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Abstract:  

Engineered living materials (ELMs) embed living cells in a biopolymer matrix to create novel 
materials with tailored functions. While bottom-up assembly of macroscopic ELMs with a de novo 
matrix would offer the greatest control over material properties, we lack the ability to genetically 
encode a protein matrix that leads to collective self-organization. Here we report growth of ELMs 
from Caulobacter crescentus cells that display and secrete a self-interacting protein. This protein 
formed a de novo matrix and assembled cells into centimeter-scale ELMs. Discovery of design 
and assembly principles allowed us to tune the mechanical, catalytic, and morphological properties 
of these ELMs. This work provides novel tools, design and assembly rules, and a platform for 
growing ELMs with control over matrix and cellular structure and function.   

 
One-Sentence Summary: We discovered rules to grow bacteria into macroscopic living materials 
with customizable composition, structure, and function. 
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Main Text:  
Naturally occurring living biomaterials, such as bones or wood, grow bottom-up from a 

small number of progenitor cells into macroscale structures(1). Engineered living materials 
(ELMs)(2–4) are inspired by naturally-occurring  living materials, but use synthetic biology to 
introduce tailored, non-natural functions. By incorporating engineered cells into a biopolymer 
matrix, these materials can function as living sensors(5), therapeutics(6, 7), electronics(8), energy 
converters(9), and structural materials(10). While cells confer functionality to ELMs, the matrix 
assembles the material and controls the bulk material composition, structure, and function(11). 
Engineering macroscopic ELMs that grow from the bottom-up with a synthetic matrix remains an 
unmet challenge. It is considered well beyond the current state-of-the art (11)because assembly of 
micrometer-sized cells into centimeter-scale materials requires self-organization across length 
scales spanning four orders of magnitude. Engineering principles to achieve this are unknown(12), 
so most ELMs are microscopic(13–17). The few macroscopic ELMs have been created by 
genetically modifying existing matrices(18), processing microscopic ELMs into macroscopic 
ones(19, 20), or incorporating living cells into a chemically synthesized matrix(6, 21). 
Additionally, secreting biopolymers at high yield is challenging, making synthesis of a de novo 
matrix a technical hurdle(11).  

Leveraging previous genetic tools for biopolymer secretion and display in Caulobacter 
crescentus(22, 23), we sought to create bottom-up ELMs composed of cells interacting through a 
surface-bound de novo matrix. To minimize native cell-cell interactions, we started with a C. 
crescentus background that cannot form a biofilm. Next, we designed a bottom-up de novo (BUD) 
protein by replacing the native copy of the surface layer (S-layer) RsaA(24) (Fig. 1A) with a 
synthetic construct encoding four modules (Fig. 1B): (i) a surface-anchoring domain, (ii) a flexible 
biopolymer region for solution accessibility, (iii) a tag for functionalization, and (iv) a domain for 
secretion and self-interaction. We used the first 250 residues of RsaA as an anchor to the O-antigen 
lipopolysaccharide(25, 26). As the flexible domain, we chose an elastin-like polypeptide (ELP) 
based on human tropoelastin with 60 repeats of the Val-Pro-Gly-X-Gly  motif(23, 27), ELP60. 
ELPs are flexible, self-associate, and form elastic structures. SpyTag(28) was used as a 
functionalization tag, as it covalently binds to fusion proteins containing SpyCatcher. The C-
terminal domain of the BUD protein, consisting of the last 336 residues of RsaA, was chosen to 
mediate protein secretion(23) and to self-associate(29). We refer to this BUD protein-expressing 
strain of C. crescentus as the BUD-ELM strain. 

