diffusion of 

environmental CO2 to the bioprinted microalgal cells allowing for vigorous growth. The 

cross-linked “egg-box” structure of the alginate hydrogel matrix exhibits pore dimensions 

that enable the retention of microalgal cells, while supporting the release of O2 produced 

during the photosynthetic process.21 

The immobilized or encapsulated microalgal cells in the hydrogel matrix of the 

bioprinted structures retain viability and exhibit increased growth and chlorophyll content 
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over a 4-week period of cultivation. Further, the microalgae in these living materials remain 

stable in terms of cell density and chlorophyll content for at least a 3-day period after removal 

from nutrients, and their longevity can be extended by placing them back into contact with 

nutrients. The fabricated living materials show resilience to physical distortions and to 

immersion in water. No visible release of the microalgal cells from the bioprinted living 

materials to surrounding water can be observed, highlighting the biosecurity features of the 

fabricated living materials that prevent environmental contamination. However, the potential 

environmental implications of these materials will still need to be closely investigated for 

individual applications prior to full deployment. 

With our approach, we show bioprinted microalgal structures with millimeter-scale 

precision that support the spatio-temporal characteristics of natural microalgae. Further, this 

bioprinting approach is simple, scalable, and eco-friendly, involving usage of completely 

biodegradable components. Moreover, the costs of the bioprinters are ~250 US dollars, which 

is vastly cheaper than the previously reported bioprinters described for microalgal-

bioprinting, which have costs ranging from 5000 to 250000 US dollars.52, 53 Thus, the work 

shown here highlights the development of a cost-effective, efficient, and straight-forward 

bioprinting approach employing alginate-based chemistry for fabrication of resilient 

photosynthetic living materials. 

There is a growing interest in the development of living materials that are regenerative 

and reusable in nature 51. The regenerative nature of our bioprinted materials can inspire 

diverse future living products which require curation to extend their life or repair them, with 

innovative  “end-of-life” scenarios. For example, if the living materials were physically 

damaged, the end users could extract the microalgal cells and regrow them into fresh and 

undamaged bioprinted structures without wasting the original cells in the material. As the 

bioprinted microalgae are stored within our living materials, they could be directly used as 

raw materials by the users for their own production of new living materials at locations 

unsuitable for new shipments of microalgal cultures, such as for space applications. Such 

novel user scenarios with living materials should be further explored via user studies in real-

life settings.  

Due to the sustainable nature of our approach, which employs naturally-occurring 

materials based on living microalgal cells and environmental-friendly biopolymers such as 

alginate and bacterial cellulose, as well as the physical robustness, resilience and regenerative 

nature of the approach, the developed bioprinted living materials could be employed in 

diverse applications including artificial leaves, photosynthetic bio-garments, and adhesive 

labels. 
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6.5 Supplementary Information 

Experimental section 

Reagents 

All chemical reagents and solvents used in this study (acetic acid, agar, ammonium 

chloride, calcium chloride, calcium chloride dihydrate, carboxymethyl cellulose, cellulase 

from Trichoderma reesei (aqueous solution, ≥ 700 units g-1), citric acid, Congo red, 

dimethyl sulfoxide (DMSO), disodium hydrogen phosphate, glucose, glutaraldehyde, 

hydrochloric acid, magnesium sulfate heptahydrate, potassium dihydrogen phosphate, 

sodium alginate, sodium chloride, sodium hydroxide, tris base, tryptone, and yeast extract) 

were purchased from Sigma-Aldrich. Phosphate solution and Hutner’s trace elements were 

obtained from Chlamydomonas Resource Center, USA. Silicone tubing (1 × 1 mm) for 

bioprinting was purchased from VWR international BV. 

Strains and culturing conditions 

C. reinhdardtii CC-124 wild type mt(-) used in this study was purchased from 

Chlamydomonas Resource Center, USA. The strain was propagated under laboratory 

conditions for several weeks to allow for acclimation to humidity and temperature. Cultures 

were grown in minimal medium (Tris: 2.42 g L-1, TAP salts (NH4Cl: 5 g L-1, MgSO4.7H2O: 

