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Engineered living materials combine the advantages of biological and
synthetic systems by leveraging genetic and metabolic programming to
control material-wide properties. Here, we demonstrate that extracellular
electron transfer (EET), amicrobial respiration process, can serve as
atunable bridge between live cell metabolism and synthetic material
properties. In this system, EET flux from Shewanella oneidensis to a copper
catalyst controls hydrogel cross-linking via two distinct chemistries to form
living synthetic polymer networks. We first demonstrate that synthetic
biology-inspired design rules derived from fluorescence parameterization
canbe applied toward EET-based regulation of polymer network mechanics.

We then program transcriptional Boolean logic gates to govern EET gene
expression, which enables design of computational polymer networks
that mechanically respond to combinations of molecular inputs. Finally,
we control fibroblast morphology using EET as a bridge for programmed
material properties. Our results demonstrate how rational genetic circuit
design can emulate physiological behavior in engineered living materials.

Living polymer networks, including tissues and biofilms, actively
respond to complex combinations of environmental inputs leading
to differentiation, regeneration and development'. In these systems,
the bidirectional flow of chemical?, mechanical®* and electrical>®
information between constituent cells and their extracellular matrix
informs micro- and macroscopic morphology and function. This
dynamic reciprocity is made possible through distributed sensing
and actuation machinery controlled by genetic regulatory networks™.
Consequently, continuous feedback between gene expression and
material properties controls morphology, patterning and hierarchical
assembly.

Mimicking these natural processes, engineered living materials
(ELMs) seek to capitalize on the programmability of living systems to
control material synthesis and system-wide properties’. For example,

Escherichia colicells expressing curlifibers canbe engineered to create
avariety of soft materials including pressure sensing devices', probi-
otic biofilms™ and protein-based hydrogels*". Similarly, embedding
engineered cells into exogenous hydrogels results in materials with
advanced sensing capabilities' . These studies provide animportant
conceptual foundation for living materials, but material properties
are often decoupled from genetic programming. For example, many
ELMsrequire considerable postprocessingto create the desired mate-
rial function, exhibit phenotypes (that is, fluorescence) that do not
interface with the material or do not fully leverage the computational
and sensing capabilities of whole cells. To fully recapitulate natural
materials and their advantages in many applications, future ELMs will
require coupling cellgrowthand gene regulatory networks to changes
inmaterial properties.
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Fig.1|Bacterial sensing and computation actuate material mechanics.
Schematic illustrating computational polymer networks actuated by
transcriptionallogic. S. oneidensis acts as a distributed computing element
within a network precursor solution, and input signals activate (or deactivate)
expression of an EET-pathway protein (MtrC). When placed under transcriptional

regulation, MtrC generates different amounts of EET flux and controls the redox
state of a catalytic metal. On reduction, the metal catalyst powers a chemical
reaction such as ATRP or CuAAC. This results in aliving synthetic polymer
network whose mechanical properties are coupled to biological computation.
Created with Biorender.com.

Many ELMsleverage the properties of synthetic polymer networks,
which are more chemically, mechanically and functionally diverse'®"
relative to biologically derived materials. However, they generally
lack mechanisms for advanced sensing, computation and actuation
because it is challenging to interface biological programming with
material properties. Efforts to program abiotic polymer networks
with biomimetic behavior have seen some success®* >, but purely
chemical approachestypically require large input signals and multiple
orthogonal chemistries, limiting their programmability to relatively
simple operations® 2, Thus, marrying the functional advantages of
synthetic materials with the ability of cells to programmability sense,
compute and actuate material changes could yield advanced materials
germane to several fields, including tissue engineering’, additive manu-
facturing” and autonomous materials®. Toaddress this challenge, we
propose utilizing microbial EET?’, arespiratory mechanism in electro-
active microbes that couples metal oxidation state to central carbon
metabolism, as a means to control polymer network cross-linking via
biological reduction of metal catalysts***.,

Here we describe synthetic polymer networks (thatis, hydrogels)
that cross-link in response to multi-input logic computations per-
formed by embedded bacteria (Fig.1). Leveraging transcriptional con-
trolover key EET genes inthe model electrogen Shewanella oneidensis
(wild-typestrain, MR-1), we deploy engineered bacteria as distributed
computing and actuating elements within a solution-phase network
precursor. On sensing dilute chemical stimuli, S. oneidensis strains
transcriptionally regulate EET protein expression, which subsequently
reduces and activates the metal catalysts responsible for network
cross-linking. First, we show that atom-transfer radical polymerization
(ATRP) cross-linking can be dynamically coupled to gene expression to
predictably control polymer network mechanics through single-input
transcriptional regulation. From these, we develop design guidelines
using approaches from synthetic biology thatinform forward engineer-
ing of living material mechanics. We then expand the logical complexity
of our polymer networks by engineering two-input genetic Boolean
circuits (OR,NOR, AND and NAND) for controlling EET protein expres-
sion and resultant gel mechanics. Capitalizing on the ability of EET
to interface with diverse metal-ligand pairs, we also demonstrate
that identical transcriptional logic can control another well-known
cross-linking chemistry, copper(l)-catalyzed alkyne-azide cycload-
dition (CuAAC). Finally, we apply this technology as an ELM-tissue

engineeringinterface to control the morphology of fibroblasts seeded
onto hydrogels formed viabacterial logic-driven regulation over EET.
By coupling whole-cell biological computation to the activity of syn-
thetic cross-linking catalysts, we showcase EET’s potential as a universal
interface for programming polymer network properties and forward
engineering living materials using genetic circuits.

Results

Relative gene expression correlates with material mechanics
We initially hypothesized that on-demand polymer network synthe-
sis could be programmed using stimuli-responsive genetic circuits
controlling EET gene expression. For example, we previously dem-
onstrated that a transcriptional circuit regulating a single EET gene,
mtrC,in S. oneidensis could predictably control the mechanical prop-
erties of cross-linked hydrogels formed via radical polymerization®.
In this system, EET to a redox-active copper catalyst controlled the
cross-linking rate and hydrogel stiffness (measured as storage modu-
lus, G’) of methacrylated bio-macromers through ATRP*. However, a
major limitation of this previous strategy was arequirement to separate
EET gene expression from cross-linking. This was achieved by growing
bacteria anaerobically to stationary phase, then inoculating induced
cells into macromer solutions. This strategy ensured that bacterial
respiration was completely anaerobic and that the transcriptionally
controlled EET genes had established steady-state protein levels before
mixing with polymerization components (Fig. 2a). However, this tem-
poral separation of gene expression, protein maturation and chemical
cross-linking does not mimic natural systems, in which sensing, growth
andactuation areintegrated. Ideally, ELMs should autonomously sense
environmental signals, regulate the expression of anappropriate gene
and actuate material transformations in real-time. We therefore sought
to couple cell metabolism and gene expression to cross-linking, such
that hydrogels would form dynamically in response to naive S. onei-
densis cells detecting appropriate stimuli.

To examine this possibility, we inoculated an uninduced,
EET-deficient knockout (AmtrCAomcAAmtrF) complemented with
mtrCunder the control of the Lacl-P,,,o regulator-promoter pairinto
anaerobic gel precursor mixture. This strain was grown under aerobic
conditions to inhibit native EET protein expression®, and therefore
lacked upstream EET-pathway components as well as transcription-
allyregulated mtrConinoculationinto the precursor mixture. The gel
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Fig.2| Transcriptional control of EET proteins enables dynamic cross-linking
tunable by inoculation density, inducer concentration and reaction time.

a, Schematicillustrating stationary phase versus dynamic cross-linking. Under
dynamic cross-linking conditions, naive cells are only exposed to theinducer
followinginoculationinto the pregelation mixture. Created with Biorender.com
b, Gel storage modulus measured as a function of inducer concentration show
characteristic transcriptional regulation under stationary phase cross-linking.
The dashed line represents storage modulus of gels using induced empty vector
strains. ¢, Gel storage modulus measured as a function of inducer concentration
show characteristic transcriptional regulation under dynamic cross-linking. Gels
did not formin the presence of corresponding knockout strains harboring an

empty vector. d, Histogram of flow cytometry results between induction (1mM
IPTG) and basal expression (0 mM IPTG) of an MtrC mutant containing His- and
StrepTagll-antibody labeled with AlexaFluor 647 under control of Lacl-Pyycymo-
e, Storage modulus and percentage color change of gels harvested after 18 h
and incubated with Fe(lll) and ferrozine. Color change measured after 10 min as
anindicator of reduction capability of embedded bacteria. f, Dynamic range of
storage moduliaccessible at multiple cell inoculum and reaction times under
dynamic cross-linking conditions, without requiring previous expression of
mtrC (heatmap represents n =1). Datashown are mean + s.e.m. of n = 3 biological
replicates.