Surprisingly, cultures of the BUD-ELM strain yielded centimeter-scale, filamentous 
material (Fig. 1C – left) after 24 h of growth. The material contained intact C. crescentus cells 
(Fig. 1C – right), indicating these macroscopic materials were indeed BUD-ELMs. In contrast, the 
wild-type culture did not generate any visible aggregates (Fig. S1). To understand the role of BUD 
protein in this material, we compared the extracellular surface of planktonic cells of the BUD-
ELM strain before material formation with other C. crescentus strains. When stained with 
SpyCatcher-GFP, cells of the BUD-ELM strain (Fig. 1D – left) showed GFP fluorescence (cyan) 
along the outer contour of the cells (yellow), demonstrating the BUD protein is on the extracellular 
surface. The BUD-ELM was not stained by free GFP (Fig. 1D – right), nor was the ∆SpyTag strain 
stained by SpyCatcher-GFP (Fig. S2A,B), confirming that staining required SpyTag and 
SpyCatcher. Atomic force microscopy (AFM) of the BUD-ELM cells showed a brush-like 
structure (Fig 1E – right) that distinguished it from the wild-type hexameric S-layer (Fig. 1E – left) 
and the ∆rsaA strain (Fig. 1E – middle). The BUD protein formed long, unstructured projections, 
and this soft layer mediates cell-cell interactions (Fig. S3). These results provide a first 
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demonstration of macroscopic, bottom-up ELMs with a de novo surface-bound matrix that 
mediates cell-cell interactions.  

  

 
Fig. 1. Engineered strains of C. crescentus self-assemble into BUD-ELMs. (A) Schematic of the native 
rsaA gene within its genomic context, showing its N-terminal cell anchoring domain (1-250) and C-terminal 
domain (251-1026) with the secretion subdomain (690-1026). (B) Schematic of the four-domain construct 
replacing the native rsaA gene in the BUD-ELM strain. (C) Photograph of free-floating material formed by 
the BUD-ELM strain (left). Brightfield image of a portion of a BUD-ELM (right), showing cell clusters 
and intact cells. (D) Confocal microscopy of single cells of BUD-ELM strain stained with SpyCatcher-GFP 
(left) or GFP (right), demonstrating that the BUD protein (Fig. 2A, left)n is located on the cell surface.  
Scale bar: 5 µm, applies to all images. (E) AFM images of the cell surface of wild-type (left), ∆rsaA 
(middle), and BUD-ELM strain (right), showing the brush-like structure of the BUD-ELM strain’s surface.  

To probe their structure, we stained BUD-ELMs with SpyCatcher-GFP and imaged them 
using confocal microscopy.  At the half a millimeter length scale (Fig. 2A – left), the BUD protein 
(cyan) and cells (yellow) appear distributed throughout the entire material. At the micron length 
scale, C. crescentus cells in the material display a layer of BUD protein (Fig. 2A – right) like 
planktonic cells (Fig. 1D). At the tens of micron length scale (Fig. 2A – middle), we unexpectedly 
observed a BUD protein-containing secreted matrix (blue) that was locally inhomogeneous and 
was surrounded by C. crescentus cells (yellow) on all sides (Fig. S4). To probe the matrix 
composition, we also stained the BUD-ELM with Congo Red and 3,3'-
dioctadecyloxacarbocyanine perchlorate (DiO) (Fig. 2B), which are known to bind amyloid 
proteins(30) and lipids(31), respectively. Congo Red staining (Fig. 2B – Proteins) was orthogonal 
to the cell channel and analogous to the SpyCatcher-GFP staining, confirming that the matrix is 
made of proteins. In contrast, DiO (Fig. 2B – Lipids), did not stain cell-free regions. Analysis of 
the cell-free and stained areas (Fig. 2C) confirmed that protein staining had a higher overlap with 
cell-excluded matrix regions compared to lipid staining. Thus, the BUD-ELM strain produces a 
secreted proteinaceous matrix containing the BUD protein that mediates BUD-ELM structure at 
the tens of micron length scale.  
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To understand how BUD protein could be both a surface-displayed and secreted matrix, 
we imaged single cells through AFM at early stages of BUD-ELM formation, when cells are 
mostly in the planktonic state, and at later stages when the material is fully assembled. At the early 
stage (Fig. 2E – left), the cell surface appeared uniform, but after the BUD-ELM had formed, cells 
showed large protuberances (Fig. 2E – right). Additionally, the surface layer depth of early-stage 
BUD-ELM cells is ~10 nm (Fig. 2F – left), compared to the ~35 nm layer of late-stage cells (Fig. 
2F – right), indicating that the protein layer thickens over time. We found secreted BUD protein 
in the medium under both static and shaking conditions (Fig. 2D), indicating that some BUD 
protein is released into the medium independent of shaking. Moreover, a strain that only secretes, 
but does not display the BUD protein, created material with a much lower cell content than the 
BUD-ELM (Fig. S5). These results suggest that the BUD protein accumulates on the cell surface, 
some of which detaches and forms a secreted matrix that subsequently binds C. crescentus cells. 
We propose that the ability of cells to simultaneously self-interact and adhere to the matrix plays 
a pivotal role in creating an emergent structure that is cell-rich and macroscopic.  

