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Abstract

Nature has produced living materials with wonderful properties, including the ability to
self-regenerate, to sense and respond to a changing environment, and to harvest energy from
the sun. Inspired by this, researchers in the field of engineered living materials (ELMs) seek to
use the tools of synthetic biology to create artificial materials with similar functional properties.
In this dissertation, I describe our efforts to advance the goals of ELM research through the
development of novel biofilm-based materials.
We developed a co-culture system which leveraged the strengths of two different
microbes to produce robust, bacterial cellulose materials with highly programmable functions.
One bacteria (Gluconacetobacter hansenii) produced a bacterial cellulose matrix which was
colonized by a second bacteria (Escherichia coli) upon media transfer. In our scheme, the G.
hansenii served as a “materials factory” while the E. coli offered a vast array of functionality,
including the ability to sense external analytes and secrete recombinant proteins. We explored
the potential of this system by programming the material with several functions, including
biomolecule sequestration, enzymatic catalysis, and biomineralization. Considering the
attractive material properties of bacterial cellulose, this enhancement of its functionality
represents an exciting step forward in the field of ELMs.
We also used engineered curli fibers – functional amyloid protein fibers found in the
biofilms of E. coli – to sequester viruses from wastewater to improve methods for disease
surveillance. Due to their amyloid nature, curli fibers are self-assembled from a single protein,
CsgA. Using modified curli fibers in which CsgA was genetically fused to single-domain
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antibodies targeting viral antigens, we demonstrated a simple and rapid protocol for
concentrating viruses from wastewater and efficiently recovering viral RNA for downstream
detection via quantitative polymerase chain reaction (qPCR). The versatility of curli fibers as a
platform for multi-functional ELMs suggests that further development and optimization of this
sequestration system is warranted.
In both cases, functional materials were produced entirely through simple bacterial
culture without the use of an artificial scaffold. We believe this work represents a meaningful
step forward in the design and development of bio-fabricated, functional ELMs.
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Chapter 1 – Introduction

1.1 Engineered living materials – the grand vision
Living systems have evolved the ability to produce materials—from bacterial biofilms to
skeletal tissue to trees—that can respond to environmental cues, self-regenerate, and
dynamically alter their physical properties. There is great potential for the development of
engineered living materials (ELMs) with these same desirable attributes.[1-3]
Taken to its most ambitious extreme, the goal of ELM research is to replicate the
behavior of natural systems by growing living materials with complex, hierarchical structure
from a single cell. In this ideal scenario, all the information needed for material morphogenesis
is encoded in the genome of the seed cell, which draws upon energy feedstocks in the
environment to guide the construction of biopolymeric building blocks into the desired
architecture. We envision that through such bottom-up bio-fabrication, the current materials
economy which depends on finite natural resources can be replaced with a more sustainable,
“circular” framework. Though this vision is currently somewhat remote, great strides are being
made toward its realization.

1.2 Synthetic morphogenesis
ELM research clearly shares common goals with the field of synthetic morphogenesis,
which seeks to engineer biological systems capable of growing self-organized, complex
structures like those found in nature in order to elucidate general principles of growth and
development.[4]
A fundamental goal in the field of synthetic morphogenesis is pattern formation. Bacteria
have attracted interest for synthetic pattern formation due to their rapid growth and wide array
of gene circuit components. Stripe patterns (sometimes referred to as the “French Flag Model”)
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can be achieved in multicellular bacterial systems using a concentration gradient of a
“morphogen” (e.g. a small molecule inducer such as arabinose). Several designs of gene
regulatory networks have been demonstrated which yield production of reporter molecules only
at intermediate morphogen concentrations, resulting in the formation of a stripe pattern in
response to a morphogen concentration gradient.[4]
In 2013, Payne et al. demonstrated a self-organized ring pattern in bacteria without the
use of a morphogen gradient.[5] The fluorescent protein mCherry was co-transcribed with T7
lysozyme, which placed a high metabolic burden on the cells. Given this metabolic burden, only
cells at the edge of the colony could support strong mCherry production, resulting in the
formation of a mCherry ring along the edge of the colony and at the top of the colony core. A
model supported the hypothesis that cells along the edge of the colony had a greater “gene
expression capacity,” possibly due to less mechanical stress or greater oxygen levels.
Self-organizing behavior can also be achieved using cell strains with different cell-cell
adhesion properties, which induces spontaneous formation of separate cell phases. Leveraging
this principle, Glass et al. demonstrated programmable pattern formation in bacteria using
surface display of single-domain antibodies (i.e. nanobodies) and corresponding antigens.[6]
Another tool for generating spontaneous pattern formation in living systems is lateral
signaling, which occurs when cells influence the fate of immediately adjacent cells. In a seminal
paper from 2018, Toda et al. integrated the principles of differential adhesion and lateral
signaling in a single system to produce self-organizing, multilayered 3-D structures capable of
regeneration and symmetry breaking.[7]
This successful combination of multiple pattern-forming approaches, and the striking
resemblance of the synthetic structures to an early-stage embryo, indicate that this work could
be a pivotal launching point for future studies. There is untapped potential to implement a
similar multi-pronged approach to synthetic morphogenesis in bacterial systems.[6,8]
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1.3 Top-down fabrication of ELMs
In this section, we discuss examples of ELMs where artificial labor and instrumentation
are required to assemble the material into the desired architecture. These examples stand in
contrast to self-organized living materials that are produced via bottom-up morphogenesis.