4 g L-1 and CaCl2.2H2O: 2 g L-1), phosphate solution: 0.03 v/v%, Hutner’s trace elements; 0.1 

v/v%; pH adjusted to 7.0 with hydrochloric acid) or carbon-supplemented medium (Tris: 2.42 

g L-1, TAP salts (NH4Cl: 5 g L-1, MgSO4.7H2O: 4 g L-1 and CaCl2.2H2O: 2 g L-1), phosphate 

solution: 0.03 v/v%, Hutner’s trace elements; 0.1 v/v%; pH adjusted to 7.0 with acetic acid) 

with sterile air bubbling at room temperature. Microalgal bioprints were subjected to 

light/dark (12:12 hours) cycles with a light intensity of 23 µmol m-2 s-1 using Grow light 

LEDs strip - Red / Blue - 4: 1 (ABC-LED, Netherlands) for a period of 7 days. Spectral data 

of LEDs (Figure S6.18) were obtained with an AQ6374 (350-1750 nm) optical spectrum 

analyzer.  

G. hansenii (ATCC® 53582™) used for bacterial cellulose production was cultured in 

Hestrin-Schramm (HS) medium (tryptone: 5.0 g L-1, yeast extract: 5.0 g L-1, disodium 

hydrogen phosphate: 2.7 g L-1, citric acid: 1.5 g L-1, and glucose: 20 g L-1) statically at 30 ºC 

for 3 to 4 days to obtain a bacterial cellulose pellicle. The inoculum for bacterial fermentation 

was prepared by treating this bacterial cellulose pellicle with cellulase (0.1 v/v%) with 

shaking at 180 rpm at 30 ºC overnight. This solution was then centrifuged at 4000 rpm for 5 
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min at 4 ºC, and the obtained bacterial pellet was re-suspended in fresh HS medium. A 1 v/v% 

of this solution was used as the inoculum for bacterial fermentation.  

Bacterial cellulose production and purification 

Bacterial cellulose was produced in vitro as a pellicle at the air-liquid interface by the 

static fermentation of G. hansenii in HS medium in a Petri dish (94 × 16 mm) for 7 days at 

30 ºC. The produced bacterial cellulose pellicle was submerged in NaOH (1 w/v%) solution 

and boiled for 10 min to heat-kill the producing G. hansenii. The bacterial cellulose pellicle 

was then washed several times in hot water to remove the impurities and residual HS media 

components. Finally, the purified bacterial cellulose pellicles were air-dried and autoclaved 

before their use in experiments with microalgae and bioprinting. 

C. reinhardtii growth on bacterial cellulose 

To assess microalgal growth on bacterial cellulose, sterile bacterial cellulose samples (1 

cm × 1 cm) were submerged aseptically in freshly prepared C. reinhardtii (104 cells mL-1) 

solution and placed onto carbon-supplemented agar medium. Samples were incubated at 

room temperature and subjected to light/dark (12:12 hours) cycles. After 3 and 7 days of 

incubation, samples were visually inspected and photographed.  

Bioprinting substrate preparation 

To print onto agar surfaces, a Petri dish (94 × 16 mm) filled with 25 mL of minimal agar 

or carbon-supplemented agar with calcium chloride (0.05 M) was used as the printing 

substrate.  

To print onto bacterial cellulose, sterile bacterial cellulose was placed overtop of freshly 

prepared minimal medium or carbon-supplemented agar medium supplemented with calcium 

chloride (0.05 M) and attached to this agar surface by addition of 500 µL calcium chloride (5 

M). The surface of the bacterial cellulose was flattened with an L-shaped spreader. Plates 

with bacterial cellulose were sterilized by UV-treatment for 1 hour in a laminar flow chamber 

and then used as the printing substrate. 

Bio-ink preparation 

For the preparation of the bio-ink for bioprinting, 10 mL of a 7-day microalgae liquid 

culture (grown in carbon-supplemented medium under light/dark condition with sterile air 

bubbling) was spun down at 4000 rpm for 5 min, and the supernatant was discarded. Cells 

were re-suspended in 10 mL of minimal medium or carbon-supplemented medium. An equal 

volume of sodium alginate (5 w/v%) was added to the microalgal cell suspension and 

vortexed to obtain the bio-ink for the printing process. The final microalgal cell concentration 

was 1 × 106 cells mL-1, and the sodium alginate concentration in the bio-ink was 2.5 w/v%.  
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Bioprinting 

Bioprinting was performed using a modified do-it-yourself bioprinter (CoLiDo DIY) as 

previously described.1, 2 Briefly, the extruder and heater of the standard bioprinter were 

removed and replaced with a 0.2 mL pipette tip, a silicone tubing system, and a syringe pump 

(Figure S6.1). Desired 3D structures with different shapes and sizes were designed in 

CoLiDo software by manually programming the G-codes. During the bioprinting, a sterile 

syringe was loaded with 10 mL of printer bio-ink and mounted in a syringe pump. The syringe 

was connected to a 0.2 mL pipette tip via silicone tubing (1 × 1 mm). Printing substrates were 

placed onto the stage, and printing was then carried out using the CoLiDo software interface. 

