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Nanocelluloses
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Cellulose nanocrystals (CNC) Bacterial cellulose (BC)

1 µm

Cellulose nanofibers (CNF)

Klockars et al. Biomacromolecules 19 (2018) 2931-2943 Lehtonen et al. Cellulose https://doi.org/10.1007/s10570-020-02971-8



Cellulose pellicle produced by  

Komagataeibacter xylinus (previously 

called Gluconacetobacter xylinus or

Acetobacter xylinum)

Source: Alberts, Johnson, Lewis, Raff, Roberts, Walter, 

Molecular Biology of the Cell, Garland Science, Taylor & 

Francis Group

Bacterial nanocellulose was first discovered 

by A.J. Brown in 1886. 

Extensive research on the  biosynthesis of 

bacterial cellulose with aerobic, gram 

negative “Acetobacter xylinum” dates back 

to the 1970s with work by Malcolm  Brown 

and others (University of Texas). 



Bacteria produce cellulose at the culture medium-air interface

Castro et al., Carbohydrate Polymers 89 (2012) 1033–1037

Komagataeibacter medellinensis

Cellulose is formed as a film at the air-waterr
interface (network of nanoscale fibrils)



Research interest on BC
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Stumpf et al. Materials Science and Engineering C 82 (2018) Klemm et al. Materials Today 21(7) (2018)



BC synthesis and 
production



Microorganims Growth Characteristics

Gluconacetobacter Cellulose pellicle

Achromobacter Cellulose fibers

Aerobacter Cellulose fibers

Agrobacterium Short cellulose fibers

Alcaligenes Cellulose fibers

Pseudomonas No distinct fibers

Rhizobium Short fibers

Sarcina Amorphous cellulose

Zooglea Unknown

Adapted from Jonas, R., & Farah, L. (1998). Polymer degradation and stability, 59, 101-106

Possible reasons why bacteria 

produce cellulose

• To maintain position close to the 

surface of culture 

• To guard themselves from 

ultraviolet light

• Construct such a cage and 

confine themselves in it to 

protect themselves from 

enemies and nutrients can be 

supplied easily by diffusion. 
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Bacterial cellulose produced by 

Komagateibacter genus

• Bacteria excrete thick cellulose polymer gel, 

consisting of fine-structured cellulose fibrils. 

• The width of the bacterial cellulose fibrils is 

around 20-100nm and they consist of even 

finer cellulose nanofibrils with width around 2-4 

nm

• Typically Hestrin-Schramm medium is used for 

production in the laboratory



Bacterium that synthesizes cellulose (Gluconacetobacter var.)

Source: C. Haigler PhD dissertation

1 µm 4 µm

100 nm 

DimitriosTsalagkas, Univ. West Hungary



Cellulose extruded through pores on cell surface in micro-fibrils that are 1.5 nm in diameter that 

assemble to form helical ribbons:

• Glucose molecules are polymerized into cellulose chains (formation of β-1,4-glucosidic 

linkages), 10-15 parallel chains form a 1.5 nm-wide protofibril. 

• Several protofibrils assembled into 2-4 nm wide microfibrils. 

• A bundle of microfibrils assembled as 20-100 nm-wide ribbon.

• A matrix of interwoven ribbons constitutes the bacterial cellulose pellicle. 

Cellulose synthesis

Progress in Polymer Science, 26, 1561-1603

Brown et al Proc. Natl. Acad. Sci. USA 73 (1976)

Link (video): Cellulose 

Biosynthesis in Acetobacter

xylinum

https://www.youtube.com/watch?v=EVBHab7TU_w


Source: Alberts, Johnson, Lewis, Raff, Roberts, Walter, Molecular Biology of the Cell, Garland Science, Taylor & Francis Group

Minisheet cross-section 

believed to form from a 

single subunit, in which 

van der Waals forces 

hold the cellulose chains 

together. Each grey box 

represents a cellulose 

chain looking down the 

chain-axis. 

Comparison with the different levels of the formation of a wood microfibril 

Elementary fibril cross-

section, the assembly of 

6 minisheets into a 

cellulose crystal I lattice 

of B3–5 nm dimensions. 

The consolidation of 

multiple elementary 

fibrils forms a microfibril

Microfibril cross-section 

composed of 6 elementary 

fibrils (modified Frey-

Wysling model)

Microfibril lateral section showing the series 

configuration of crystalline and amorphous 

regions.