precursor solution contained a Cu catalyst (Cu-tris(2-pyridylmethyl)
amine, Cu-TPMA), a radical initiator (2-hydroxyethyl
2-bromoisobutyrate, HEBIB), four-arm methacrylate-functionalized
poly(ethylene glycol) polymer (PEG-methacrylate) and inducer
(isopropyl-B-D-thiogalactopyranoside, IPTG). Despite the require-
ments for coordinated cell growth, oxygen removal and protein expres-
sion, cross-linking occurred to create hydrogels. Naive cells formed gels
on induction in a dose-dependent manner (Fig. 2a,c). Fully induced,
dynamic mtrC expression yielded stiff gels with relatively similar pla-
teau moduli compared to steady-state mtrC expression (Fig. 2b,c),
while uninduced basal mtrC expression was correlated with weaker
gels (Fig. 2¢). Gels did not form in dynamic cross-linking conditions
when using an EET-deficient knockout harboring an empty vector
control. In addition, wild-type bacteria that were allowed to incubate
in the macromer mixture aerobically for 18 h could then be sealed
in reaction vessels to form hydrogels on demand (Supplementary
Fig.1). This is only possible using a dynamic cross-linking system. To
further validate that transcriptional regulation of m¢rC was indeed
driving dynamic cross-linking, increased protein expression on IPTG
induction was independently confirmed using flow cytometry with
tagged variants of MtrC (StrepTagll-MtrC-His) and quantitative PCR
with reverse transcription (Fig. 2d and Supplementary Fig. 2). Addi-
tionally, expression of MtrC was indirectly measured for induced and
uninduced gel systems where gels were subsequently incubated with
Fe(lll) and ferrozine to detect Shewanella-generated Fe(ll) via colori-
metric shift® (Fig. 2e). Finally, cells exhibited no growth defectsin gel

precursor solutions and remained viable and metabolically active for
up to1week following encapsulation (Extended DataFig.1). Together,
these results confirm that naive cells, which have not previously been
exposed to any stimulus, can dynamically couple m¢rC expression to
material properties.

In contrast to standard fluorescent reporters, which are typi-
cally measured under static and/or steady-state conditions, both
transcriptional output (mtrCexpression) and resulting function (net-
work cross-linking) are dynamic processes in our system. Therefore,
we examined different cross-linking reaction times to optimize ON/
OFF mechanical differences between gels formed using induced and
uninduced cells. The dynamic range of gel stiffness (ratio of induced
to uninduced values) was robust to both changes in incubation time
andinitial cell density; however, the best dynamic range was observed
with lowinitialinoculationsize and long reaction times (18 h) (Fig. 2f).
Alternative EET machinery to m¢rC (mtrA,cymA) could also be transcrip-
tionally regulated to control network cross-linking, highlighting the
programmability of EET pathwaysin S. oneidensis for material synthesis
(Extended DataFig. 2 and Supplementary Fig. 3). Ultimately, we opted
to control mtrC expression in subsequent genetic circuits due to this
construct’s high dynamic range and the resultant protein being the
direct actuator of catalyst reduction.

Based on our success in linking dynamic mtrC expression to gel
cross-linking, we predicted that changes to theinducer-sensing regu-
lator would enable material computation analogous to previously
developed circuits using fluorescent reporters>**, To examine this
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Fig.3 | Transcriptional regulation of m¢rCyields predictable control over
polymer network mechanics via fluorescent gate parameterization. a-c,
REU measured as a function of inducer concentration show characteristic
transcriptional regulation over a variety of dynamic ranges for multiple
traditional buffer gate architectures: IPTG (a), OC6 (b) and ATC (c).d, ANOT

gate architecture expressing sfgfp. Shaded regions above REU of 0.3 indicate
approximate induction levels at which inducible control over hydrogel
mechanicsis lost. e, Schematic of afeedback loop representing adaptation

of fluorescent circuit parameterization for applications in living materials.
Created with Biorender.com. f-h, Storage moduli of methacrylated PEG polymer

networks dynamically cross-linked via expression of mtrC from the same circuits
ina-c, measured after 18 h postinoculation: IPTG (f), OC6 (g) and ATC (h).i, A
NOT gate architecture expressing mtrCat 24 h postinoculation. j, Fluorescence
versus storage moduli for corresponding circuits, each normalized by their
value at maximum induction (or minimum n the case of NOT gate), plotted
atequivalentlevels of induction to demonstrate the agreement between
fluorescent characterization and material response. The line of identity (y = x)

is drawn to demonstrate agreement with a Pearson’s R value of 0.5761 and
P<0.0007.Datashown are mean + s.e.m. of n = 3 biological replicates.

possibility, we constructed Buffer gate plasmids containing the regula-
tor-promoter pairs Lacl-P,;cymo, LUXR-P,, and TetR-Pr, to drive tran-
scription of either sfgfp or mtrCin response to their cognate inducers
(IPTG, 3-oxohexanoyl-homoserine lactone (OC6) and anhydrotetra-
cycline hydrochloride (ATC), respectively). We parameterized circuit
outputs using fluorescent reporter relative expression units (REUs),
which has facilitated circuit debugging and optimization in similar
transcriptional circuits that regulate RNA polymerase flux***®. AsREU
measurements can enable forward engineering of gene expression
and design of complex cellular logic, we also leveraged this metrology
to probe how mtrC circuits affected EET-driven hydrogel formation.
Using S. oneidensis strains transformed with sfgfp circuits, we initially
assessed the transcriptional control of each buffer gate by measuring
fluorescence after overnight growthininducer-containing media. REU
values were determined by normalizing measurementsto fluorescence
froman S. oneidensis strain carrying a constitutive sfgfp plasmid driven
by P,.... As expected, the three buffer gates each exhibited characteristic
‘turn-on’ response functions, where REU values increased in the pres-
ence of increasing inducer concentration (Fig. 3a-c).

Next, we assessed how these buffer gate architectures tailored
mtrCexpression and subsequent gel formationin engineered S. onei-
densis strains at different induction levels. Controllable EET activ-
ity of each strain at different induction levels was first confirmed
viairon reduction and ferrozine assay before their use for hydrogel
cross-linking® (Supplementary Fig. 4). Afterward, strains harbor-
ing each of the regulator-promoter pairs were induced to varying
extents following inoculation into a network precursor solution and
the storage moduli of the resulting gels were measured. Gel stiffness

increased concomitantly withinducer concentration across all Buffer
gate circuits, except when the inducer-circuit combination yielded
REU values above roughly 0.2-0.3. For the Lacland LuxR buffer gates,
which operated below this REU bound, gel mechanics fit well to gene
expression models and exhibited higher dynamic ranges, spanning
aroughly 1,000-fold range in mechanical properties (Fig. 3a,b,f,g).
However, the first iteration of the TetR buffer gate yielded transcrip-
tional output above this range across all ATC concentrations, and
subsequently no inducible control over gel properties was observed
(Extended DataFig. 3). Highlighting the design-test-build cycle for our
parameterized circuits, we cloned several fluorescent constructs with
varying ribosome binding site (RBS) strength for the TetR repressor?”.
These modified designs yielded REU values below roughly 0.2-0.3.
When sfgfp was swapped for mtrC, increased inducer concentration
was predictably correlated with stronger gels (Fig. 3c,h). Notably, the
Hill function between storage modulus and inducer concentration
closely mirrored each REU-parameterized gate. Normalized fluores-
cence and normalized material stiffness were also correlated across a
range of inducer concentrations and gate architectures (Fig. 3j). The
relative agreement between gel modulus and fluorescence and/or REU
across theregulator-promoter pairsindicates similar transcriptional
regulation when using merC or sfgfp as the output gene and validates
future efforts toward forward engineering of material properties from
established gene expression models. Together, these results demon-
strate that well-characterized inducers and regulators can activate
mtrC-driven gel formation and highlight useful design rules within
our platform for establishing transcriptional control over network
formation using MtrC.
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Fig. 4| Genetic Boolean logic enables polymer network computation via
living cellular actuators. a, Logical architectures with nested repressors
coordinate expression of either sfgfp or mtrCusing Boolean logic (OR, NOR,
AND and NAND). The expected truth table are represented below each graph
for the corresponding circuit (0, ‘OFF’; 1,'ON’). The repressors are activated or
deactivated in response to their cognate inducing molecules (100 pMIPTG,
100 nM OC6 and 10 nM ATC). Created with Biorender.com. b-e, Relative gene
expression (REU) of Boolean logic circuits controlling sfgfp or eyfp: OR (b),
NOR (c), NAND (d) and AND (e). f-i, Storage modulus measured 24 h after
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inoculation with cells containing Boolean logic circuits controlling mtrC: OR
(f), NOR (g), NAND (h) and AND (i). Dashed lines represent gel mechanics using
corresponding knockout strains harboring an sfgfp vector as the control; if no
lineis shown, knockout strain gels did not form. Statistics performed are the
results of a general linear hypothesis test (a contrast test) between the ‘OFF’
and ‘ON’ states. *P < 0.05,**P < 0.01, **P < 0.001. R scriptis provided in the
‘Data availability’ section, and data shown are mean + s.e.m. of n = 3 biological
replicates.