An extrusion rate of 0.5 mL h-1 was maintained throughout the process of bioprinting.  

Cell density and chlorophyll content characterization of microalgae in the bioprints  

At different time points and incubation conditions, bioprinted microalgae were 

incubated in a NaCl solution (0.9 w/v%) containing sodium citrate (55 mM) for 30 min to 

dissolve the alginate matrix and recover the microalgal cells.3 Cells were centrifuged at 10000 

rpm for 5 min at 4 ºC, and the cell pellet was recovered. For cell density measurements, the 

obtained cell pellet was dissolved in the same volume of sterile NaCl (0.9 w/v%), and the 

optical density was spectrophotometrically read at 750 nm (O.D.750) using a BioTek Epoch2 

microplate reader (BioTek, USA).4 Control wells contained sterile NaCl (0.9 w/v%) without 

microalgae.  

Chlorophyll measurements were performed as described previously, with slight 

modifications.3, 5 Briefly, DMSO (250 µL) was added to each cell pellet, and samples were 

subjected to six freeze-thaw cycles in liquid nitrogen. Then, three glass beads (5 mm in 

diameter) were added to each sample, and solutions were supplemented to 1 mL with DMSO. 

Samples were subjected to vigorous vortexing for 3 hours to ensure complete lysis of the 

microalgal cells. The optical absorbance of the lysate was then measured at 435 nm (O.D.435) 

with a BioTek Epoch2 microplate reader. Control wells contained pure DMSO. Red 

fluorescence of chlorophyll upon UV excitation in the bioprinted microalgae was checked by 

illuminating the bioprints on a UV trans-illuminator (Syngene™) using 312 nm wavelength.  

Assessing optimal growth conditions of bioprinted microalgae 

Microalgae were bioprinted as squares (10 × 10 mm) onto minimal medium or carbon-

supplemented medium agar (- bacterial cellulose condition) or bacterial cellulose placed 

overtop of minimal medium or carbon-supplemented medium agar (+ bacterial cellulose 

condition) and incubated at room temperature under light/dark (12:12 hours) or dark 

conditions for 7 days. Cell density and chlorophyll measurements of these different set-ups 
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were carried out (as described above) for assessing the optimal growth conditions for the 

microalgae within the bioprints. 

Evaluating the re-growth of microalgae from bioprints 

Microalgae from 28 days old bioprints on carbon-supplemented agar or on bacterial 

cellulose overtop of carbon-supplemented agar were recovered as described above. The 

recovered cells were re-suspended and used as inoculum (0.1 % (v/v)) for re-growth in fresh 

carbon-supplemented medium. Re-growth was monitored in this set-up by measurement of 

cell density (O.D.750) following 4, 7, and 10 days of incubation under light/dark (12:12 h) 

conditions. 

Congo red staining 

The cellulolytic activity of C. reinhardtii was evaluated in two different ways. In the 

first, 1 × 106 algal cells mL-1 were added into an 8-mm diameter well on a carbon-

supplemented agar plate additionally supplemented with 0.1 w/v% carboxymethylcellulose 

(CMC), then incubated for 7 days under light/dark (12:12 hours) conditions. In the second, 

algal cells were bioprinted onto a carbon-supplemented agar plate with 0.1 w/v% 

carboxymethylcellulose (CMC) or onto bacterial cellulose substrate (overtop of carbon-

supplemented agar plate), then incubated for 7 days under light/dark (12:12 hours) conditions. 

CMC agar plates or bacterial cellulose with the bioprinted algae were stained with 20 mL 

Congo red (0.1 w/v%) for 15 min, then treated with NaCl (1 M) for 5 min as described 

previously.6 The visualized zones of cellulolysis were measured, and the cellulolytic zones 

around the wells or bioprints were photographed. 