1.3.1 Hybrid ELMs
One attractive approach for producing ELMs is to combine living cells with a nonliving
scaffold. Leveraging well-established nano- and micro-fabrication techniques, one can produce a
scaffold which precisely regulates the interactions between the cells and the surrounding
environment, and has desirable material characteristics. Hydrogels are commonly used in the
scaffold to host engineered cells due to their biocompatibility. Hybrid ELMs have been explored
as living sensors, living therapeutics, living electronics, energy convertors, and living building
materials.[9]
Liu et al. embedded E. coli in a stretchable hydrogel-elastomer device, and demonstrated
its utility as a wearable, chemical-detecting patch.[10] The hydrogel portion of the material
allowed for diffusion of nutrients and small molecule inducers, while the elastomer portion
allowed for aeration and provided structural support.
Belkin et al. encapsulated E. coli in 3 mm soft, alginate beads for remote detection of
buried land mines.[11] The resulting alginate hydrogel maintained cell viability for several hours
and allowed for diffusion of vapor-phase TNT during a field experiment.
Tang et al. doubly encapsulated E. coli in tough hydrogel beads, first in cross-linked
alginate, then in a harder shell of cross-linked alginate/polyacrylamide, which robustly
prevented their escape.[12] The encapsulated cells were protected from environmental insults,
while retaining access to small molecule analytes. The beads were used to sense heavy metals in
river water, with the authors highlighting the importance of biocontainment for real-world
deployability.
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Gerber et al. developed a self-cleaning living surface by sandwiching a layer of agar
containing penicillin-producing fungi between a base polymer layer for mechanical support and
a nanoporous top layer which prevented escape of the fungi while allowing diffusion of
penicillin.[12] After growing the fungi, penicillin-sensitive bacteria were strongly inhibited from
growing on the top surface.
Bose et al. developed a retrievable implant where transgenic human cells were grown in a
micro-fabricated polydimethylsiloxane (PDMS) reservoir, which was sealed with a
polycarbonate track-etched (PCTE) porous membrane to prevent infiltration by host immune
cells.[14] The device was tested by intraperitoneal implantation in immunocompetent mice, and
successfully supported long-term, on-demand secretion of erythropoietin.
Terrell et al. used redox-active molecules to establish bidirectional connectivity between
electronics systems and microbial populations.[15] Oxygen was electrochemically reduced to
peroxide, triggering E. coli adhered to the electrode surface to produce the quorum-sensing
molecule acyl homoserine lactone (AHL) in response. Signal transduction was based on the
transcriptional activator protein OxyR involved in the oxidative stress response. AHL induced
planktonic “verifier” cells to produce β-galactosidase, which catalyzed cleavage of 4aminophenyl-β-d-galactopyranoside (PAPG) to the electrochemically active p-aminophenol
(PAP), allowing electronic confirmation of biological signal propagation.
Kim et al. embedded cyanobacteria into a solar cell containing Au nanoparticles and ZnO
nanorods.[16] They showed that the light-capturing nanoparticles and nanorods enhanced the
photosynthetic performance of the cyanobacteria, allowing solar energy to be harvested from a
broader range of wavelengths.
Heveran et al. produced living building materials by inoculating a sand-hydrogel scaffold
with a photosynthetic cyanobacterium to promote calcium carbonate (CaCO3) precipitation, and
then casting the mixture in a rectangular mold.[17] They showed that microbially-induced CaCO3
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precipitation improved the toughness of the material. Moreover, cyanobacteria were viable in
the building material after 30 days of storage under humid conditions.
These examples represent just a small sample of the breadth and richness of the field of
hybrid ELMs.

