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ABSTRACT: Living composites comprising of both biotic and abiotic modules are shifting the paradigm of materials science, yet 

challenges remain in effectively converging their distinctive structural and functional attributes. Here we present a bottom-up hybrid-

ization strategy to construct functionally coherent, electrochemically active biohybrids with optimal mass/charge transport, mechan-

ical integrity, and biocatalytic performance. This biohybrid can overcome several key limitations of traditional biocarrier designs and 

demonstrate superior efficiency in metabolizing low-concentration toxic ions with minimal environmental impact. Overall, this work 

exemplifies a new bio-integration strategy that complements existing synthetic biology toolsets to further expand the range of material 

attributes and functionalities. 
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Exoelectrogens, microorganisms that are capable of cross-1 
membrane transport of metabolically generated electrons,1 rep-2 
resent unique living building blocks for the construction of elec-3 
troactive biosystems. Encoded with a range of extracellular 4 
electron transfer (EET) pathways,2 they have been expanding 5 
the spectrum of functional living material designs and empow-6 
ering applications in bioelectronics,3 energy,4 and environmen-7 
tal science.5 The performance of these living devices to date, 8 
however, remains limited by the compromised charge and/or 9 
mass transport that is inherent to the native structural assemblies 10 
(i.e. electroactive biofilms). For example, modeling of G. sul-11 
furreducens biofilm grown on planar electrodes indicates that 12 
the cells furthest from the electrode barely respire/divide due to 13 
their low efficiency to remotely exchange electrons with elec-14 
trode,6 while the high diffusion resistance across the native bio-15 
film further limits the access to nutrient/metabolite exchange 16 
for inner layers of cells and their electrochemical performance.7   17 

Bio-hybridization with complementary material components 18 
could potentially overcome these intrinsic limits imposed by bi-19 
omolecular/cellular building blocks. Through mixing with con-20 
ductive dopants, such as metal nanoparticles,8 carbon nano-21 
tubes,9 graphene,10 or conducting polymers,11 composite bio-22 
films have been fabricated with increased electrical conductiv-23 
ity and mechanical strength, enabling enhanced power genera-24 
tion,12 biosynthesis,13 or wastewater treatment.14 These physi-25 
cal- or chemical-based hybridization approaches, however, are 26 
typically limited by the inefficient structural (poor interfacial 27 
contact) and functional (large interfacial charge transfer barrier) 28 
integration at the biotic-abiotic junctions. Additionally, the lack 29 
of microenvironmental control leads to substantial fluctuation 30 
in cell functioning (e.g. metabolic rate) over longer length and 31 
time scales that further impedes system-level performance.15  32 

In comparison, biologically driven hybridization processes, 33 
such as bio-mineralization, present unique opportunities for im-34 
proved cross-system integration by initiating and directing the 35 
interplay with foreign components from the bottom up.16 Bone 36 
mineralization, for example, enables highly specific and or-37 
dered incorporation of nanocrystalline apatite in the gap regions 38 

of self-assembled type I collagen fibrils, leading to hierarchi-39 
cally structured calcified tissues with superior mechanical prop-40 
erties that cannot be matched by synthetic materials. Similarly, 41 
exoelectrogens are known for their unique capability to electri-42 
cally interact with external electron acceptors and in-situ de-43 
posit inorganic materials (such as Au, Ag, Pd, and FeSx nano-44 
particles) on outer-membranes.17 These dissimilatory reduction 45 
processes actively engage direct electron exchanges with bio-46 
synthesis to bridge biological and solid-state charge transport 47 
systems at these hybrid interfaces. 48 

Here we report a multiscale hybridization strategy that con-49 
verges both assembly modalities to generate electrochemically 50 
active living materials with enhanced performance. In particu-51 
lar, the living catalysts, Shewanella loihica PV-4, are converted 52 
into conductive bacterial “cables” through spatially-confined 53 
biomineralization, where the metabolic pathways of individual 54 
bacterium are electrically conjugated to form expanded EET 55 
networks with significantly increased active surface area. These 56 
1D composite building blocks are further engineered into 3D 57 
hierarchical frameworks through bio-printing with rationally 58 
designed physiochemical characteristics (Figure 1a). As-pre-59 
pared bio-hybrids have the potential to overcome the inherent 60 
limits in mass/charge transport of native bioelectrochemical 61 
systems, reinforce a range of applications in energy and envi-62 
ronmental science, and broadly impact how functional living 63 
materials can be designed and constructed.18  64 

