
Alex Persat 

Living (bio)materials
BioEng458 - lecture 6



Lecture outline

• Living materials: what are they?


• Key properties and capabilities


• Implementing living materials


• Case studies: living materials for sensing and treating



Cells produce biological materials
Bacterial curli Wood



Recap of lecture 1
Synthetic biology allows control of biomaterial synthesis


We can program cells as material factories

> how about incorporating cells within the biomaterial design?



What are living materials?
Materials that incorporate living cells

Already in nature!



Living biomaterials: engineering
Two approaches

Biohybrid material: embed cells into a synthetic material matrix

> Programmable with synthetic biology, but not at material level


Living material: Cells synthesize biological material

> Material is programmable with synthetic biology



Why living biomaterials?

Self-Healing & Regeneration: Living materials can autonomously repair 
damage, unlike inert materials that require replacement.


Dynamic Sensing & Response: Living biomaterials can detect changes in their 
environment (e.g., pH, toxins, temperature) and respond accordingly.


Sustainability & Biodegradability: Living materials can be biodegradable and 
renewable, reducing waste compared to synthetic materials.


Integration with Biological Systems: Living biomaterials interact naturally with 
tissues and cells, reducing rejection risks in medical applications.



Challenges & Considerations

Controllability: Unlike synthetic materials, living biomaterials require precise 
control over growth and function.


Safety & Ethics: Concerns over containment, regulation, and unintended 
environmental consequences.

Long-Term Stability: Ensuring that cells remain functional over time in complex 
environments.



Applications as biomaterials and beyond

Biomedicine & Regenerative Medicine: Living tissue scaffolds for 
wound healing, drug-releasing implants.

Wearable & Implantable Sensors: Living biosensors that detect 
infections or changes in body chemistry 

Environmental Applications: Living materials for pollutant degradation, 
carbon capture, and air purification.

Smart Infrastructure: Self-healing concrete, adaptive coatings that 
respond to weather conditions.




Materials used in living materials

https://www.nature.com/articles/s41578-020-00265-w#article-info

Biohybrid



Engineered living materials

• material synthesis

• self organization into higher order structures

• maintenance of structure in response to stimuli


> bacteria can do this - and even more 



Bacterial multicellularity

E. coli



Biofilms

waterandhealth.org

www.eawag.ch

www.cs.montana.edu

wikipedia.org
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cross-sectional view





Zooming in on the biofilm matrix
the extracellular polymeric substance (EPS) matrix is a cement for biofilms

The properties of the matrix sets the 
architecture of the biofilm and the spatial 

organization of single cells

Main function: 
mechanically maintain 
the cohesion of the 
community



Single cells synchronize to build biofilms

• Single cells secrete signaling molecule (autoinducer)

• Autoinducer level depend on bacterial density

• Single cells sense autoinducer levels

• Response is dependent on concentration

Quorum sensing regulates a breadth of 
collective phenotypes:

• virulence (patogenicity)

• light production

• biofilm formation 

hawaiian bobtail squid 
and Vibrio harveyi (camouflage)



Engineering cell-cell communication
Quorum sensing system

For example: biofilm matrix



Microbial species for living materials



Genetic parts for living material



Hybrid living materials

https://www.nature.com/articles/s41578-020-00265-w#article-info



Challenges in living materials

https://www.nature.com/articles/s41578-020-00265-w#article-info



Incorporate (synthetic) living 
organisms in materials > sensors



Producing bacterial capsules

Microfluidic droplet generator
Bacterial growth (20h)



Bacterial capsules: core-shell

https://doi.org/10.1021/acsami.1c00230



Core-shell particles at high throughput
Emulsion in oil Particles in water

Osmotically-shocked particles Fluorescent visualization



Growth in core-shell capsules

Fluorescent bacteria growth

Yeast growth



Stretchable living materials with programmed cells

https://www.pnas.org/doi/full/10.1073/pnas.1618307114

Concept of fabrication

hydrogel = polyacrylamide+alginate 
elastomer = PDMS

Key capabilities:

• containment

• deformability

Cell viability



Living sensor: detection of chemicals

4 engineered bacterial strains


tune gene expresssion based on input


responsive to distinct chemicals



Interactive gene circuit

cells within hydrogels can interact via diffusion of chemical signals



Living wearable device



3D-printing of live biomaterials

https://doi.org/10.1002/adma.201704821

Concept

Implementation



3d-printing of bacteria-laden ink
Pluronic F127 diacrylate as ink

rhodamine

fluorescein

E. coli GFP



Implementation of logic gates 3D-printed biomaterial



3D-printed living tattoo

Signal introduced on skin



Scaling up: living biohybrid material

https://doi.org/10.1002/adfm.201907401


https://www.media.mit.edu/projects/hybrid-living-materials/overview/

https://doi.org/10.1002/adfm.201907401




Living materials with self 
regeneration: cellulose



Bacterial cellulose production

https://www.pnas.org/doi/full/10.1073/pnas.1522985113

Komagataeibacter rhaeticus forms a pellicle of cellulose

K. rhaeticus E. coli

SEM of cellulose pellicle



A synthetic biology toolkit for K. rhaeticus
It is not a model organism > hard to engineer



Production of living cellulose spheroids



Spheroids as building blocks

(manual assembly)



Material self-healing

repair fusion: cellulose patches

fusion: hybrid materials

A great living material, but spatial, temporal and biological control remains complex



Scaling up bacterial cellulose production



Improving living material 
precision: turn to protein-based 
materials



Remember the amyloid filaments?
Protein material: easier to control production

CsgA gene

Curli filaments (amyloid)

CsgA polymer



3D printing engineered living materials
Leverage B. subtilis biofilm amyloids and fusions

https://doi.org/10.1038/s41589-018-0169-2

A biofilm printer - with functionalized amyloids
Construction of functionalized amyloids



Amyloid functionalization

Fluorescent labeling Gold nanoparticles

Ni-NTA-decorated AuNPs
TasA-HisTag

Fibers Biofilm



Printing biofilms Mechanical properties

Printing+incubation with nanoparticles



Replica of printed biofilms
use bacteria’s ability to stick and grow



Therapeutic living biomaterial
CsgA probiotic to treat intestinal permeability



Efficacy during colitis
DSS induces colitis

Curli production improves disease symptoms



Fully integrated living material 
and bioelectronic



A biointegrated wearable living electronic

https://doi.org/10.1126/science.adl1102

Device focused on 
skin diagnosis and 
therapy



Bacterial encapsulation
Tapioca starch



Psoriasis diagnosis

Lower SNR due to 
skin thickening



Psoriasis diagnosis and treatment

How does it work?

microbes tame inflammatory response



Living materials that respond to light

pDawn is photoactivable

dVio is an antifungal, expressed upon 
light stimulation

https://doi.org/10.1002/smll.201804717



Untapped biology: bacteria follow magnetic fields

https://doi.org/10.1002/smll.201804717

https://www.youtube.com/watch?v=8N1U75qCg00