To enable more complex logical operations, we next used tran-
scriptional regulation to repress mtrCexpression and switch off polym-
erization activity associated with EET flux. Turning off EET flux by
negatively regulating MtrC, whose turnover rate exceeds the timescale
of cell division (half-life roughly 16 h)***,is challenging because previ-
ously expressed protein can only be removed via growth-driven dilu-
tion. An additional challenge to our systemis that this residual MtrC can
activate polymerization; thus, cell growth and protein dilution must
also outcompete polymerization kinetics. To address these challenges,
we predicted thatalowinoculating optical density at 600 nm (ODg,)
(-0.01) and longer reaction time (24 h) would enable coordinated tran-
scriptional repression of the mtrCgene and attenuation of cross-linking
activity. Specifically, we examined a dual-regulator NOT gate, which
represses mtrCtranscription and EET activity in response to IPTG, for
hydrogel formation®. The NOT gate was constructed with sfgfp and
mtrC as transcriptional outputs and response curves were measured
for both strains. We found that networks cross-linked by S. oneidensis

carrying this NOT gate formed weaker gels in response to increasing
IPTG concentration, confirming dynamic repression of EET and result-
ant material mechanics (Fig. 3d,i). The response function of our NOT
gatealso confirmed that EET could be turned off only when REU values
in the sfgfp circuit were tuned below 0.2-0.3. Despite the increase in
regulation modules on the NOT gate circuit, the agreement between
normalized fluorescence and storage modulus for the NOT gate was
similar to that seen with the buffer gates (Fig. 3j). These results confirm
that dynamic hydrogel formation can be transcriptionally turned off
inresponse to an exogenous signal.

Boolean logic programs polymer network dynamics

The successful control of hydrogel mechanics using different buffer
and NOT gate architectures suggested that S. oneidensis could be engi-
neered toregulate polymer network synthesis through more complex
logical operations. To demonstrate this, we created genetic two-input
Booleanlogic based on nested repressor architectures to control mtrC
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expression and associated cross-linking®****** (Fig. 4). Each gate was
designed with a sensing block using combinations of the one-input
regulators described above and could be controlled viainduction using
common small moleculeinducers. Specifically, we used OC6 and ATC
sensors for OR and NOR gates, IPTG and ATC sensors for AND gates,
and IPTGand OCé6 sensors for NAND gates (Fig.4). These sensor blocks
control activation and deactivation of various repressor proteins, which
coordinatetoyield the desired gate-dependent transcriptional output.
Before using the circuits to control mtrCexpression and material prop-
erties, wefirst functionally validated each circuitin S. oneidensis using
afluorescentreporter. Starting with the simplest architecture, the OR
gate was functionally validated using sfgfp fluorescence, where the ‘ON’
state occurred as expected in the presence of either or both inducers
(OC6and ATC) (Fig. 4b). Fluorescence in this gate could be controlled
over several orders of magnitude. Increasing in genetic architecture
complexity, the NOR gate turned ‘OFF’ in the presence of either or both
inducers (Fig. 4c). The NAND gate, whichis only ‘ON’in the absence of
both inducers, showed similar functional agreement (Fig. 4d). Each
of these respective circuits performed with ‘OFF’ REU values below
0.2-0.3, suggesting their potential to tune polymer network mechanics
based on our previous Buffer gate results. The most complex genetic
regulation we tested, the AND gate, requires bothinducers tobe present
toturn‘ON’ (Fig. 4e). Using a previously developed AND architecture*®
that outputs eyfp (a yellow fluorescent reporter), we converted fluo-
rescent values to REU by using a constitutive eyfp plasmid. Based oniits
function, we predicted the AND circuit should also be capable of tog-
gling mtrCexpression‘ON’and ‘OFF’. Finally, each gate was responsive
to changing inducer concentrations as indicated by gradients in REU
represented in two-dimensional heat maps (Extended Data Fig. 4).
Thus, we confirmed the expected truth tables for each genetic Boolean
architecture and functionally validated many repressor proteins not
previously tested in S. oneidensis.

Wethen placed mtrCunder genetic Boolean regulationand applied
these engineered strains toward polymer network cross-linking. Gates
were tested under both stationary phase and dynamic cross-linking
conditions. Inall cases, resultant storage modulus followed the Boolean
truth table for each logic operation (Fig. 4 and Extended Data Fig. 5).
The OR gate, which was the simplest two-input architecture, exhibited
the greatest dynamic range in storage modulus (roughly 100-fold).
NOR, NAND and AND gates exhibited dynamic ranges of around three
to tenfold, likely due to their increase in architectural complexity
compared to the OR gate. The inducer-dependent outputs from the
AND and NAND gates matched well with previous reports that used
these specific architectures®’, including greater overall transcrip-
tion in the NAND gate and decreased dynamic range in the AND gate.
Strains harboring each circuit showed no measurable growth defect
(Extended Data Fig. 6), supporting the role of EET-driven gel forma-
tion over unintended circuit effects that affect cellular physiology.
Gated regulation of EET was also validated in separate Fe(lll) reduc-
tion assays (Extended Data Fig. 7). Finally, cross-linking reactions in
the presence of EET-deficient strains harboring induced fluorescent
vectors produced significantly weaker gels, or no gels atall, compared
to mtrC-expressing strains. Overall, logical computation in S. onei-
densis using these two-input gates rationally tuned dynamic polymer
network mechanics, highlighting transcriptional EET regulation as a
viable method for programmable material computation in response
to environmental signals.

EET actuates an orthogonal cross-linking chemistry

Anotable advantage of using EET to control cross-linking is the geneti-
cally controllable interface between EET proteins and the metal cata-
lyst, as opposed to the polymerized substrates. The ability to control
many different redox chemistries using the same protein machinery
could afford a greater degree of substrate modularity compared to
living materials formed using proteins, nucleic acids, or enzymatically

degradablelinkers. Thus, we examined whether our EET-regulating cir-
cuits could be co-opted to control alternative metal-catalyzed reactions
and cross-linking chemistries. Based on previous work involving small
molecule synthesis, we predicted that S. oneidensis could transcription-
ally regulate polymer cross-linking via CUAAC*%. CuAAC is a ubiquitous
biorthogonal cross-linking reaction that accesses unique polymer
network structures compared to radical polymerizations****. Using
four-arm alkyne- and azide-functionalized PEG macromers (Fig. 5a),
we first demonstrated that CUAAC cross-linking could be driven by
EET-capableS. oneidensis strains, and that resultant hydrogel mechanics
were genetically encoded viamtrCexpression (Supplementary Fig. 5).
After establishing this link, we investigated single-input transcrip-
tional control using buffer and NOT gate architectures controlling
mtrC expression. The response function for each gate exhibited the
predicted behavior and, just as in the case of ATRP, the regulation of
EET activity in response to an inducer enabled control over CUAAC
hydrogel mechanics (Fig. 5b,c). Together, these results establish that
transcriptionally regulated electron flux from S. oneidensis can effec-
tively regulate multiple cross-linking chemistries.

Giventhat mtrCexpression could predictably control CuAAC activ-
ity, we predicted that this cross-linking mechanism could also mechani-
cally regulate hydrogels using our genetic Boolean logic constructs
without requiring amendment to the genetic architecture. Indeed,
gels formed dynamically in response to appropriate environmental
inputs and followed the expected transcriptional logic for each of
the OR, NOR, AND and NAND gates (Fig. 5d-g). Network transforma-
tions generally exhibited greater dynamic range compared to radical
polymerization, with accelerated cross-linking kinetics (12 h). The
only exception was the AND gate, where transcriptional differences
were possibly muted by rapid CuAAC kinetics*>* (Fig. 5g) and the
complexity of the regulatory architecture. In all cases, gels did not form
on this timescale in the presence of induced empty vector controls.
Ultimately, successful circuit function to form CuAAC cross-linked gels
demonstrates the modularity of EET for catalyzing diverse synthetic
chemistries and living materials.