Source: Alberts, Johnson, Lewis, Raff, Roberts, Walter, Molecular Biology of the Cell, Garland Science, Taylor & Francis Group

wood, plants

(6 chains/subunit, green 

algae (Micrasterias)

Yellow-green algae 

(Vaucheria) 

(1chains/sub-unit)

Red algae 

(Erythro-cladia) 

(4chains/subun

it)

Green algae 

(Valonia) (10–12 

chains/subunit)

Tunicate (unknown 

number of 

chains/sub-unit)
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TC = terminal complex



Cellulose purification

• Typically a NaOH treatment is 

used for removing bacteria 

and culture medium 

components from the 

produced pellicle
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Before purification After purification



Source: J. Catchmark, Penn State 

The up-scalability of the process and 

commercial production are decelerated by the 

slow production rate of bacterial cellulose, 

resulting in high production costs. Increase in 

the production rate can be potentially achieved 

by development of the growing technology, 

careful selection of raw materials and even by 

gene technology. 



Properties of bacterial 
cellulose



Bacterial and plant-based cellulose

• Chemically identical to plant cellulose

• BC finer and more intricate structure

• No hemicellulose and lignin

• Higher crystallinity

• Can be grown in different shapes and thicknesses

• Higher Young’s modulus

• The culture media and the bacterium strain determine 

the quality of cellulose

• Higher water absorption capacity



Hydrophilicity
•Highly swollen fiber network
•Presence of pore structures and “tunnels”
•Extensive interior surface area/interstitial space
•WRV (typical plant cellulose)= 60%
•WRV (bacterial cellulose)= 1000%

Klemm et al., Bacterial synthesized cellulose-artificial blood vessels for 

microsurgery, Progress in  Polymer Science, (2001), 26, pp. 1561-1603

Reading Ref: M. Iguchi. Bacterial cellulose-a masterpiece of nature’s arts. Journal Materials Science, 35 (2000) 261-270.

purified and air-dried bacterial cellulose pellicle

Transparency



Fleeces of bacterial nanocellulose produced by two different Gluconacetobacter strains.

DSM=Deutsche Sammlung fr Mikroorganismen und Zellkulturen, Braunschweig, German

ATCC=American Type Culture Collection, Manassas, VA, USA (scale bars: 2 mm).

Source: Alberts, Johnson, Lewis, Raff, Roberts, Walter, Molecular Biology of the Cell, Garland Science, Taylor & Francis Group

DSM 14666 ATCC 23769



BC composites and 
hybrids



• Formation of nanocomposites with different components (bioactive

agents, natural polymers, synthetic monomers as well as

polymers, metals and metal oxides)

➢ In situ or ex situ approach

• Bioengineering of the microorganism

Water soluble 
polymer

Gluconacetobacter
Carbon Source

Nitrogen Source
pH conditioner 

Time

In-situ 
nanocomposite

Adapted from C. Castro, UPB, Colombia



PVA/BC nanocomposites for

biomedical applications

+

OH

n

Physical linking

Chemical crosslinking

freezing and thawing cycles between -20 and 

20°C, 6 h holding time and thawing rate 

0.1°C/minAdapted from C. Castro, UPB, Colombia



PVA/BC nanocomposites by Gluconacetobacter bacterium

Physical linking nanocomposites

Hestrin-Shramm (HS) medium (glucose 2 
w/v%, peptone 0.5 w/v%, yeast extract 0.5 
w/v%, Na2HPO4 0.27 w/v% and citric acid 

until pH 3.5

Poly(vinyl alcohol) to concentration of 
0, 2.5, 5 and 10 wt %. 

Inoculum

Pellicle of bacterial cellulose, the medium with PVA is 
absorbed into the network

Washed with water and treated for 14 h in a 5 wt% KOH 
solution, rinsed until pH 7

Dried at 40 °C for 48 h to obtain films.

pellicles linked through 6 freezing and thawing 
cycles between -20 and 20°C in a 

heated/refrigerated circulator with 6 h of 
holding time and thawing rates of 0.1°C/min

Weight an characterization

pellicles were retired for determine the cellulose 
amount  into the composites

Castro et al., RSC Adv., 2015, 5, 90742–90749



Sample Modulus (MPa)

BC 0.058

PVA10 0.270

PVA/BC 10(10) 2.754

PVA5 0.076

PVA/BC 20(5) 2.100

PVA2.5 0.023

PVA/BC 30(2.5) 0039

Compression modulus of physical cross-linked 

nanocomposites in the hydrated state

Sample Tg (°C) Tm (°C)

PVA10 76.2 224.7

PVA/BC 10(10) 79.7 236.4

PVA5 69.2 225.3

PVA/BC 20(5) 78.8 230.6

PVA2.5 63.5 228.1

PVA/BC 30(2.5) 84.2 229.8

Nanocomposite

BC loading 

wt% dry

PVA 

concentratio

n in culture 

medium, 

wt%

PVA/BC 10(10) 10 10 PVA10

PVA/BC 20(5) 20 5 PVA5

PVA/BC 30(2.5) 30 2.5 PVA2.5

Castro et al., RSC Adv., 2015, 5, 90742–90749



Fracture surface of PVA films prepared by physical crosslinking

+BC

PVA BC

PVA/
BC

Castro et al., RSC Adv., 2015, 5, 90742–90749



3D structures



Production of 3D structures

• BC is produced at the air water-

interface

➢Control of the air-water interface

➢Oxygen permeable molds can be 

used

27



Strain and incubation conditions

▪ Hestrin-Schramm (HS) medium of pH of 4.5
▪ Gluconoacetobacter medellinensis
▪ Closed vessel with permeable silicone tubes
▪ Static incubation at 28 C for 9 days