Survival and revival abilities of microalgae in bioprinted living materials  

A 1-week-old bioprinted microalgae on bacterial cellulose overtop of carbon-

supplemented agar grown under light/dark (12:12 hours) conditions was used. Briefly, 

bacterial cellulose supporting the bioprinted microalgae was removed from the carbon-

supplemented agar medium, placed aseptically into an empty Petri dish, and incubated under 

light/dark (12:12 hours) conditions. Survival of the microalgae on these bacterial cellulose 

samples was estimated by quantifying the cell density (O.D.750) and chlorophyll content 

(O.D.435) at defined time intervals (0, 3, 7, or 14 days post-removal from carbon-

supplemented agar medium). Revival of the microalgae printed material on these bacterial 

cellulose samples was characterized by placing the above samples back onto carbon-

supplemented agar at the indicated time points (0, 3, 5, and 7 days post-removal from carbon-

supplemented agar). Samples were further incubated for 7 days, after which the cell density 

(O.D.750) and chlorophyll content (O.D.435) were measured. 
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Scanning electron microscopy 

Morphology of the bioprinted microalgae was examined with a scanning electron 

microscope (SEM, JEOL JSM 6010 LA). Briefly, samples were fixed with glutaraldehyde 

(6.25 w/v%) in Sorenson’s phosphate buffer overnight at 4 ºC, dehydrated with increasing 

gradients of EtOH (30, 50, 70, and 100 v/v%), and air-dried. Samples were then sputter-

coated with gold-palladium at 20 mA for 60 s and observed at 5-15 kV under vacuum in SEI 

mode.   

Height and thickness measurements 

The height and the thickness of bioprinted microalgae (1-, 3-, 6-, 10- and 20-layered 

constructs) grown on carbon-supplemented agar or on bacterial cellulose overtop of carbon-

supplemented agar for 7 days under light/dark (12:12 hours) conditions were measured with 

an optical microscope (DNT®, DigiMicro Lab 5.0). Measurements were performed on three 

biological replicates at different locations on each sample (n = 18). ImageJ software (National 

Institutes of Health, USA) was used to quantify the height and thickness values from the 

images obtained from optical microscopy.  

Stability assessments 

The bioprints were detached from the bacterial cellulose surface, re-attached onto a 

fresh bacterial cellulose surface, and inverted to assess the adhesion of the bioprints onto 

bacterial cellulose surfaces. Additionally, the stability of bioprinted microalgae on bacterial 

cellulose or alginate prints to physical distortion was investigated by manually folding, 

twisting, or crushing the samples. Samples were subsequently unfolded, untwisted, or 

uncrushed and imaged.  

Bioprinted microalgae on bacterial cellulose were also tested for stability against water. 

Bioprinted samples were repeatedly immersed into a beaker filled with sterile distilled water 

(~450 mL) and kept immersed for 7 days at room temperature under water. Samples were 

then retrieved and photographed to visualize any distortion in the bioprint due to water 

treatment.  

All the assessed samples were then stored at room temperature under ambient conditions 

for a 1-month period to assay for any visual changes in the bioprints.  

Tensile testing of bioprinted living materials 

7-day-old bioprinted microalgae on bacterial cellulose was subjected to tensile testing 

assessment using a Zwick LF7M10 testing machine with a 10 kN load cell. The grip distance 

was set as 10 mm, and the materials were tested with a loading rate of 2 mm min-1. Three 

samples per group were measured for the data presented. 
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Recovery of bioprinted microalgae from agar plates with citrate treatment  

The recovery of microalgae from bioprints from (carbon-supplemented agar or bacterial 

cellulose overtop of carbon-supplemented agar) was studied by treatment of the bioprinted 

agar plates or bacterial cellulose samples with 20 mL sodium citrate (0.5 M, pH 7.0) with 

shaking at 40 rpm for 120 min. Plates and bacterial cellulose samples were photographed 

before and after citrate treatment.  

Re-usability and viability of microalgae in the bioprints  

A 1-week-old bioprinted microalgae sample (grown under light/dark (12:12 hours) 

conditions) was removed from carbon-supplemented agar or bacterial cellulose overtop of 

carbon-supplemented agar. The bioprints were incubated in 10 mL of sterile sodium citrate 

(18 mM in 0.9 w/v% NaCl) for 30 min at room temperature to dissolve the alginate matrix. 