Logic-driven materials regulate fibroblast morphology

Mammalian cells are highly sensitive to the properties of the extracel-
lular matrix, and hydrogel stiffness, viscoelasticity and other proper-
ties can drive cellular behaviors including spreading, differentiation
and migration*®*%, One potential application for ELMs is the ability
to program mechanical or compositional changes in tissue engineer-
ing scaffolds that lead to phenotypic or morphological changes for
cells. For example, human mesenchymal stem cell adhesion could be
induced by ELMs created from the overexpression of a fibronectin
proteinin Lactococcus lactis*. These studies highlight the potential
use of bacteria asactuators of biomaterials in multi-domain consortia.
To exemplify how EET could serve as acomputational conduit for such
scaffolds, we explored whether transcriptional logic programmed into
S. oneidensis could ultimately dictate mammalian cell behavior via
control over material properties. Thus, we hypothesized that Boolean
logic driving EET would create gels of different stiffnesses, and that
this would in turn drive differences in actin polymerization within
fibroblasts seeded on these gels (Fig. 6a). To this end, we used engi-
neeredS. oneidensis harboring each gate to cross-link PEG-methacrylate
hydrogels supplemented with commercial gelatin-methacrylate
for adherence. Gels were allowed to swell overnight before seeding
human-derived dermal fibroblasts on the gel surface. F-actin was
stained using rhodamine phalloidin and nuclei were stained with DAPI
(4,6-diamidino-2-phenylindole), enabling measurements of single
cellstobecollected (Fig. 6b-e). We observed that fibroblasts were less
circular on hydrogels that were predicted to be stiffer, or ‘ON’, based
onthe corresponding Booleanlogic encoded in the engineered S. onei-
densis strain. By contrast, hydrogels that were predicted to be softer,
or ‘OFF’, yielded fibroblasts that were more circular. Cell spreading was
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Fig. 5| Alternative living material chemistries enabled by EET-driven CuAAC
cross-linking. a, Schematic indicating cross-linking between four-arm alkyne
and azide polymers to yield mechanically regulated triazole polymer network.
Created with Biorender.comb,c, CuAAC cross-linked polymer networks

canbe transcriptionally regulated via EET using buffer (b) and NOT gate (c)
architectures. Data shown are mean +s.e.m. of n = 3 biological replicates.d-g,
Genetic Boolean logic enables cross-linking via m¢rC expression for OR (d),

NOR (e), NAND (f) and AND (g) architectures. In all cases storage modulus was
measured 12 h after inoculation. The expected truth tables are represented below
eachcircuit (0, ‘OFF’; 1,‘ON’). Statistics performed are the results of a general
linear hypothesis test (a contrast test) between the ‘OFF’ and ‘ON’ states. *P < 0.05,
**P<0.01,**P<0.001. Rscriptis provided in the ‘Data availability’ section, and
datashown are mean + s.e.m. of n =3 biological replicates. A complete statistical
summary is available in the Supplementary Information.

quantified as circularity, and plots of 1 - circularity also statistically fol-
lowed the expected truth tables for each ON/OFF condition (Fig. 6f-i).
Measurements for cell size reveal statistically significant differences
between the logic conditions except for NAND (Supplementary Fig. 6).
Together, these data indicate that S. oneidensis can act as a cellular
interface totranslate transcriptional logic to morphologic changesin
fibroblasts via ELMs.

Discussion

By linking metabolic function to synthetic cross-linking catalysts, we
created a generalizable platform for engineered living material syn-
thesis that capitalizes on the diverse computational power of tran-
scriptional logic. Specifically, we developed dynamic cross-linking
reactions where living cells respond to dilute environmental signals
andinitiate macroscopic polymer network formation, emulating natu-
ral processes such as biofilm and tissue formation. Our on-demand
system leveraged a small initial inoculum of cells (OD,, = 0.01-0.05)
and could actuate large material changes (roughly 1-1,000 Pa) with-
out previous expression of EET proteins. Materials cross-linked using
stationary phase conditions performed similarly; however, dynamic
systems coupling microbial sensing, computation, and actuationina
single reaction more closely approximate natural materials. In addition,
dynamic cross-linking suppressed background reactivity and enabled
naive bacteriatoinitiate reactions at later times via oxygen inhibition.
Placing several EET-relevant genes under simple transcriptional buffer
gates (within their cognate genomic knockout strains) demonstrated
that multiple biological handles control cross-linking rate and final
modulus. Ultimately, we found that the terminal EET protein in the
Mtr-pathway, MtrC, provided the most convenient engineering tar-
get and that MtrC expression was directly correlated with material

mechanics. Inadditionto transcriptional control, gel stiffness could be
further tuned by altering reaction time and inoculation density. Our sys-
temrespondsinreal-time to dilute chemical signals and ultimately links
transcriptional changes to macroscopic synthetic material properties.

Synthetic biologists have established numerous paradigms
for programming living systems, including computation using
genetic logic; however, most have focused on fluorescence as an out-
put. In contrast to standard fluorescent reporters, MtrC is directly
involved in anaerobic cell metabolism, a member of a multi-protein
membrane-bound protein pathway (MtrCAB) and notably larger (78.45
versus 26.8 kDa for sfGFP). Thus, circuits that regulate MtrCand EET are
challenging to predictably design*’. To enable asmoother feed-forward
design process, we developed a metrology for predicting the effect
of controlling MtrC levels on material formation by comparing to
fluorescent reporter circuits. Specifically, we characterized several
buffer gates in S. oneidensis using both sfgfp and mtrC expression as
outputs and concentration-dependent gradientsin both gene expres-
sion (REU) and living material mechanics (storage modulus, G'). While
REU uses fluorescence toindirectly measure matured protein concen-
tration, our gel storage modulus measurement is a result of multiple
simultaneous processes including protein expression, cell growth,
oxygen consumption, catalyst reduction and polymerization kinetics.
Despite the various timescales and mechanisms of these processes,
both REU and the storage modulus outputs could be represented as
activating Hill functions, indicating robust transcriptional control
over hydrogel formation and mechanics. Indeed, we found that gel
stiffness could be predictably varied over several orders of magnitude
using relatively simple transcriptional circuits. Our observation that
storage moduli fit well to characteristic gene expression models is
supported by established theory in that during exponential growth,
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protein concentrations should approach steady state™?, presumably
leading to consistent EET rates. We note that our parametrization of
EET gene expression used REU fluorescence measurements taken at
stationary phase and that these values likely differ during early expo-
nential growthingels. Nonetheless, our REU metrology yielded useful
performance metrics for hydrogel formation as a function of inducer
concentration and established an approximately linear correlation
between fluorescence and storage modulus. Most notably, we discov-
ered that REU valuesin our system should be kept below around 0.2-0.3
foratunable polymer network response. This was best demonstrated
inthe development of TetR-Py,. response curves, where the original cir-
cuitstrengthyielded minimal differencesin functional output,and REU
parameterization facilitated the design-test-build cycle viaribosome
binding site engineering. Overall, our results suggest that traditional
REU measurements of fluorescent reporter circuits can be leveraged
to draw parallels to the general behavior of storage modulus in living
materials created using transcriptional regulation of EET genes.

Leveraging the genetic circuit metrology developed for our buffer
gate experiments, we attenuated cross-linking inresponse toincreas-
ing inducer concentration by repressing MtrC expression in our NOT
gate®. Thisresultis particularly notable as the repression of mtrCand
the dilution of any previously expressed protein must outcompete
both EET-driven and background cross-linking reactions. Despite
these challenges, the NOT gate exhibited the predicted response in
EET-driven cross-linking. We speculate that the NOT gate functions
as designed for two critical reasons. First, we previously showed that
cross-linking and polymerization activity is proportional to the size
of the initial cell population and the small initial cell inoculum limits
the extent of cross-linking at early time points. Second, cells must
first consume dissolved oxygen in solution, as it can quench radicals
and deactivate the copper catalyst. We previously demonstrated that
EET-driven reactions require the cell population to reach a critical
density to outcompete oxygen mass transfer**"*2, Consequently,
at low cell densities, oxygen likely quenches cross-linking until the
cell population grows to a critical density, after which m¢rC has been
repressed viathe NOT gate and previously expressed protein hasbeen
sufficiently diluted to observe the desired logic response. The success-
ful implementation of the NOT gate for regulating cross-linking ena-
bled more sophisticated logic operations to be applied to EET-driven
material synthesis.