O2 O2
O2

O2

O2
O2

O2

O2

O2

O2

O2Air

Glucose

Glucose

9 
days

Silicone tube HS media Bacterial cellulose 
(BC) tube

O2

Glucose

Cellulose fibril
Closed vessel CMC

CMC

Incubation

Carboxymethyl cellulose (CMC)

BC tubes for bioseparation

Orelma et al., RSC Adv. 4 (2014)



Tubes

Bacterial cellulose tubes

In-situ modification

Carboxymethyl cellulose DS = 0.7, DP = 250 000 g/mol

CMC concentration of 0-5 g/l

Ex-situ modification
TEMPO-mediated oxidation, NaBr, and NaOCl system at pH of 10

TEMPO-oxidation time: 1-30 min

Proteins
Human Serum Albumin (HSA) 

Anti-HSA affibodies

Dansylated HSA for fluorescence imaging

Affibodies (antibody 
mimetics): small, robust, 

proteins engineered to bind 
target proteins with high 

affinity, imitating monoclonal 
antibodies. 



Conjugation of affibodies to CMC-modified BC tubes 
(via EDC/NHS chemistry)

Anti-HSA affibody

EDC/NHS

pH 5 buffer

Hollow BC tube
with in-situ CMC 

modification

- - -
-

-
-
- - -

--
-

-
-

--
-

- -

--

-

-

-

-

CMC

Conjugations of 0.1 mg/ml anti-HSA to CMC 
with 0.1 M EDC + 0.4 M NHS in 10 mM NaOAc

buffer at pH 5.

Biofiltration

HSA

Filtrate





Effect of CMC on BC tube morphology

Pure BC

BC grown with 2 
g/l CMC

Inner surface Cross-section

Orelma et al., RSC Adv. 4 (2014)



Effect of CMC on the adsorption of HSA on 
cellulose

CMC modification lowers 
non-specific adsorption

• Hydrogel-like structure
• Anionic charge of CMC

CMC modified cellulose

= Rinsing

Orelma et al., RSC Adv. 4 (2014)



Biofiltration of stained HSA with affibody-functionalized BC tubes
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• High fluorescence when anti-HSA was conjugated to CMC-BC
• CMC modification decreases the background noise compared to 

TEMPO-oxidation.

Dansylated HSA on…

CMC-BC with anti-HSA

CMC-BC without anti-HSA

Background CMC-BC
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Orelma et al., RSC Adv. 4 (2014)



BioFabrication Strategy 1 - Morphology control via 
oxygen permeable molds

Advacned biofabrication of 3D structures



Proposed Fabrication Technique:

Interfacial stabilization –

Liquid Marbles = Droplet



Drop-casting culture medium on hydrophobic 

powder for interface stabilization

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



Liquid Marbles



Hollow BC capsules

Drop-casting               SprayingHumid environment 



In situ encapsulation of functional cargos

Demonstrated cargos include: 

- Enzymes

- Gold nanoparticles

- pH-responsive polymers

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



Other cargo loading

Gold particles

pH-responsive
Macromolecule

(400 kDa)

Adhered
Macromolecule

Particulated enzymes

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



BC capsules with multiple compartments



In-situ formation of bacterial cellulose – high permeability
to macromolecules

150 kDa FITC-Dextran

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



Proposed Fabrication Technique:

Interface stabilization - Molding



Mold hydrophobization for interface stabilization

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



Non-wetting molds

Before After



Customizability achievable by 3D-printed molds





Advanced Biomedical Materials



Proposed Fabrication Technique:

Interface stabilization - Biowelding



”Biowelding” as an additional BC manufacturing tool

1 cm

Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., Materials Horizons
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”



”Biowelding” provides a robust assembly of BC objects



More information in: Greca, L.G., Lehtonen, J., Tardy, B.L., Guo, J. and Rojas, O.J., 
2018. ” Biofabrication of multifunctional nanocellulosic 3D structures: a facile and 
customizable route. .”

• Easy and customizable way 
to shape BC in 3D

• Enables new functionalities 
to be added to BC 

• Combinatorial approaches 
and bio-engineering  can 
open new horizons for BC 
applications

1 cm



Discussion on BC

• What is the most common organism used for BC production and how does it 

produce cellulose?

• How does BC differ from cellulose of plant origin? 

• What are the main applications of BC?
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