Solutions were centrifuged at 10000 rpm for 5 min at 4 ºC, and the cell pellets were re-

dissolved in 10 mL of fresh carbon-supplemented medium. 1 v/v% of these solutions was 

used as an inoculum for re-growing the microalgae in carbon-supplemented medium. 

Cultures were incubated under light/dark (12:12 hours) conditions for 4 days at room 

temperature, made into fresh bio-inks (with equal volume of sodium alginate (5 w/v%), and 

bioprinted on carbon-supplemented agar or bacterial cellulose overtop of carbon-

supplemented agar. Samples were then incubated under light/dark (12:12 hours) conditions 

for 7 days at room temperature and imaged. 

Up-scaling of the living materials production 

Up-scaled fabrication of bioprinted living materials was performed with a customized 

Creality Ender-3 Pro bioprinter within a sterile chamber (UV-C treatment) to avoid 

contamination (Figure S6.17). Square-shaped patterns were repeatedly bioprinted over the 

entire surface of a bacterial cellulose printing substrate sized 22 x 12 cm, overtop of carbon-

supplemented agar. Bioprinted living materials were incubated under conditions of 

photomixotrophic growth for a period of 14 days and photographed. 

Statistical analysis 

All experiments were performed at least two independent times with at least 6 technical 

replicates. Data are expressed as mean ± SD. Statistical analyses were performed on 

https://astatsa.com/. The experimental groups were compared using one-way (single factor) 

ANOVA with post-hoc Tukey's HSD (honest significant difference) tests or two-way 

ANOVA. p < 0.01, significant. 
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Figure S6.1 The microalgal bioprinting set-up. (1) syringe pump, (2) syringe filled with bio-ink, (3) silicone 

tubing, (4) printer frame, (5) extruder holder with a pipette-tip nozzle, (6) printing stage with printing substrate, (7) 

one of the three step-motors for positioning, (8) breadboard and hardware of the bioprinter, (9) CoLiDo bioprinting 

software. 

 

 

Figure S6.2 (A-C) Optical and (D-F) SEM images of C. reinhardtii grown on bacterial cellulose overtop of carbon-

supplemented agar. Bacterial cellulose pieces were dipped in freshly prepared microalgal solution (104 cells mL-1) 

and placed on carbon-supplemented agar and incubated for 0 day (A, D), 3 days (B, E) and 7 days (C, F). 
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Figure S6.3 Red fluorescence of chlorophyll in bioprinted microalgae upon UV excitation. Bioprinted samples 

(incubated under photomixotrophic conditions for 0 or 7 days) were imaged on a UV-transilluminator. 
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Figure S6.4 Regrowth of microalgae (A, B) in fresh carbon-supplemented medium after 28 days of growth in 

bioprints. Microalgae from bioprints (28-days old) on both carbon-supplemented agar and bacterial cellulose 

overtop of carbon-supplemented agar was recovered and used as the inoculum (0.1% (v/v)) for regrowth in fresh 

carbon-supplemented medium. Samples were incubated under light:dark conditions (12:12 h), and cell density 

measurements (O.D.750) were carried out at 0, 4, 7, and 10 days. ns, not significant; **p < 0.01 as determined by 

one-way (single-factor) ANOVA with post-hoc Tukey's HSD. 
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Figure S6.5 Effect on cell density of transferring microalgae bioprints to fresh carbon-supplemented agar. 

Cell density measurements (O.D.750) were performed on microalgae bioprinted onto bacterial cellulose overtop of 

carbon-supplemented agar that was grown for 14 days (“untransferred” samples), as well as on microalgae bioprinted 

onto bacterial cellulose that was removed from carbon-supplemented agar after 7 days of growth, then transferred 

to a fresh carbon-supplemented agar and grown for another 7 days (“transferred” samples). **p < 0.01, statistically 

significant as determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD. 

 

 

 

Figure S6.6 Scanning electron microscopy images of (A) C. reinhardtii grown as a liquid culture (devoid of alginate), 

(B) bioprinted C. reinhardtii on carbon-supplemented agar, and (C) bioprinted C. reinhardtii on bacterial cellulose 

overtop of carbon-supplemented agar. SEM images were taken following 7 days of growth under photomixotrophic 

condition. 
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Figure S6.7 Determination of cellulolytic activities of C. reinhardtii using Congo red staining. (A) On 

carboxymethyl cellulose (0.1 w/v%) as the substrate. Microalgae were bioprinted or grown as planktonic culture in 

a well within carbon-supplemented agar (+ carboxymethyl cellulose) under photomixotrophic condition for 7 days. 