At the cellular level, structural and functional integration is 65 
initiated with the bio-reduction of graphene oxide (GO), the 66 
critical “linker” that is converted into conductive rGO through 67 
the metabolism of S. loihica. Based on our previous research, 68 
GO holding intimate contacts with bacteria can be fully con-69 
verted to reduced GO as confirmed by Raman spectroscopy.19 70 
These bio-reduced GO can intimately couple with its outer 71 
membrane cytochromes and electrically connecting adjacent 72 
cells (Figure 1b). Specifically, bioinks formulated with S. 73 
loihica, GO and alginate are processed and extruded through a 74 
co-axial microfluidic device,20 where the ionically crosslinked 75 
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alginate shell provides porous scaffolding with structural simi-1 
larity to polysaccharides for 1D cell confinement, while allow-2 
ing efficient nutrient/metabolite exchange. The bio-transfor-3 
mation of GO into rGO is evidenced by the progressive color 4 
change (brown to black) of the hydrogel fibers during a 24-hour 5 
culture (Figure 1a) as well as 95% reduction of two-probe re-6 
sistance (Figure 1c). As-reduced GO represents bio-synthetic 7 
electron conduits that actively “wire” the redox center of cyto-8 
chromes in electroactive conformations and significantly re-9 
duces the barrier for interfacial charge transport.19 This GO-10 
hybridized fiber allows significantly expanding the effective 11 
EET active surface area that is critical to many downstream ap-12 
plications (e.g. microbial fuel cells and bio-remediation). At the 13 
molecular level, the structural integrity of the composite micro-14 
fibers is further strengthened by the interaction between GO and 15 
alginate (Figure 1a), where the carbonyl and hydroxyl groups 16 
on GO help confine the crosslinking cations within the alginate 17 
matrices.21 The chronic stability of the biohybrid is significantly 18 
improved, which remains intact and robust after > 48 hours, 19 
while alginate/S. loihica fibers without GO becomes fragile due 20 
to the degradation/dissociation of the cross-linked alginate and 21 
weaker cell-cell interconnections (Figure S1 & S2). As a result, 22 
mechanically reinforced and electrochemically coherent bacte-23 
rial networks can be formed (Figure 1d and SEM insert).   24 

 The hierarchical structural/functional integration at larger 25 
scales is achieved through spatially-organized assembly of 26 
these 1D hybrid building blocks via bioprinting. A customized, 27 
extrusion-based bioprinter (Figure S3) with a multi-inlet micro-28 
fluidic nozzle is developed, where factors defining individual 29 

fibers (diameter and composition) and their 3D placement 30 
(pitch/porosity) can be programmed (Figure S4&S5). This ap-31 
proach allows the bottom-up engineering of key mass- and 32 
charge-transport properties that are critical to many down-33 
stream applications. For example, biological water treatment 34 
provides an attractive opportunity in effective toxic ion remov-35 
als, which can eliminate the disadvantages of the physical and 36 
chemical based treatment techniques.12 Recently, many biolog-37 
ical species such as algae, bacteria, fungi are studied toward this 38 
prospective. Among all these species, the unique EET process 39 
allows EABs to directly reduce the highly toxic soluble inor-40 
ganic ions (i.e. Chromium,22 Arsenic,23 Cadmium,24 etc.) to-41 
ward solid-state low-toxicity nanoparticles. Additionally, since 42 
wastewater is abundant in organic matters as the electron donors, 43 
EABs are self-sustainable in this environment and have demon-44 
strated extraordinary possibilities in electricity recovery during 45 
water treatments.25 Hence, EABs offer exclusive possibilities in 46 
the development of next generation low cost, low energy con-47 
sumption and self-sustainable wastewater treatment strate-48 
gies.26 As a proof of concept, we demonstrate the design and 49 
application of this 3-D biocatalyst network as a “living filter” 50 
for bio-remediation, which converge the advantages of existing 51 
treatment options, i.e., (a) biocarriers (low biomass contamina-52 
tion but compromised mass/charge transport); and (b) plank-53 
tonic bacteria (high treatment efficiency but requiring onerous 54 
post-treatment). Their performance is systematically evaluated 55 
in simulated wastewater treatments along with their bulk- or 56 
planktonic- counterparts for the reduction of hexavalent chro-57 
mium (Cr(VI)), one of the most common sources of water 58 