Indeed, we found that four common Boolean operators OR,
NOR, AND and NAND could be designed using off-the-shelf genetic
parts to rationally control EET activity and resultant cross-linking.
To our knowledge, these results represent the most comprehensive
demonstration of two-input logic gates regulating EET flux and are
astrikingexample of how transcriptional regulation of EET proteins
can enable genetic control of extracellular redox chemistries®>. Such
chemistries are typically considered inaccessible by biology and rep-
resent an emerging class of living synthetic reactions and materials.
Material cross-linking using bacterial strains containing the two-input
circuits performed as expected based on the two-input fluorescent
truth tables. We did observe heterogeneity in gate performance and
dynamic range depending on circuit identity. The simplest gates,
containing one or two repressors, exhibited the greatest dynamic
range in storage modulus. Gates with more repressors (AND and
NAND) showed decreased dynamic range. These results are consist-
ent with the limitations of nested repressor architectures, as each
additional repressor requires protein build-up in the cell to activate
the next part of the circuit. Our results are also consistent with the
observation that nested transcriptional architectures are generally
not favored by natural systems to control time-dependent processes
requiring fast dynamics®*. Inaddition to the complexity of the circuit,
other factors including leaky gene expression, metabolic burden
and nonspecific catalyst activation can affect gate performance in
our system. For example, cross-linking can occur independently

of transcriptional regulation via background radical production
or adventitious catalyst reduction (for example via flavins, MtrA).
By contrast, fluorescent reporters exhibit fewer competing back-
ground fluorescent processes that can contribute to system noise. We
hypothesize that these processes explain the differences in dynamic
range and overall response when comparing hydrogel mechanics
to fluorescence measurements. Fortunately, we found that even
relatively complex transcriptional regulation could still outcompete
backgroundreduction-polymerization and leaky expression toyield
the predicted output. Future improvementsin the dynamic range of
hydrogel modulus could be realized by applying recent advancements
ingenetic circuit standardization and assembly, such as gate match-
ing*° or antirepressors®. Overall, our platform provides a founda-
tion for bridging multi-scale temporal and spatial processes using
synthetic and systems biology-inspired material design.

As a demonstration of our system’s modularity, we applied
EET-based logic to an orthogonal chemistry, CuAAC. This chemical
reaction uses a different catalyst and monomers compared to our
previous radical polymerization platforms, but could still be geneti-
cally and transcriptionally regulated due to the control over metal
redox state. Specifically, increased mtrC expression was correlated
with stronger gels and CuAAC gel mechanics were consistent with the
expected truth tables when formed with strains harboring Boolean
regulators of mtrC. CUAAC gels exhibited high dynamic range with the
simpler gates (OR and NOR), yielding responses that matched their
fluorescent counterparts. The NAND gate also exhibited high dynamic
range between ON and OFF conditions for CUAAC cross-linked gels.
We observed a lower dynamic range for the higher complexity AND
gate, but the resulting difference in mechanics between ON and OFF
states was still statistically significant. The differences in gate per-
formance between radical polymerization- versus CUAAC-formed
gels arelikely due to the different mechanisms of cross-linking (step-
versus chain-growth) necessary to form gels using the respective
chemistries. In contrast to ATRP, CuAAC does not have a reversible
catalyst deactivation step, likely contributing to more rapid kinetics
than ATRP cross-linked gels. This appeared to improve dynamic range
insimpler systems with fewer repressors, but also may have contrib-
uted to higher background signal and lower dynamic range for more
complexcircuits. Nevertheless, the ability to exert biological control
over different chemistries using identical genetic machinery suggests
that EET canserve asamodular actuator for other syntheticredoxreac-
tions, providing a platform for combining biomaterial engineering,
organometallic chemistry and synthetic biology’. Thus, our use of EET
actuation vastly broadens the substrate scope available to biological
systems and allows fully synthetic redox reactions to control living
material properties.

Relative to purely chemical systems, our platform responds to
very low input magnitudes (nanomolar to micromolar) and amplifies
this signal to affect a macroscopic material transformation spanning
aroughly 1,000-fold mechanical range. The living materials field is
increasingly capitalizing on diverse biological sensing and computa-
tion to manipulate traditionally inert systems. Our system demon-
strates how noncongruentlogic (OR versus NOR or AND versus NAND)
canbeactuated onthe same material via this transcriptional interface,
without requiring further material synthesis. Furthermore, the use
of two orthogonal chemistries (CUAAC and ATRP) demonstrates that
thisengineeringstrategy is not limited to asingle chemical system but
instead maintains a high degree of modularity. While responsive mate-
rials that use DNA? or curli fibers'®" modulate preformed synthetic
hydrogels'*'*® or rely on endogenous host-synthesized materials® or cell
lysis®, our system allows for robust metabolic and/or genetic control
over potentially any biologically compatible material capable of radi-
cal or CuUAAC cross-linking. For example, our general strategy can be
applied to simple off-the-shelf monomers, commontissue engineering
scaffolds”, or cells functionalized with noncanonical amino acids?5.
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We leveraged this capability to apply transcriptionally regulated liv-
ing material mechanics to drive fibroblast morphology****, Stiffer
hydrogels, programmed by Boolean computation to correspond to
the ‘ON’ EET state, yielded distinct fibroblast morphology relative
to the ‘OFF’ state. We saw that in all cases, our transcriptional logic
directly predicted cell circularity using only EET activity. Further work
investigating the interactions between the embedded bacteriaand the
immune response, cytokine release and cell viability is required®®®;
however, the ability to program cell morphology via bacterial genetic
logic and material properties may find applicationsin wound or tissue
repair®*®, biosensing?, drug delivery® and for modeling interfaces
between prokaryotes and eukaryotes.

We also note that our microbially driven cross-linking reactions
are orthogonally compatible with a wide range of other biologically
generated materials including biomineralized carbonates®’, cellu-
lose®” and curli fibers™. Relative to other examples of ELMs, connect-
ing EET flux to an organometallic output vastly broadens the scope
of inputs and computations that can regulate a cross-linking event,
including specific DNA-RNA sequences**, clinical biomarkers®®, envi-
ronmental contaminants® or combinations of these stimuli. Finally,
the genotype-phenotype link between EET protein expression and
hydrogel propertiesimplies that cross-linkable materials are control-
lable using alternative forms of genetic regulation, including CRISPR®,
riboswitches®® or integrases’. Overall, our results demonstrate the
modularity EET-based systems offer for controlling arange of material
chemistries, while maintaining their compatibility with existing genetic
circuit diversity and other ELM technologies.

By leveraging electron transfer from living actuators that affect
synthetic polymer network chemistry, we addressed many limita-
tions of living materials and integrated the full suite of synthetic
biology tools (for example, sensors, regulators and computational
machinery) for bottom-up materials design. Specifically, we devel-
oped a workflow for generating genetically programmable and
stimuli-responsive living synthetic materials through the biological
interface of EET. Our design’s modularity in both genetic circuitry and
network chemistry holds promise for intervention-less and responsive
cross-linking platforms, where engineered microbes can be incorpo-
rated into tissue architectures, biosensors, soft actuators or addi-
tive manufacturing substrates. As even relatively small changes in
local micromechanics are crucial in living systems, transcriptionally
tuning within this window may open biomimetic opportunities for
functional living materials. Overall, our work provides the founda-
tion for applying the genetic regulatory motifs found in patterning,
embryogenesis and tissue formation toward the control of synthetic
polymer networks.
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Methods