Congo red staining was carried out, and the zone of cellullolysis was determined.  (B) On bacterial cellulose as the 

substrate. Microalgae were bioprinted onto bacterial cellulose overtop of carbon-supplemented agar and grown 

under the same conditions for 7 days and Congo red staining was performed. The negative control is bacterial 

cellulose incubated with 50 µL sodium chloride (0.9 w/v %), and the positive control is bacterial cellulose incubated 

with 50 µL of cellulase overnight at 30 °C. **p < 0.01, statistically significant (determined by one-way (single factor) 

ANOVA with post-hoc Tukey's HSD). 

 

Figure S6.8 Peeling of microalgae bioprints off of agar substrates. Bacterial cellulose supporting 7-day-old 

bioprinted microalgae was peeled off from carbon-supplemented agar. The detached bacterial cellulose supporting 

the bioprinted microalgae can be directly used as a living material. 
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Figure S6.9 Line height and width of bioprinted 10- and 20-layer microalgal structures. Bottom images 

represent the bioprinted microalgal structures (10- and 20-layers) on carbon-supplemented agar (left) and on 

bacterial cellulose overtop of carbon-supplemented agar (right). ns, not significant (a comparison between 10 and 

20 layers) ; **p < 0.01, as determined by one-way (single factor) ANOVA with post-hoc Tukey’s HSD. 
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Figure S6.10 Physical stability of (A) prints of alginate (without microalgae) and (B) bioprints of alginate 

containing microalgae. Each print was made by printing onto bacterial cellulose (placed overtop of carbon-

supplemented agar) and incubated for 7 days under photomixotrophic condition. Prints were then subjected to 

physical distortions and imaged. 
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Figure S6.11 Effect of fabrication parameters (time elapsed after printing (A-C) and number of printed layers 

(D-F)) on the mechanical properties of bioprinted living materials. ns, not significant; *p < 0.05 as determined 

by one-way (single factor) ANOVA with post-hoc Tukey's HSD. 

 

 

 

 

Figure S6.12 Stability of bioprints. Photographs of bioprinted microalgae on bacterial cellulose following 1 month 

of incubation under ambient conditions. 
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Figure S6.13 Stability of bioprints to dipping and immersion in water. Bioprinted microalgae materials were 

retrieved from water after dipping and immersion. 

 

 

 

 

 

Figure S6.14 Tensile testing of bioprinted materials before and after immersion into water (A) stress-strain 

curves, (B) tensile strength, (C) toughness. ns, not significant; **p < 0.01 as determined by one-way (single factor) 

ANOVA with post-hoc Tukey's HSD. 
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Figure S6.15 Measurements of microalgae release from bioprints on bacterial cellulose into water. Bacterial 

cellulose with the microalgal bioprints were immersed in water for 7 days under ambient conditions. Microalgae 

release from the bioprints were determined by measuring the O.D.750 of water before immersion and after retrieval 

of bioprints. Control consisted of water without the microalgal bioprints. ns, not significant; **p < 0.01, statistically 

significant (determined by one-way (single factor) ANOVA with post-hoc Tukey's HSD). 

 

 

Figure S6.16 Citrate treatment of the bioprinted structures for the removal of alginate hydrogel and recovery 

of microalgal cells. Bioprinted structures (7 days of photomixotrophic growth) were treated with sodium citrate (0.5 

M) for 2 hours with shaking at 40 rpm under ambient conditions. Bioprints were imaged before and after the citrate 

treatment. 
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Figure S6.17 Bioprinter for scaled-up fabrication of photosynthetic living materials. (A) Overall view and (B) 

closer view of the bioprinting set-up. 

 

 

 

 

Figure S6.18 Spectra of LEDs employed for microalgae growth in the bioprints. One blue LED and four red 

LEDs were used for the microalgal cultivation. The red line in the spectra corresponds to the intensity measured 

from four red LEDs, whereas the blue line corresponds to the intensity measured from one blue LED.  
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7 
Conclusions and Outlook 

 

Many biological materials (e.g., spider silk,1 wood,2 nacre3) possess excellent 

mechanical performance due to their highly organized structure from nano-, micro- to 

macroscopic scales.4 To mimic this multiscale structure, several fabrication techniques, 

including layer-by-layer, vacuum filtration, freeze casting, hot-pressing, etc., are developed.5 

However, most of the current fabrication methods are either energy-intensive, labor-intensive, 

environmental-unfriendly, or with limited scalable abilities.6 The development of green and 

mild fabrication methods with scalable productibility becomes increasingly important. 