 

 
Fig. 2. BUD-ELMs contain a de novo protein matrix and display hierarchical structure. (A) Confocal 
microscopy of ELMs stained with SpyCatcher-GFP at increasing magnifications, showing a hierarchical 
structure. Bottom images show individual fluorescent channels: GFP (matrix) on the left and mKate2 (cells) 
on the right. (B) Confocal microscopy of BUD-ELMs stained with Congo Red (left panel) and DiO (left 
panel), highlighting the proteinaceous nature of the BUD protein matrix. (C) Percentage of overlapping 
pixels between cell-free and stained regions, confirming the absence of lipid in the BUD protein matrix. 
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Error bars represent standard error. (D) Immunoblot of BUD protein in growth media in static (left) and 
shaking (right) cultures. (E) AFM images of single cells at early (left) and late (right) stages of BUD-ELM 
formation, showing a difference in surface morphology. (F) High-resolution AFM images of single-cell 
surfaces at early (left) and late (right) stages of BUD-ELM formation, showing differences in surface layer 
thickness. 

We next sought to understand how this material assembles by imaging BUD-ELM cultures 
at various times during their growth (Fig. 3A). Shaken cultures grew planktonically for ~ 12 h 
(Fig. 3A – left) before a thin pellicle appeared at the air-water interface (Fig. 3A – middle). AFM 
images of the pellicle depicted a central, cell-dense region (Fig. 3B – left) and a peripheral region 
of a few cells attached to a ~6 nm thick membrane (Fig. 3B – middle and right), suggesting the 
BUD protein forms a protein membrane to which cells adhere. The pellicle increased in density 
and opacity, becoming more compact. After ~24 h total culturing time, the pellicle desorbed from 
the air-water interface and sank as the final material (Fig. 3A – right). Disrupting the 
hydrophobicity of the air/water interface by the addition of surfactant prevented pellicle and 
material formation (Fig. S6). Similarly, neither a pellicle nor material formed under static growth 
conditions. However, when static cultures were shaken, a pellicle formed (Fig. S7). Together, these 
experiments demonstrate that BUD-ELMs are formed through a multi-step process and establish 
hydrophobicity of the air/water interface and shaking as critical conditions for assembly of BUD-
ELMs. 

To understand how physical parameters affect BUD-ELM assembly, we grew cultures 
under different conditions and measured the size of the resulting materials. The size of BUD-ELMs 
depended non-monotonically on the shaking speed, volume, and flask diameter (Fig. 3C). We then 
used these parameters to calculate two quantities: the volumetric power input, PV, describing the 
energy provided to the flask by shaking per unit volume and the volumetric mass transfer 
coefficient, kLa, representing the transfer of oxygen into the medium relative to the area of the air-
water interface. We found that neither parameter showed a consistent relationship with the size of 
BUD-ELMs per flask (Fig. S8). Instead, we found empirically that the product of PV, kLa, and the 
fifth power of the flask diameter, which we refer to as the modified volumetric power parameter, 
PV,A, related the culture conditions to the material size (Fig. 3D). With these data, we propose a 
model for BUD-ELM assembly (Fig. 3E). During culturing, the BUD protein accumulates in 
solution and on the surface of C. crescentus. With shaking, the BUD protein adsorbs to the air-
water interface to form a protein-rich membrane of increasing thickness. BUD protein-displaying 
cells adhere to the membrane, increasing its density to form a pellicle. Hydrodynamic forces from 
shaking cause the pellicle to collapse on itself, until the material sinks to the bottom of the flask. 
At lower PV,A values, the weaker hydrodynamic forces do not collapse the pellicle, and the pellicle 
fragments into smaller materials. At intermediate PV,A values, stronger hydrodynamic forces 
collapse the pellicle into a single, large BUD-ELM. At higher PV,A values, shear forces prevent the 
assembly of larger pellicles, leading to smaller pellicles and final materials. This empirical model 
provides a basis for the future development of mechanistic models describing BUD-ELM 
assembly. 
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Fig. 3. BUD-ELMs are formed through a shaking-dependent, multi-step process. (A) Optical images 
of representative BUD-ELM strain culture during material, showing BUD-ELMs are formed through a 
multi-step process. (B) AFM images of pellicle structure, showing the pellicle contains both a central region 
containing several layers of densely packed cells (left), and a peripheral region containing sparse cells 
connected by a thin membrane (center and right). (C) Representative optical images of BUD-ELMs grown 
under different modified volumetric power values. Altering the modified volumetric power changes the 
morphology and size of the BUD-ELMs. (D) Correlation between modified volumetric power and the 
apparent surface area of the BUD-ELMs for 125- and 250-mL shake flasks. Error bars represent standard 
error. (E) Proposed mechanism for BUD-ELM formation.  