1.3.2 3-D printing of ELMs
3-D printing technology has also attracted great interest as means for fabricating
macroscopic ELMs with complex geometries.
Lehner et al. developed an economical approach to 3-D printing of mm-scale, bacterialaden structures using a modified commercial 3-D printer.[18] Live E. coli were suspended in an
alginate hydrogel which, upon extrusion onto an agar surface containing calcium ions, was
cross-linked into a solid scaffold. They showed that the embedded bacteria were viable and
could produce fluorescent proteins in response to chemical stimuli. However, this approach was
limited by the necessity for the printed material to be deposited on a calcium ion-containing
substrate.
Schaffner et al. designed a hydrogel ink (called “Flink”) which exhibited rheological
properties sufficient for printing of cm-scale, undistorted 3-D structures, while maintaining the
viability of embedded bacteria.[19] The bacteria-loaded hydrogel ink was extruded as filaments
and printed via additive deposition in a variety of architectures. In one application, they printed
complex structures embedded with Gluconacetobacter xylinus, which produces high quantities
of bacterial nanocellulose: following printing, the structure was incubated for several days to
promote in situ production of bacterial cellulose, after which the ink components were washed
away, leaving a bacterial cellulose scaffold.
Liu et al. devised a novel ink composition containing two types of a polymeric micelles
and a photoinitiator, in addition to living cells and media.[20] The hydrogel ink was extruded
through nozzles ranging from 30 to 200 µm in diameter and additively printed in architectures
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up to 3 cm in height. The printed objects were then subjected to UV curing to induce crosslinking in the material. Importantly, the embedded bacteria survived the printing and curing
processes. Micron-scale resolution and the use of multiple inks containing different bacterial
strains and different small molecule inducers enabled the construction of materials exhibiting
Boolean logic and spatiotemporal patterning.
Huang et al. showed that biofilms could be directly printed without the use of a hydrogel
ink scaffold.[21] They engineered the extracellular matrix (ECM) composition of the grampositive bacteria Bacillus subtilis—a bacterial species designated by the FDA as safe for use in
food, drugs, and cosmetics–to have viscoelastic properties more amenable to printing. In their
approach, B. subtilis biofilms were directly scraped off an agar plate and loaded into a 3-D
printer charging barrel for extrusion. The resulting structures contained viable, responsive cells
and exhibited self-regeneration capabilities. However, the authors only demonstrated printing
of flat architectures.
Although additive 3-D printing is potentially a powerful method for fabricating ELMs in
complex architectures, these early efforts have been limited to small-scale applications.

1.4 Bottom-up fabrication of ELMs using bacterial biofilms
In contrast to the materials described in the previous section, engineered biofilms offer a
promising route to bottom-up materials fabrication based largely on the autonomous action of
bacteria. Bacteria secrete polysaccharides, proteins, and DNA during biofilm formation to
assemble an ECM.[22] These ECM components offer the bacteria protection against
environmental insults and can form the structural basis for macroscopic materials. Moreover,
certain bacteria, such as E. coli, can grow rapidly and are genetically tractable, enabling the use
of synthetic biology tools for encoding greater functionality in the material, including
spatiotemporal control over gene expression.