Microbial fabrication is an emerging technique in the construction of advanced materials 

from microbiology perspective.7 The mild incubation temperature, fast replicability and 

gene-engineered possibility of microorganisms make this technique promising in material 

science, especially in the mild and scalable construction of bioinspired functional materials.8  

 

The three most important questions studied in this thesis are summarized here: 

1. “How to produce a composite material biologically?”  

Microorganisms,8, 9 including bacteria, fungi and algae, can replicate fast, grow under 

mild conditions and secrete many biological enzymes, which could be used as bio-catalysts 

in chemical reactions10 and in material science applications.11 Moreover, as microorganisms 

require very little space to be stored and can usually stay alive upon freezing, they draw 

increasingly attention in the fabrication of bioinspired materials and living materials.7, 11-13 

As one of the most important starting materials produced from microorganisms, 

bacterial cellulose (BC) is drawing increasing attention in the fabrication of next-generation 

sustainable structural materials.14 However, pure BC lacks biocompatibility, conductivity and 

photosensitivity. To make full use of this new material, it is of critical importance to introduce 

functional components into natural BC structure.15 

Due to the densely packed structure, it remains difficult to insert a second component 

within the natural BC network, especially viscous polymers, inorganic particles and living 
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cells.15 Two basic methods (ex situ and in situ) were used in this thesis to solve this problem. 

In Chapter 2 (ex situ), the BC wet pellicle was mechanically disintegrated into a fibrous 

suspension, inorganic particles could be bacterially grown in the suspension to form a BC-

based slurry, which could further self-assemble into a newly layered material. In Chapters 3 

and 4 (in situ), viscous polymers and water-soluble inorganic particles were added into the 

liquid fermentation medium before BC is formed. During the BC biological fermentation 

procedure, these polymers and inorganic particles were entrapped into the BC network. 

 

2. “How to improve their mechanical properties?”  

Tensile toughness, one of the most important mechanical properties in many 

applications, is the amount of energy that a material can absorb before rupturing under 

tension. It is related to the tensile strength and elongation at break. Pure BC dried film 

possesses excellent tensile strength (over 100 MPa), but less elongation at break values (less 

than 5 %), which results in pure BC having relatively low toughness values (< 3 MJ m-3). In 

Chapter 2, CaCO3 inorganic particles were inserted into BC by disintegration, 

biomineralization and reassembly. The new composites showed a reduced tensile strength 

(51 MPa) but improved elongation at break (54 %), resulting in an overall toughness increase 

of the final composite (21 MJ m-3). The reduction in tensile strength is because of the presence 

of CaCO3, which brings stress concentration in the cross section; while the enhancement of 

the elongation at break is attributed to the BC-CaCO3 crystal fiber interaction, the addition 

of γ-poly (glutamic acid) (PGA), and the wrinkled structure. In Chapter 3, BC-PVA 

composites with a spiral honeycomb structure showed both improved tensile strength (315 

MPa) and elongation at break (9 %) values, with an overall toughness of 18 MJ m-3. The 

highly organized honeycomb microstructure is the major reason for this toughness increase. 

In Chapter 4, the graphene oxide (GO) and BC films showed a similar tensile strength (130 

MPa) and improved elongation at break value (45 %), with an enhanced toughness value (36 

MJ m-3), which makes it one of the toughest BC composite film. The improvement in 

toughness is attributed to the addition of PGA, the wrinkled structure and the GO-fiber 

interaction. The overall mechanical properties of the composites reported in this thesis 

(Chapter 2-4) and some everyday materials (natural nacre, pure BC, ABS plastics) are 

summarized in Table 7.1. 

Overall, the raw components, the interface interactions and the structure organization 

are three major factors that influence the tensile strength, elongation at break and toughness 

values of a material. 

 



Chapter 7 

161 

Table 7.1 Comparison of the mechanical properties of the biologically produced composites with everyday 

materials. 