ELMs must be able to be processed and stored without losing their ability to regrow. We 
dried BUD-ELMs (Fig. 4A – left panel, left and middle image) and re-inoculated fragments of 
them into fresh medium (Fig. 4A – left panel, right image). BUD-ELM fragments dried for 7, 14, 
or 21 days regenerated to form additional BUD-ELMs (Fig. 4A, right panel). Whereas BUD-ELMs 
re-grew 100% of the time after 7 or 14 days of drying, BUD-ELMs desiccated for 21 days 
regenerated in 33% of cases. Additionally, BUD-ELMs collected from multiple cultures formed a 
cohesive paste (Fig. 4B – top) that was extrudable through syringes with different diameters (Fig. 
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4B – bottom left and middle). When mixed with glass powder, BUD-ELMs created a firmer paste 
that hardened into a solid composite (Fig. 4B – bottom, right image). These results indicate that 
BUD-ELMs can regenerate after drying, can be reshaped, and can be processed into composite 
materials.  

Next, we used our understanding of design and assembly rules to reprogram the matrix and 
BUD-ELM properties. First, we removed the flexible ELP60 domain from the ∆SpyTag strain (Fig. 
4C – left panel). The ∆ELP60∆SpyTag strain produced a less compact and less cohesive BUD-
ELM than the original strain (Fig. 4C – right panel), demonstrating that we can control the material 
characteristics genetically. Second, hypothesizing that nutrients would affect BUD-ELM 
assembly, we added different sugars to the growth media. Addition of glucose and sucrose favored 
the formation of smaller aggregates (Fig. 4D). In contrast, xylose, under specific growth conditions 
(Fig. S9), had a dramatic effect on ELM morphology, inducing the formation of extended, cord-
like structures (Fig. 4E – right panel, middle and bottom). These cords could be stretched several 
times their original length (Supplementary Movie 1), demonstrating high elasticity. Both the 
elasticity of this material and the observation that the ∆ELP60∆SpyTag BUD-ELM grown in the 
same conditions did not show any changes in morphology or elasticity (Fig. S10) indicates that 
ELP plays a critical role in this structure.  While more investigation is necessary to elucidate the 
mechanisms that drive changes in BUD-ELMs, these results show that altering the modular 
structure of BUD protein and the growth conditions can change the bulk properties of BUD-ELMs.  
 Lastly, we probed the ability of BUD-ELMs to behave as functional materials. Self-
regenerating materials that remove heavy metals from water could help address the growing 
prevalence of heavy metal contamination. Since many forms of biomass non-specifically absorb 
heavy metals, we hypothesized that the BUD-ELM could remove Cd2+ from solution. When 
0.013±0.007g of ∆SpyTag BUD-ELM was incubated for 90 min with a CdCl2 solution of 6 ppb–
1 ppb above the Environmental Protection Agency (EPA) limit–90 ±5 % of cadmium was removed 
(Fig. 4F). Next, we functionalized the BUD-ELM matrix to allow it to perform biological catalysis. 
We fused the oxidoreductase PQQ-glucose dehydrogenase (GDH), which couples oxidation of 
glucose to reduction of a soluble electron carrier(32), to SpyCatcher. Cell lysates containing over-
expressed apo SpyCatcher-GDH or GDH were reconstituted by adding the cofactor PQQ 
(pyrroloquinoline quinone) to obtain the holo forms of the enzyme. After confirming the activity 
of holo GDH in both cases, we observed that only BUD-ELMs incubated with SpyCatcher-holo-
GDH enzymatically reduced an electron carrier (Fig. 4G and Fig. S12A). This demonstrates that 
BUD-ELM can be functionalized directly from complex mixtures to act as catalysts. Together, 
these results show BUD-ELMs can serve as versatile functional materials. 