6

1.4.1 ELMs based on bacterial amyloids
In the past several years, bacterial amyloid fibers have attracted great interest as a
platform for developing novel ELMs. Amyloids are β-sheet-rich protein fibers characterized by
their “cross-β strand structure” in which two β-sheets are laminated together, with the β-strands
running perpendicular to the fiber axis.[23,24] The two sheets are bonded by a steric zipper in
which protruding side chains from each sheet are closely intermingled. Within each sheet,
neighboring strands are linked together by a network of hydrogen bonds which runs the length
of the fiber. This extensive network of hydrogen bonds endows amyloid fibers with remarkable
material properties, including a strength and stiffness comparable to steel and silk,
respectively.[25-27]
Amyloids are well-known for their association with human neurodegenerative diseases,
but more recently have been found to serve functional roles in a wide range of organisms.[28]
Curli are amyloid fibers produced by members of the family Enterobacteriaceae, including E.
coli, which a comprise a major structural component of the biofilm ECM. They are known to
play a role in surface adhesion and help mediate host cell invasion.[29]
Curli fibers are composed mainly of the 13-kDa subunit protein CsgA, which is exported
through an outer membrane pore formed by CsgE, CsgF, and CsgG.[30] Once in the extracellular
space, CsgA is nucleated by the homologous outer membrane protein CsgB to self-assemble into
an amyloid fiber.[31] This property of being self-assembled from a single, small protein makes
curli fibers an attractive platform for ELMs.
In 2014, our lab demonstrated that curli fibers could be programmed with a wide range
of functionality by genetically fusing functional peptide domains to CsgA.[32] Using this modular
approach, curli fibers were produced which were capable of templating the formation of silver
nanoparticles, mediating cell adhesion to stainless steel, and supporting covalent
immobilization of full-length proteins via the SpyTag-SpyCatcher system.
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In another early work exploring the potential of curli fibers as a platform for functional
materials, Chen et al. demonstrated that cell-cell communication could be used to autonomously
introduce patterns into curli fibers.[33] Using combinations of wild-type CsgA, CsgA with a Histag, and a concatenated tandem repeat of CsgA with a His-tag, they produced curli fibers
exhibiting a variety of multi-scale patterns which were observable after labeling with
Au nanoparticles conjugated to Ni-nitrilotriacetic acid (Ni-NTA). The pattern of gold
nanoparticles decorating the curli fibers could be rationally programmed by varying parameters
such as the initial concentrations of the various strains and the induction regimen.
More recently, Moser et al. designed a optogenetic circuit which coupled production of
specific curli fiber variants to different colors of light.[34] This allowed them to pattern biofilm
growth onto a variety of substrates, including materials used for 3-D printing, polystyrene, and
cotton textiles. Bacterial surface adhesion was mediated by curli fiber expression. They further
demonstrated that the light-patterned biofilms could respond to external signals such as small
molecule inducers and light.
Wang et al. leveraged light-based patterning to grow mineralized biofilms in precise
patterns.[35] During an incubation in simulated body fluid, hydroxyapatite mineralization was
mediated by a mussel foot protein-derived peptide fused to CsgA. Varying the intensity of light
allowed them to control the thickness of the mineralized biofilms. Moreover, the cells remained
viable and responsive to external stimuli following mineralization. They applied this technology
to repair cracks in a polystyrene Petri dish.
A good deal of interest in curli as an ELM platform has centered around interfacing curli
fibers with inorganic components to enhance the functional repertoire of the biofilm material.
In one notable example, Cao et al. integrated the autonomous ring/dome pattern discovered by
Payne et al. with expression of His-tagged curli fibers.[36] Ni-NTA-Au nanoparticles were then
applied to produce colonies with gold-decorated caps. When two opposing colonies were
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compressed to the point of contact, the gold-decorated caps carried an electrical current,
effectively serving as a pressure sensor.
Additionally, due to their high surface area and ability to display a high density of
adhesion domains, curli fibers lend themselves to sequestration applications. Van Gerven et al.
showed in 2014 that nanobodies fused to CsgA retained their antigen-binding capabilities
following export and curli fiber self-assembly. Tay et al. combined the native mercury-absorbing
ability of curli fibers with a mercury-responsive genetic circuit to produce living biosorbents.[38]
Pu et al. disinfected river water samples using biofilms containing curli fibers with CsgA fused to
an influenza-binding peptide.[39]
Despite this impressive progress, there is unrealized potential for the development of
robust, macroscopic, functional curli-based materials.