Chemicals and reagents

Here, four-arm 5k PEG-MA (=95% functionalization, Advanced Bio-
Chemicals), copper(ll) bromide (CuBr,) (Sigma-Aldrich, 99%), TPMA
(Sigma-Aldrich, 98%), tris(benzyltriazolylmethyl)amine (THPTA)
(Sigma-Aldrich, 95%), 2-(4-((bis((1-(¢tert-butyl)-1H-1,2,3-triazol-4-yl)
methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)aceticacid (BTTAA) (Click
Chemistry Tools >95%), HEBIB (Sigma-Aldrich, 95%), sodium DL-lactate
(NaC;H;0;) (TCI, 60% in water), sodium fumarate (Na,C,H,0,) (VWR,
98%), HEPES buffer solution (CgH,sN,0,S) (VWR, 1 Min water, pH 7.3),
potassium phosphate dibasic (K,HPO,) (Sigma-Aldrich), potassium
phosphate monobasic (KH,PO,) (Sigma-Aldrich), sodium chloride
(NaCl) (VWR), ammonium sulfate ((NH,),SO4) (Fisher Scientific),
magnesium(ll) sulfate heptahydrate (MgS0O,-7H,0) (VWR), trace min-
eral supplement (American Type Culture Collection), casamino acids
(VWR), IPTG (Teknova), ATC (Sigma-Aldrich), OC6 (Sigma-Aldrich), kan-
amycin sulfate (C,gH,sN,0,5S) (Growcells), iron(lll) citrate (C4HsFeO,)
(Alfa Aesar), iron(ll) sulfate heptahydrate (FeSO,-7H,0) (Alfa Aesar),
3-(2-pyridyl)-5,6-bis(4-sulfophenyl)-1,2,4-triazine disodium salt
hydrate (ferrozine, C,,H,,N,Na,0S,, TCI), 5-norbornene-2-carboxylic
acid (Sigma-Aldrich), N,N'-diisopropylcarbodiimide (Sigma-Aldrich),
4-dimethylaminopyridine (Sigma-Aldrich), Sigmacote (Sigma-Aldrich),
diethyl ether (Acros Organics), anhydrous DCM, DMSO and CDCl,
(Sigma-Aldrich), DMSO-d® (Sigma-Aldrich), nail polish (Electron
Microscopy Sciences), AlexaFluor 647, (Bioss, bs-0437R-A647),
Anti-6xHistidine conjugated to SureLight APC (ColumbiaBiosciences,
D3-171110t APC010-20-060), Recombinant Strepavidin Polyclonal Anti-
body AlexaFlour 647 Conjugated (BS-0437R-A647), BacLight Live/Dead
Stain (Invitrogen), deuterium oxide (D,0) (Sigma-Aldrich, 99.9%), Corn-
ing Dulbecco’s modification of Eagle’s medium (DMEM) (Fisher Scien-
tific), fetal bovine serum (Fisher Scientific), penicillin-streptomycin
solution (Fisher Scientific), Tyrpsin (Corning, 0.25% with 0.1% EDTA
in Hank’s buffered saline solution without calcium, magnesium and
sodium bicarbonate), paraformaldehyde solution (4% in PBS, Thermo
Scientific Chemicals), Triton-X-100 (Sigma-Aldrich), Blocker BSA
(10X) in PBS (Thermo Scientific), rhodamine phalloidin (Invitrogen),
DAPI (Sigma-Aldrich) and gelatin-methacrylate (Allevi) were used as
received. All media components were autoclaved or sterilized using
0.2 umpolyethersulfone filters. Dermal Fibroblasts CC-2511 are patient
derived from a 27Y female, batch 0000488388 (Lonza).

Bacteria strains and culture

Bacterial strains and plasmids are listed in Supplementary Table 1. Cul-
tures were prepared as follows and as outlined previously®"*: bacterial
stocksstored in20% glycerol at—-80 °C were streaked onto Luria-Bertani
(LB) agar plates (for wild-type and knockout strains) or LB agar with 20
or 25 pg ml™ kanamycin (for plasmid-harboring strains). Agar plates
were grown overnight at 30 °C for Shewanella and 37 °C for E. coli.
Single colonies were inoculated into Shewanellabasal medium (SBM)
supplemented with100 mM HEPES, 0.05% trace mineral supplement,
0.05% casamino acids and 20 mM sodium lactate (2.85 pl of 60% w/w
sodium lactate per 1 ml of culture) as the electron donor. Aerobic
cultures were in 15-ml culture tubes overnight at 30 °C and 250 rpm
shaking. Anaerobic cultures were using the same procedure outlined
above, but in degassed growth medium, supplemented with 40 mM
sodiumfumarate (40 plofal Mstock) ina humidified anaerobic cham-
ber (3% H,, balance N,, Coy). For stationary phase conditions, inducible
strains were anaerobically without inducer(s) for 4-6 h before being
diluted 1:25 into inducer-containing media (from 1,000x stocks) to
grow overnight. Cultures were washed three times after growth using
SBM supplemented with 0.05% casamino acids (degassed for anaerobic
cultures). 0Dy, was measured usinga NanoDrop 2000C spectropho-
tometer and normalized to 10x theinoculating OD, for dilutioninto
gel mixtures (5 plof concentrated cell culture into 45 pl of gel mixture)
unless otherwise noted.

Hydrogel radical cross-linking using engineered S. oneidensis
CuBr,and TPMA were dissolved at 8 mM in dimethylformamide (DMF)
for storage and combined into a 400 uM Cu-TPMA stock solution in
DMF before reaction preparation. HEBIB (1.45 ) was added to SBM
with casamino acids (143 pl) to create a 69 mM stock solution that was
diluted fivefoldin SBM with casamino acids to create a13.8 mMsolution
beforereaction preparation. Per 50 pl hydrogel disk that was analyzed
byrheology, a cross-linking reaction mixture was prepared as follows:
PEG-MA was dissolved at 6.18 wt% in SBM with 0.05% casamino acids
and aliquoted into an autoclaved microfuge tube (40.47 pl). Solutions
0of 400 pM Cu-TPMA (0.625 pl or 1.25 pl), 13.8 mM HEBIB (0.3625 pl),
60% sodium lactate (0.143 pl) and 1M sodium fumarate (2 pl) were
added to the PEG-MA solution and mixed. Per 50 pl of gel mixture,
the remaining 1.4 pl was used for antibiotic and inducing molecule
addition where necessary, or to compensate for varying Cu-TPMA
concentration, otherwise 1.4 pul of SBM with casamino acids was added.
Constituent volumes were multiplied as necessary to create a single
primary stock for each experiment involving identical inducer condi-
tions and S. oneidensis strains. The final concentrationsin solution were
5wt% PEG-MA, 5 or 10 pM Cu-TPMA, 100 pM HEBIB, 20 mM lactate,
40 mM fumarate and 0, 20 or 25 pg ml™ kanamycin where necessary,
depending on S. oneidensis strain. Inducer concentrations ranged
from 0 to 1,000 uM depending on the condition and were diluted
from 100x stock solutions. IPTG was dissolved in sterile H,0, ATC was
dissolvedinal:lethanol:H,0 solution and OC6 was dissolved in DMF;
allinducer stocks were stored at =20 °C. The primary gel mixture was
then distributed into individual autoclaved microfuge tubes of 45 pl
aliquots to which 5 pl of OD¢,,-normalized cells were added. The gel
solutions were mixed and dispensed onto hydrophobically treated
glass slides with a 0.5-mm silicone spacer separating the two glass
layers. The gels were allowed to react at 30 °C for 2 h at inoculating
0D, = 0.2 (stationary phase conditions), or 16 to 24 h at inoculat-
ing ODy, values ranging from 0.01 to 0.05, depending on the strain
(dynamic conditions). Hydrogels were removed from the slides using
arazorblade and placed into 3-mlbaths of 1x PBS overnight to swell to
equilibrium at room temperature in the dark.

Rheological analysis

Swollenhydrogels prepared as outlined above were analyzed by oscilla-
tory shear rheology using a TA Instruments Discovery HR-2 Rheometer
utsing Trios software with an 8-mm parallel plate geometry as outlined
previously®'. Briefly, the geometry gap was lowered to an axial force at
orabove 0.02 N (usually between 300 and 600 pm, depending on the
cross-link density and swelling ratio). Storage was measured using
frequency sweeps from 0.1to1Hzata constant strain of 1%. Moduli for
asingle gel were quantified by averaging the linear viscoelastic region
of each frequency sweep.

Plasmid construction

Allbacterial strains, plasmids, genetic circuit maps and sequence infor-
mation for each genetic part are detailed in Supplementary Tables 1-2
and 4. All plasmids were purchased from Addgene or assembled via
Golden Gate cloning procedures using enzymes (Bsal, Sapl, BsmBI)
and buffers from New England Biolabs. DNA fragments used in Golden
Gate cloning were generated via partial and/or whole-plasmid PCR
or commercially synthesized (Integrated DNA Technologies or Twist
Biosciences). Generally, 10 pl Golden Gate reactions were set up that
contained 10 fmol of plasmid backbone and 40 fmol of each synthe-
sized gene and/or PCRinsert (as necessary). Inathermocycler, Golden
Gatereactions were cycled 25-45 times, depending on the complexity
and size of the construct: 90 s at 37 °C (for Bsal and Sapl) or 42 °C (for
BsmBlI) followed by 3 min at 16 °C. After the cycles, reactions were
incubated at 37 °C (for Bsal and Sapl) or 55 °C (for BsmBI) for 5 min,
80 °C for 10 min and then held at 4 °C. Golden Gate reactions were
used to directly transformed into E. coli, and colonies were picked
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and isolated. Freshly isolated DNA was transformed into newly made
electrocompotent S. oneidensis. To prepare electrocompetent S. onei-
densis, 5 mlof overnight S. oneidensis growthin LB mediumat 30 °Cwas
washed three times with sterile 10% glycerol at room temperature and
concentrated toroughly 300 pl. Aapproximately 1 ng of DNA was mixed
with30 plof concentrated electrocompetent S. oneidensis, transferred
to al-mm electroporation cuvette and electroporated at 1,250 V. To
recover electroporated cells, 250 pl of LBwarmedina30 °Cincubator
wasimmediately added postelectroporationand cells were incubated
and/or shakenat30 °Cand 250 rpm. After 2 hof recovery, 100 pl of cell
suspensionwas plated onto LB agar plates containing 20 or 25 pg ml™
kanamycinandincubated overnight at 30 °Cto obtain single colonies.
Single colonies were used toinoculate LB liquid medium containing 20
or 25 pg ml™ kanamycinsulfate and incubated and/or shaken overnight
at30°Cand 250 rpm. These cultures were used to generate 20-22.5%
glycerol stocks that were stored at -80 °C, and to harvest assembled
plasmid for Sanger sequencing (DNA Sequencing Facilities, University
of Texas at Austin and Plasmidsaurus) and were confirmed on Bench-
ling. All plasmid files are available in the Supplementary Information.