 
Figure 1. Design, assembly and characterization of the living filter: (a) schematics showing the living filter design at ensemble (3-D 

assembly of the microfibers) and microscopic (graphene oxide (GO)-cation-alginate interactions) levels; (b) Schematic showing the 

dissimilatory reduction by alginate encapsulated S. Ioihica before biomineralization; (c) Biomineralization/bioreduction of GO, 

which is evidenced by both the brown-to-black color change (top) and the decrease of electrical resistance of bacterial cables (bot-

tom); (d) Schematic and SEM characterization of assembled/biomineralized cell network (scale bar: 300 nm), of which the individual 

S. Ioihica are structurally- and functionally- integrated through the reduced GO enabled cellular assembling.    
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contaminants in U.S.22. The procedures of simulated 1 
wastewater treatments are detailed in support information.  The 2 
initial concentration of Cr6+ (190 μM) were selected based on 3 
previous research [doi:10.1128/AEM.02463-10] 4 

The incorporation and biomineralization with GO are found 5 
to play important roles in improving the structural integrity and 6 
treatment efficiency of the living filters. As shown in Figure 2a, 7 
the OD-600 (red bars, correspondent to the planktonic S. 8 
loihica) of the post-treatment solution by filters made of pure 9 
alginate can reach 0.3 after 24 hours, almost 20% of the fed-10 
batch (planktonic) culture in the stationary phase (1.5-2.2). This 11 
result indicates that the native bacteria/alginate composites are 12 
prone to dissociate and leak, particularly with the mesh design, 13 
as a result of its significantly increased surface area/decreased 14 
alginate thickness when compared with conventional biocarri-15 
ers. However, biomineralization can reinforce the intercellular 16 
connections by “gluing” adjacent S.loihica with rGO to im-17 
prove chronic stability. Together with the interactions between 18 
alginate and GO that stabilize the crosslinks of alginate mole-19 
cules, the OD-600 can be maintained at below 0.07 during the 20 
treatment with GO-doped living filters (Figure 2a). Overall, 21 
these results demonstrate significantly improved mechanical in-22 
tegrity and chronic stability of living filters with the incorpora-23 
tion of GO linkers, hence minimal biomass production/post-24 
processing, which remains one of the major challenges in bio-25 
logical water treatment. 26 

The hybridization with GO also enhances the overall treat-27 
ment efficiency by improving the system-level EET (Figure 2). 28 
The treatment efficiency of Cr(VI) is determined by a EPA ap-29 
proved standard method detailed in support information. As 30 
shown, the reduction of Cr(VI) is positively correlated with the 31 
increase of GO concentration, and reaches 92% at GO 0.02%. 32 
This increased biocatalytic kinetics can be attributed to the rGO 33 
mediated electrical interconnection between encapsulated S. 34 
loihica, which substantially expands the active EET area be-35 
yond the outer membranes of individual bacterium (Figure 1d). 36 
Although filters made of pure alginate show a higher removal 37 
rates at 96%, this is mainly contributed by the leaked planktonic 38 
S. loihica (OD 600 = 0.3 as compared with 0.03 for GO doped 39 

filters, Figure 2a inset), which are immediately accessible to nu-40 
trients/Cr(VI) and metabolically more active. In GO-doped liv-41 
ing filters, despite the mass transport barrier imposed by the al-42 
ginate/GO matrix (to maintain minimal bacteria leakage), the 43 
Cr(VI) removal remains competitively efficient as a result of 44 
improved charge and mass transport compared with traditional 45 
biocarriers. Overall, the experiments demonstrated that bio-re-46 
duced GO is critical in the biohybrid network, which not only 47 
maintain the biocatalytic/electron transport efficiency toward 48 
the comparable level as planktonic bacteria (which are much 49 
more mass transport favorable), but also maintain the long-term 50 
structural integrity to avoid the bacteria leakage. Besides, the 51 
bio-reduced GO enhanced structural integrity provides addi-52 
tional possibility for the recycle/reusage of living filter toward 53 
the life span of S. loihica.27 While further increasing GO may 54 
provide additional benefit for treatment efficiency enhance-55 
ment, the higher GO content can also challenge the printability 56 
(forming aggregates that could block the printing nozzle) and 57 
long-term stability (incompatibility of hydrophobic rGO with 58 
alginate hydrogel that leads to brittle fibers) of living filter.28   59 