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Fig. 4. BUD-ELMs are self-regenerating, processible, and functional materials. (A) Representative 
example of BUD-ELMs reseeding (left montage), showing extraction from liquid culture (left), desiccated 
(middle) and inoculation into fresh medium (right). Representative example of BUD-ELMs grown from 
desiccated material (right montage) after 7 (left), 14 (middle) or 21 (right) days. The percentage of 
successful BUD-ELM regeneration was 100%, 100% and 33.3% respectively. (B) BUD-ELMs collected 
into a syringe (top) for extrusion using different-sized nozzles, (bottom-left and bottom-middle), showing 
their ability to be reshaped. BUD-ELMs mixed with glass powder to form a firm paste that hardens when 
dehydrated (bottom-right), showing its potential as cement-like agent. (C) Genetic constructs replacing the 
native rsaA gene in the ∆ELP60∆SpyTag (left), and image of corresponding BUD-ELM (right). (D) BUD-
ELMs grown with sucrose (left) or glucose (right), showing the formation of small cell aggregates. (E) 
BUD-ELMs grown with xylose (left). The isolated cord-like structure (top-right) exhibits an elastic 
behavior (middle and bottom-right). (F) Graph showing the final Cd2+ solution concentration after 6 ppb 
Cd2+ solution was incubated with (BUD-ELM) or without (flowthrough) the ∆SpyTag BUD-ELMs. Error 
bars represent standard error (G) Graph showing the rate of glucose oxidation for BUD-ELMs that were 
incubated with SpyCatcher-holo-GDH, holo-GDH, or SpyCatcher-apo-GDH.  Error bars represent standard 
error.  
 

In this work, the serendipitous creation of macroscopic ELMs allowed us to identify a new 
design principle - that macroscale BUD-ELMs are associated with a secreted extracellular matrix. 
We suggest that cell-matrix interactions may be essential for BUD-ELMs to reach a macroscopic 
size. This idea is supported by previous literature that shows that neither cell-cell adhesion 
alone(16), nor sparse cell-matrix interactions in the absence of additional forces(33) lead to 
microscopic cell aggregates. Additionally, we have demonstrated that nucleation of a pellicle at 
the liquid-air interface and hydrodynamically-driven coalescence and collapse of the pellicle are 
required to form macroscopic ELMs. Since pellicle formation is also a key step in nanocellulose-
based living materials(18), we suggest that the use of the air-water interface to locally concentrate 
and order hydrophobic biomolecules into a matrix may represent a general assembly principle for 
macroscopic ELMs. The new tools and C. crescentus platform developed here will permit 
systematic exploration of design and assembly rules for programming the growth of centimeter-
scale structures using living cells as building blocks.  
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By creating BUD-ELMs with a de novo, modular protein matrix, this work greatly expands 
the ability to tailor macroscopic ELMs for specific applications. Existing examples of 
macroscopic, bottom-up ELMs have extracellular matrices predominantly composed of 
polysaccharides, allowing little composition control(18). The modularity of the BUD protein and 
the ease of engineering protein biopolymers offer much greater opportunities for introducing 
desirable properties into the matrix(11). Known polypeptides and proteins can exhibit desirable 
optical, electrical, mechanical, thermal, transport, and catalytic properties(34). We envision 
specific matrix properties that can be combined synergistically with existing cellular functions 
such as sensing, biomolecule production, and information processing. Thus, this work multiplies 
the opportunities to program ELMs tailored for applications in human health, energy, and the 
environment.  
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