Functional verification of mtrC expression

Strains containing mtrC expression circuits were functionally vali-
dated using an in situ Fe(Ill) reduction-ferrozine assay as previously
described™®. In brief, strains were anaerobically pregrown for roughly
6 h in SBM containing 20 mM lactate, 40 mM fumarate and 20 or
25 pg ml” kanamycin depending on the strain. These cell suspensions
were diluted 100-fold into SBM containing 20 mM lactate, 40 mM fuma-
rate, kanamycin and appropriate inducers, then allowed to grow for
roughly 18 h. Subsequently, these growths were diluted 100-fold into
96-well plates containing SBM solution with 20 mM lactate, kanamycin,
1mg ml™ferrozine, appropriate inducers and 5 mM Fe(lll) citrate, such
thatthe final well volume was 250 pl. Fe(Il) standards were alsoincluded
inthe plate using dissolved FeSO,. The 96-well plate was sealed with a
sterile and optically transparent film (PCR-SP-S, AxySeal Scientific),
covered with a polystyrene plate lid (Eppendorf) with silicone grease
lining the edges, removed from the anaerobic chamber and placed
within a BMG LABTECH CLARIOstar plate reader with temperature
control set to 30 °C. Without shaking, the absorbance at 562 nm was
measured every 10 min for at least 14 h. Using the Fe(ll) standards,
raw kinetics data were converted to Fe(ll) concentrations versus time.
Fe(ll) kinetics for individual replicates were background subtracted
(thatis, Fe(ll) level at the initial time point) and fitted to an exponential
Monod-type model to obtain fitted rate constants (u)*:

Felup = k(exp (mt) - 1) M

Antibody labeling of MtrC and flow cytometry

Strains containing mt¢rC expression circuit with a streptavidinbinding
site on the N terminus and a polyhistidine binding site on C terminus
of MtrC was pregrown overnight using standard culture conditions
outlined above with the addition of 25 pg ml™ kanamycin. Samples
were prepared as induced, following stationary phase conditions or
uninduced with or without the addition of IPTG, respectively. Cells
were then pelleted and washed aerobically three times in PBS buffer
(pH 7.4) at12,000g for 2 min. Final resuspensionin 500 pl of PBS yielded
an ODg, of 0.4. To each suspension, 50 pl of 40 nM anti-streptavidin
antibody (conjugated to AlexaFluor 647, Bioss) and 50 pl of 40 nM
anti-6X-His antibody (conjugated to AlexaFluor 647, Colombia Bio-
sciences) was added. The samples wereincubated inthe dark, atroom
temperature, while shaking for 4 h. Cells were then washed three times
at 12,000g for 2 min to remove any unbound antibody. Final resus-
pension in 500 pl yielded 4 x 10® CFU per mI™. Flow cytometry was
immediately performed using a BD LSRFortessa SORP Flow Cytometer.
Fluorescence was measured using an APC emission-excitation laser at

635 nm, and not gated based on cell size. Data collection was performed
with FACSDiva v.6.13 and data analysis was performed using FlowJo.

Quantification of fluorescence and cross-linking constructs

Strains containing sfgfp architectures were aerobically pregrown over-
night using standard culture conditions outlined above, with the addi-
tion of 20 or 25 pg ml™ kanamycin depending on the strain. Cultures
were then diluted 1:25 into 96-well plates containing SBM with 0.05%
casamino acids, 20 mM lactate, 40 mM fumarate, kanamycin, 5 uM
Cu-TPMA, 100 pMHEBIB and varying amounts of inducer(s) (from 500x
stocks). Plates were sealed withimpermeable foil and placed at 30 °C
for18-24 h.Before measuring sfGFP fluorescence, protein translation
was arrested by supplementing a100 pl aliquot of cell suspension with
kanamycinsulfate to afinal concentration of 2 mg ml™. Subsequently,
this suspension was shaken aerobically for 1 hat30 °Cto allow for sfGFP
maturation. sfGFP fluorescence (488/530 nm) and cell suspension
absorbance (600 nm) were measured using a BMG LABTECH CLARI-
Ostar plate reader toyield fluorescence « absorbance™ for each sample.
Foreach sample, the background fluorescence-absorbance™ froman
empty vector (pCD8) control was subtracted. In addition, strains were
normalizedin each plate toa RNAP flux standard strain constitutively
expressing sfgfp (pCDel) viathe Ptrc* promoter to enable REU calcula-
tions. Anonlinear fitting algorithmin GraphPad Prism v.9 was used to
fitinducible gene expression to the following activating Hill function:

"

— )
Ky + /]

y = min + (max — min)

Strains containing mtrC architectures were analyzed similarly
afterrheological analysis to fit hydrogel storage modulus. Normalized
hydrogel storage modulus was calculated using the average storage
modulus from gels cross-linked using wild-type S. oneidensis harbor-
ing arepresentative empty vector plasmid (pCD8). Further details on
modeling can be found in previous work®*, Fitting parameters and
‘goodness of fit’ can be found in Supplementary Table 3.

CuAAC hydrogel cross-linking

CuBr, was dissolved at 8 mM in DMF for storage and combined into
with THPTA or BTTAA in sterile water to form a 500 pM Cu-ligand
stock solution a ratio of 1:6 Cu:ligand. Per 50 pl hydrogel disk that
was analyzed by rheology, a cross-linking reaction mixture was
prepared as follows: four-arm-PEG-alkyne (5 K) was dissolved at
4.62 wt% in SBM with 0.05% casamino acids and aliquoted into an
autoclaved microfuge tube (18.68 pl) where it was combined with
four-arm-PEG-azide (10 K) was dissolved at 8.92 wt% in SBM with
0.05% casamino acids (18.68 pl). Solutions of 500 uM Cu-THPTA
(5 ul), 60% sodium lactate (0.143 pl) and 1 M sodium fumarate (1 pl)
were added to the solution and mixed. Per 50 pl of gel mixture, the
remaining 1.5 pl was used for antibiotic and inducing molecule addi-
tion where necessary, otherwise 1.5 pl of SBM with casamino acids was
added. Constituent volumes were multiplied as necessary to create a
single primary stock for each experimentinvolving identical inducer
conditions and S. oneidensis strains. The final concentrationsin solu-
tion were 5 wt% PEG-backbone (1.67 wt% four-arm-PEG-alkyne and
3.33 wt% four-arm-PEG-azide), 50 pM Cu-THPTA (1:6) or Cu-BTTAA
(1:6),20 mM lactate, 20 mM fumarate and 25 pg ml™ kanamycin where
necessary, depending on . oneidensis strain. Inducer concentrations
ranged from 0 to 1,000 uM depending on the condition and were
diluted from 100x or 200x% stock solutions. The primary gel mixture
was then distributed into individual autoclaved microfuge tubes of
45 pl aliquots to which 5 pl of OD4y,-normalized cells were added.
The gel solutions were mixed and dispensed onto hydrophobically
treated glass slides with a 0.5 mm silicone spacer separating the two
glass layers. The gels were allowed to react at 30 °C for 12to 16 h at
inoculating OD,, values ranging from 0.01to 0.05, depending onthe
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strain (dynamic conditions). Hydrogels were removed from the slides
using arazor blade and placed into 3 ml baths of 1x PBS overnight to
swell to equilibrium at room temperature.