To further evaluate the effect of filter structure on mass 60 
transport and Cr(VI) reduction, we compare the performance of 61 
assembled mesh filter (60% macro-porosity) with its bulk coun-62 
terpart (0% macro-porosity) made of identical components 63 
(Figure 2b) (SI Methods). The difference in treatment effi-64 
ciency between the two filter designs is highlighted in yellow. 65 
Rapid Cr(VI) conversion can be achieved by both mesh- (68 %) 66 
and bulk- (62 %) filters within the first 4-hour, when the initial 67 
high concentration gradient of Cr(VI) drives efficient inward 68 
diffusion. Cr(VI) treatment by bulk filter plateaus after 12 hours 69 
when diffusion becomes a limiting factor (Cr(VI) at ~ 67 μM, 70 
~65% treated). In contrast, the Cr(VI) treatment steadily in-71 
creases with mesh filter design until the experiments are termi-72 
nated at 24 hours. The 24-hour duration is selected while the 73 
amont/effect of planktonic S. loihica remain negligible (OD600 74 
= 0.03). The enhanced mass transport can be attributed to the 75 
thin fiber diameter (~23 µm) and hierarchically assembled 3D 76 

 
Figure 2. Chronic stability and performance of living filters with different compositions and macro-structures: (a) Cr(VI) treatment 

efficiency and planktonic/leaked S. loihica level (OD600, red bars) of filters made of 5 mL bioink with different GO contents. The 

high efficiency of filter made of pure alginate (0% GO) is mainly attributed to the planktonic S. loihica; (an insert) Images of treated 

water with high (0.3) and low (0.03) OD600; (b) Cr(VI) treatment efficiencies of mesh (60% macro-porosity) versus solid (0% macro-

porosity) filters made of 2 mL bioink. Yellow area indicates the difference in treatment efficiency between two types of filters (n = 

3). 
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porous structure, which becomes critically important in over-1 
coming the diffusion limit in bulk alginate (pore size ~5 nm, 2 
diffusion coefficient 4.10x10-6 cm2/min), especially when the 3 
concentration gradient is low.29,30  4 

The structural integrity and mechanical stability of free-5 
standing living filters could significantly reduce the cost and 6 
energy consumption associated with the integration, mainte-7 
nance, and post-treatment of the biocatalysts. The design is also 8 
fully compatible with existing wastewater treatment infrastruc-9 
ture for sustainable operation.  In particular, we have designed 10 
a semi-continuous flow bioreactor in which both lateral and tan-11 
gential flows can be programmed to maximize the flow-filter 12 
interaction while reducing the direct hydrodynamic impacts 13 
(Method & Figure 3). In the test, Cr(VI) conversion rate was 14 
significantly increased (60% at 4 hours, and 100% at 24 hrs) as 15 
compared with the results from batch processing (Figure 2a & 16 
3), demonstrating the potential of dynamic flow programming 17 
to further circumvent native mass transport limits at low con-18 
centration regimes.  19 

In summary, we demonstrate a multi-modality, bottom-up as-20 
sembling strategy to generate electrochemically active living 21 
filters with seamless structural and functional integration, of 22 
which, assembled S. loihica networks have demonstrated their 23 
unique biocatalytic ability for Cr(VI) removal while their effi-24 
ciency and chronic stability are enhanced significantly through 25 
the GO-assisted assembling processes.  At the cellular level, the 26 
biomineralization/hybridization with GO inside hydrogel fibers 27 
leads to improved EET and strengthened inter-cellular/molecu-28 
lar interactions that eventually benefit the mechanical stability 29 
and performance enhancement. At the macroscopic level, these 30 
biohybrid cables are hierarchically assembled into a 3-D biocat-31 
alytic network that largely overcomes the mass transport limit 32 
in traditional biocarrier design. Moving forward, the design and 33 
implementation of electrochemically active biohybrids will add 34 
another important dimension to the existing library of func-35 
tional living materials, and open up extensive opportunities in 36 
accomplishing widely-defined tasks (e.g. catalyst, synthesis, 37 
sensing, remediation, computing) with unique dynamic attrib-38 
utes including self-regulation, environmental responsiveness, 39 
and sustainability.  40 

41 

Supporting Information.  42 
This material is available free of charge via the Internet at 43 
http://pubs.acs.org. 44 
Materials and methods. Additional data S1-S6 (PDF) 45 
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Figure 3. Living filter performance under continuous flow setting: (a) images and schemes of the bioreactor. In the reactor, the top 

layer was the flow channel that introduced both lateral and tangential flows to the living filter, the middle layer was the living filter 

and the bottom layer was the reservoir for collecting the tangential flow to be delivered back to main reservoir; and (b) the 24-hour 

Cr(VI) treatment efficiency of the living filter inside the bioreactor. 
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