Samples 

 

Tensile Strength 

[MPa] 

Elongation at 

Break [%] 

Toughness 

[MJ m-3] 

References 

Pure BC  148.1 ± 13.4 4.5 ± 0.1   4.9 ± 0.8 16 

Natural nacre 60-70 < 1 0.2-2 3, 17 

Natural wood 40-60 < 3 0.36 18 

Polypropylene (PP) plastic 25.2 ± 0.2 7.2 ± 0.5 1.3 ± 0.2 19 

Acrylonitrile butadiene 

styrene (ABS) plastic 

30-43 10-50 0.14-2.73 20, 21, 22 

Biomineralized BC 

composite 

50.6 ± 1.9 54.0 ± 11.1 21.3 ± 4.2 Chapter 2 

Honeycomb BC-PVA 315 ±21 8.6 ± 1.3 17.8 ± 3.6 Chapter 3 

BC-GO-PGA 130.5 ± 17.4 44.9 ± 7.6 35.7 ± 10.6 Chapter 4 

 

 

3. “How to spatially organize the material?”  

During the biological production stage, living cells are randomly distributed into the 

fermentation medium, which might result in the inhomogeneous distribution of the produced 

components. The emerging of 3D printing technique solves this problem. 3D bioprinting is 

an emerging technique and remains a very useful tool in the spatial patterning of living 

materials. In Chapter 5 and 6, we used this technique to construct functional living materials 

with shapes that can be controlled spatially at the millimeter scale. In Chapter 5, we printed 

a calcium-alginate hydrogel containing bacteria and optimized the printing resolution. In 

Chapter 6, based on the same calcium-alginate hydrogel, we printed microalgae. The 

bioprinting was done on the top of a dried BC film, in order to improve the mechanical 

properties of the fragile calcium-alginate hydrogel. Notably, the presence of microalgae 

endows the material with photosynthetic properties, which makes it promising in diverse 

applications including photosynthetic skin, artificial leaves, bio-garments, photosynthetic 

adhesive labels, etc. 

Although 3D printing could realize the spatial organization at submillimeter scale and 

macroscale, it remains difficult to design the nano- and microscale structure. To achieve the 

spatial organization at smaller scales (nano- and micro-), ex situ (Chapter 2), in situ (Chapter 

3 and 4) and self-assembly (Chapter 2-4) techniques were utilized. In Chapter 2, the 
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disintegrated and biomineralized BC could self-assemble into a layered structure, with 

CaCO3 crystals entrapped in-between the microscaled layers. In Chapter 3, PVA polymers 

were entrapped into the BC layers by the combination of in situ fermentation and self-

assembly. In Chapter 4, inorganic GO particles were spatially organized into the BC layered 

structure with a semi in situ fermentation technique.  

 

4. Limitations and future challenges  

There are also several limitations that need to be noticed: 

1. In the ex situ method, we disintegrate the natural structure of BC, which brings the 

reassembled material with reduced tensile strength. Due to this disadvantage, in situ 

fermentation method is better in the fabrication of BC-based composites, as BC natural 

structure does not have to be destroyed during the fabrication procedure. 

2. The biomineralized BC composite is self-assembled by water evaporation, therefore, 

the material is not water resistant. To overcome this problem, coatings need to be applied on 

the material surface in the real application. 

3. For the spiral honeycomb BC composite, due to the addition of PVA, the yield of the 

final composite is reduced during in situ fermentation, which might increase the potential 

cost for this material. 

4. To get a whole piece of BC bulk material, the in situ fermentation need to be carried 

out under static conditions. In the static in situ fermentation procedure, only BC pellicles can 

be formed. BC with tubular or complex geometries are hardly achievable. 

5. The Ca2+-alginate based 3D printing technique makes it difficult to print scaffolds 

with more than 5 layers, as the Ca2+ ions need time to diffuse from bottom agar to the upper 

layer of sodium alginate, which makes the upper layer ink difficult to be solidified.  

6. Although we printed microalgae on a BC surface, we still did not manage to insert 

living algal cells into BC network with in situ fermentation method. 

 

In summary, microorganisms are very promising in the fabrication of advanced 

materials. The overall principle is to keep living microorganisms alive during the material 

fabrication procedure. More works need to be explored by selecting proper raw materials, 

living cells and processing methods. With the development of genetic engineering and 

synthetic biology, living microorganisms will play an increasingly important role in the 

fabrication of next generation sustainable bioinspired materials and functional living 

materials. 
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