Bacterial microscopy

Microscopy was performed using a Nikon Ti2 Eclipse inverted epifluo-
rescence microscope. Cells assessed for viability by microscopy were
cross-linked using standard conditions and the resulting gels swollen
in1x PBS atroomtemperature overnight. The gels were thenincubated
inthe darkinaBacLight Live/Dead stain mix (1.5 pl mI™ Syt09, 2.5 pl mI™*
propidiumiodidein 0.85% NaCl solution) for 30 min. Stained gels were
then washed by pipetting 3x in1 ml PBS to remove unbound dye. Gels
were loaded onto glass microscope slides, and a no. 1 coverslip was
placed on top. The gel thickness prevented using nail polish to seal
the sides, but evaporative losses were not noticeable over the course
of the experiment (-30 min). Fluorescence for each stain (green for
Syto9, red for propidiumiodide) was measured using green fluorescent
proteinand Texas Red excitation-emission filter cubes on aNikon Ti2
Eclipse using NIS-Elements AR v.5.02 software. To assess metabolic
activity, gels were cross-linked with sfgfp-harboring strains and allowed
to swell in 1x PBS. sfGFP fluorescence was assessed before induction
to measure background fluorescence. Gels were then incubated in
0 uMor1,000 uMIPTG in PBS for 24 h and monitored by fluorescence
using the green fluorescent protein channel. Images were processed
inFlJIv.1.0.

Functional verification of mtrCexpressionin hydrogels

ATRP hydrogels were prepared as described above using the Laclinduc-
ible MtrCstrain. Onremoving gels fromthe glass slides, 10 plofal mM
solution of Fe(lll) citrate (in water) was added on top of each gel and
allowed toincubate in ahumidified incubator for 15 min. Then 10 pl of
1 mMferrozine solution (in SBM + cas) asadded on top of each gel. The
reactionwas allowed to take place for 10 minbefore a photograph was
captured of the progress on top of aglassimaging box. The amount of
purple was quantified using Image ] by separating out the red channel
and quantifying conversion by mean gray value.

Fibroblast culturing and seeding conditions

Dermal fibroblasts, patient derived from Lonza (NHDF-ad-Der Fibro-
blasts FGM-2 cryo amp, CC-2511, batch no. 0000488388), were cul-
tured to between passage 5 and 6 in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin. Media was changed every other
day and cells were grown in a37 °Cincubator at 5% CO,. To seed fibro-
blasts onto hydrogels, cells were washed twice with PBS, and 4 ml of
warmed trypsin was added and incubated for 10 min. The trypsin was
quenchedin 5 mlof warmed media and centrifuged at200g for 6 min.
The supernatant was decanted and the cell pellet was resuspended
in1 ml of complete media. Cells were further diluted such that 250 pl
seeded 15,000 cells per gel.

Hydrogels were created anaerobically and swelled overnight at
room temperature in a 1% penicillin-streptomycin solution in PBS
before seeding (OD,, inoculation of 0.02, 5 uM Cu:TPMA). To ena-
ble fibroblast adhesion, hydrogel mixtures were supplemented with
6 w/w% gelatin-methacrylate (for cell adhesion) for a final concentra-
tion of 1.34 w/v% gelatin methacrylate (GelMA). After incubating for
3 h, afurther 750 pl of DMEM was added and the gels were incubated
overnight.

Fibroblast staining and imaging

Media was aspirated and replaced with 500 pl of 2 v% paraformal-
dehyde solution in PBS. After 10 min, the solution was aspirated and
replaced with the same volume of 0.2 v% Triton-X-100 with 2 v% para-
formaldehyde solution. After 3 min, a 5-min wash was performed with
500 pl of PBS. A blocking buffer of 1 v% BSA was incubated at room
temperature for 1 h. The blocking buffer was aspirated and replaced

with 500 pl of rhodamine phalloidin solution in blocking buffer. The
rhodamine solution was prepared by dissolving a vial of stainin150 pl
and diluted1to100 in blocking buffer. The rhodamine phalloidin was
incubated for 1 h before aspirating and replacing with 500 pl of DAPI
solution for 5 min. DAPIwas prepared by diluting 1 pl of stain into 500 pl
ofblocking buffer. The DAPIwas aspirated and replaced with 1,000 pl
of PBS. No staining steps included shaking or incubation at increased
temperatures. The gels were imaged immediately by transferring
each sample to glass slides placing the cell-side down. Between 6 and
18 images were collected for each sample imaging in the TXred (80%
intensity withal-sexposure time), DAPI (40% intensity with a400-ms
exposure time) and in bright field. Images were quantified using the FIJ1
particle picker to quantify the size, overall area, circularity and round-
ness of each cell. Only single cells were quantified as confirmed by the
presence of asingle-DAPI-stained nucleus, and images were collected
from at least two biological replicates and greater than 18 images.
nvalues were not evaluated until merged images revealed single cells,
and only single cells were evaluated.

Samplesize

Nostatistical methods were used to predetermine sample sizes. Experi-
mentsinvolving bacteria were conductedin biological triplicate. Mam-
malian cell experiment sample size was acquired at a minimum of 25
individual cells per example”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within
the main text and its Supplementary Information file. Experimental
data supporting the findings of this study will be available through
the Texas Data Repository (https://doi.org/10.18738/T8/B7GAG6).
Biological materials are available upon request to B. K. Keitz. Source
dataare provided with this paper.

Code availability
R code for running statistical analysis will be available through the
Texas Data Repository.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1|S. oneidensis retains viability after cross-linking and b-c, Overlaid fluorescence and bright-field microscopy of S. oneidensis MR-1
remains metabolically active within hydrogels for at least one week. a, +sfgfp (left) encased in gels b, one day or ¢, one week after cross-linking
BacLight live/dead staining of S. oneidensis MR-1 after cross-linking, swelling and swelling, and (right) 24 h after inoculating with1 mM IPTG toinduce
overnightin1x PBS, and mechanical characterization by rheology. Cells are fluorescence. Images are representative of n = 3 biological replicates.

predominantly alive (green fluorescence) as opposed to dead (red fluorescence).
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Extended Data Fig. 2 | Dynamic cross-linking couples sensing, using corresponding knockout strains harboring an empty vector;if noline
computation, and actuation in a synthetic material. a-d, Cross-linking can isshown, gels did not form. Data shown are mean + SEM of n = 3 biological
be transcriptionally regulated using the Lacl-P,,,,, regulator-promoter pair replicates. e-f, The difference between the induced and uninduced storage
controlling mtrA (a) (c) or cymA (b), (d) expression under a-b, stationary phase modulus canbe controlled viabothinitial inoculation density and reaction
or c-d, dynamic conditions. Data are fit to an activating gene expression model time for Lacl-Py,yno regulator-promoter pair controlling mtrA (e) or cymA (f)
and right axis is normalized to storage modulus of gels formed using wild-type (heatmap datarepresentsn=1).

S. oneidensis harboring an empty vector. Dashed lines represent gel mechanics
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Extended Data Fig. 4| Genetic Boolean logic enables concentration-
dependent transcriptional responsesin S. oneidensis expressing sfgfp.
Relative Expression Units (REU) measured as a function of combinatorial inducer
concentration show characteristic transcriptional regulation that follows
expected truth tables for multiple genetic Boolean architectures expressing
sfefp (OR,NOR, NAND) or eyfp (AND). S. oneidensis MR-1 harboring each plasmid
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was grown overnightin aerobically prepared 96-well plates that were then

sealed to emulate dynamic cross-linking conditions. Fluorescence was OD -
normalized and referenced to a constitutive fluorescence plasmid to obtain
REU. The expected truth tables are shown for maximum and minimum induction
conditions (0, ‘OFF’; 1,‘ON’). Data shown are mean of n = 3 biological replicates.
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Extended DataFig. 5| Genetic Boolean logic enables synthetic material
computation during stationary phase cross-linking. a, Storage moduli for
networks cross-linked using S. oneidensis strains harboring transcriptional
Boolean logic circuits controlling mtrC expression under stationary phase
conditions. b, Thelogical architectures spani, OR, ii, NOR, iii, NAND, and iv, AND.
In all cases, storage modulus was measured 2 h after inoculation. The expected
truth tables are represented below each circuit (0, ‘OFF’; 1, ‘ON’). Each network

appropriately responds to combinatorial inputs by increasing/decreasing
storage modulus in response to mtrCactivation/deactivation. Each plasmid
architecture is shown as a cartoon above the corresponding response function,
with representations asin Fig. 3. Statistics performed are the results of ageneral
linear hypothesis test (a contrast test) between the ‘OFF’ and ‘ON’ states. Stars
reference p value (*p < 0.05, * p < 0.01, *** p < 0.001), R script is provided in Data
Availability, and data shown are mean + SEM of n = 3 biological replicates.
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