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Dr. Sara Molinari started her studies in Italy with a Bachelor in Pharmaceutical Biotechnology at 

University of Perugia and a Master in Bioinformatics at University of Milano-Bicocca. She joined the 

System, Synthetic and Physical Biology PhD program at Rice University and graduated from 

Matthew Bennett’s Lab. Her PhD was largely funded by the DARPA ELM program that organized 

pioneer research on engineered living materials. She graduated with a thesis on engineering 

differentiation in bacterial cells to enable the creation of multicellular systems from prokaryotic 

hosts. Now she is a postdoctoral researcher in Caroline Ajo-Franklin’s lab, where she successfully 

created the first example macroscopic de novo engineered living material that grows from 

genetically modified bacteria.  

  



 

DYSS2022 

Abstract 
 

A de novo matrix for macroscopic living materials from bacteria 
Dr. Sara Molinari 

 

Artificial materials have always been central to technological advancements, from steel during the industrial 

revolution to engineered semiconductors in the digital era. Although there exists a ceaseless demand for new 

materials to support human progress, pressing environmental challenges, such as rising global temperatures and 

dwindling natural resources, impose upon us the need for eco-friendly production practices. Biological organisms 

integrate performance and sustainability by creating living materials, such as skin, bone, wood or biofilms. They 

combine remarkable physical and biological properties with the ability to self-assemble from basic nutrients under 

mild conditions, self-repair in case of damage, and dynamically respond to external stimuli1. Engineered living 

materials (ELMs)2–4 aspire to emulate the characteristics of their natural counterparts, but with the additional goal to 

also incorporate non-natural biological functions and tailored mechanical properties. ELMs are composites of 

microorganisms embedded in a biopolymer matrix, where cells define the biological activity, while the matrix controls 

the bulk material composition and structure5. For this reason, engineering macroscopic ELMs that grow from the 

bottom-up with a synthetic biomolecular matrix will allow control over their mechanical properties. However, we have 

lacked the tools and design rules to genetically encode a synthetic matrix that programs collective cell self-

organization into macroscopic structures5. As result, most ELMs are microscopic6–10 and must be processed into 

macroscopic materials. The few macroscopic ELMs have been created by genetically modifying existing matrices11 or 

genetically manipulating mineralization of inorganic matrices12. 

I created a macroscopic, bottom-up, de novo ELM (BuD-ELM) by genetically engineering the freshwater 

bacterium Caulobacter crescentus13 to display a surface bound synthetic matrix. For this purpose, I designed a 

bottom-up de novo (BuD) protein comprising three main domains (Fig. 1A): the N-terminal surface anchor of the 

native surface layer monomer (RsaA)14, a central structural domain made of elastin-like polypeptides (ELPs) - a 

SpyTag15 was also included for functionalization purposes, and the C-terminus of RsaA, necessary for extracellular 

secretion. In this way, I redesigned the bacterium surface (Fig. 1B), adding an external layer of synthetic proteins that 

self-associate due to the presence of the ELPs16 and the highly hydrophobic RsaA Ctermini17. This strain was reported 

to form centimeter-scale material when grown in flasks. Through confocal microscopy, I observed that some of the 

BuD protein detached from the cell surface and formed a locally inhomogeneous extracellular matrix (Fig.1C), able to 

assemble cells into hierarchically-ordered macroscopic structures. I described the multi-step process of BuD-ELM 

formation that includes the early onset of a pellicle at the water-air interface that later sinks at the bottom of the flask 

(Fig.1D). Through genetic modifications of the matrix, I was able to control the stiffness of BuD-ELMs over a range that 

is ~50-fold greater than prior work (Fig.2A). I showed that BuD-ELMs can (1) generate new material even after being 

desiccated for up to three weeks (Fig.2B), (2) be used as water filters (Fig.2C), (3) functionalized with exogenous 

enzymes directly from complex mixtures (Fig.2D), (4) processed into a cohesive extrudable paste (Fig.3), and (5) form 

solid composites with inorganic powders (Fig.3). 

This study offers a radically new design concept: that an extracellular matrix can mediate assembly 

of micrometer-sized cells into centimeter scale materials, thus organizing cells across four orders of magnitude. 

I anticipate the modularity of this approach will permit the incorporation of different protein polymers in the de novo 

matrix, allowing for tunable ELMs with a variety of desired structures and compositions of the bulk material. 

Moreover, combining specific matrix properties synergistically with existing cellular functions will accelerate 

development of biomaterials that grow, self-heal and regenerate, respond to environmental cues, reconfigure 

dynamically, and are multifunctional. Such biomaterials could sustain aging infrastructure with novel self-repairing 

structural materials and address sustainability challenges with synthesis under ambient conditions from dilute, low-

purity starting materials. Thus, this work will enable a new era of biomaterials that would revolutionize our capabilities 

to meet the coming global challenges. 
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