1.4.2 ELMs based on bacterial cellulose
A limitation of many biofilm-based ELMs is the inability to produce robust, macroscopic
3-D structures. In light of this limitation, bacterial cellulose (BC) has attracted significant
interest as a platform for ELM development. When grown in sugar-rich media, various species
of Gram-negative acetic acid bacteria can produce extracellular cellulose with possible yields of
>10 grams per liter after a few days of growth.[40] This is often in the form of a thick, floating
mat—known as a pellicle—that forms atop a static liquid culture, growing at the air-liquid
interface. This pellicle consists of a dense network of cellulose fibrils—25-50 nm wide and up to
9 µm in length—in which the BC-producing bacteria are embedded.[41]
BC is both highly pure and highly crystalline, which affords it excellent mechanical
properties, including a Young’s modulus of >15 GPa for a dried pellicle[42] and 114 GPa for an
individual fibril.[43] It is biocompatible, biodegradable, has a high capacity for water retention,
and can be mass-produced with little environmental impact. These properties have inspired a
wide range of applications including food and food packaging,[44] cosmetics,[45] electronic paper
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displays,[46] substrates for enzyme immobilization,[47-49] and acoustic diaphragms for
speakers.[50] Its purity and biocompatibility has, in particular, made it an attractive material for
wound dressings,[51,52] and as a scaffold for tissue engineering.[53-55] Additionally, composite BC
materials have been explored as adsorption membranes for pollutant remediation.[56,57]
The high cost of culture media has heretofore limited large-scale industrialization of BC
production. But, ongoing efforts to improve yields and lower costs through optimization of
fermentation methods, use of industrial wastes as feedstocks, and metabolic engineering of BCproducing organisms are promising.[58,59]
Several methods have been developed to better control the geometry of BC materials.
Greca et al. exploited the tendency of BC-producing bacteria to synthesize cellulose at the airliquid interface to produce highly customizable 3-D structures.[60] Caro-Astorga et al. developed
a protocol for producing mm-scale BC spheroids which were used as building blocks for
patterning and repairing BC materials.[61] Rühs et al. produced macroporous BC structures by
stabilizing foamed BC cultures with biocompatible surfactant and thickening agent.[62] Rühs et
al. used polydopamine treatment and surface roughening to adhere G. xylinus to a variety of 3D
objects, allowing for the in situ production of slippery BC coatings.[63] As described above,
Schaffner et al. used 3-D printing to produce BC objects in a variety of complex geometries.[19]
Several groups have also developed methods to genetically engineer BC-producing
bacteria for improved material functionality. Florea et al. genetically engineered a BCproducing strain so that cellulose production and red fluorescent protein (RFP) production were
controlled by the addition of a small molecule inducer, which allowed for spatial patterning of
the cellulose pellicle.[64] Walker et al. genetically engineered “sender” and “receiver” strains of a
BC-producing bacteria to achieve boundary detection in a fused pellicle.[65] Teh et al.
characterized a toolkit of synthetic biology parts in three different BC-producing strains, and
demonstrated knockdown of a gene necessary for BC biosynthesis using clustered regularly
interspaced short palindromic repeats interference (CRISPRi).[66]
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Even with encouraging early efforts in this area, the functionality of ELMs composed of
BC is limited by our ability to engineer BC-producing bacteria to secrete recombinant proteins
and sense specific external cues.

1.5 Dissertation overview: DEVELOPMENT OF NOVEL, FUNCTIONAL
MATERIALS FROM BACTERIAL BIOFILMS
In this dissertation, significant advancements in the development of self-organized,
biofabricated ELMs based on bacterial biofilms are reported. An emphasis was placed on the
development of simple, economical fabrication protocols requiring little top-down control.
Fabrication of these ELMs is thus easily implemented in many facilities under mild conditions.
Moreover, the ELMs described were completely biofabricated without the use of exogenous
polymers, requiring only simple nutrient feedstocks. Therefore, the manufacturing of these
materials aligns with long-term sustainability goals.
In chapter 2, a novel platform which greatly expands the functional capabilities of BC
materials is described. Engineered E. coli were co-cultured with BC-producing G. hansenii in
glucose-rich media to produce mm-scale BC capsules. The G. hansenii served as a “materials
factory”, producing a cellulose matrix that became host to numerous, viable E. coli colonies
upon transfer to lysogeny broth (LB) media. High concentrations of embedded E. coli offered a
vast toolkit of functionality previously inaccessible to BC materials. To demonstrate some of the
potential of this platform, BC capsules were produced containing engineered curli fibers, which
allowed for biomolecule sequestration and enzyme immobilization. Additionally, the E. coli were
programmed to induce CaCO3 mineralization via expression of the enzyme urease, allowing for
dynamic modification of the material’s physical properties. Notably, due to the preferential
synthesis of BC at the air-water interface, the capsules exhibited a self-organized, hierarchical
structure in which the E. coli colonies were mostly contained within the dense outer shell of the
capsule.
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In chapter 3, the innovation of a novel sequestration material for concentrating viruses
from wastewater for improved sensitivity in qPCR-based detection is described. The
bacteriophage MS2 was used as a surrogate for pathogenic viruses to validate a simple and rapid
concentration protocol. Using curli fibers in which CsgA was fused to a nanobody specific for the
MS2 coat protein, viruses were concentrated via incubation of curli-expressing cells in MS2containing solution followed by centrifugation to harvest the E. coli and captured virus particles.
In other words, the curli-cell biomass itself served as the sequestration material. The protocol
was used to efficiently recover MS2 from wastewater to demonstrate the applicability of the
technology within the emerging field of wastewater-based epidemiology. The simplicity of the
protocol and the versatility of the curli fiber system suggest that this technology warrants
further development to distinguish it from competing viral concentration technologies and apply
it to other sequestration problems.
In chapter 4, the primary conclusions of the dissertation are summarized, and the
limitations and possible future directions of the work are discussed.
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Chapter 2 – Expanding the capabilities of BC-based living materials
through co-culture with engineered E. coli
This chapter has been adapted from Birnbaum et al., “Hybrid living capsules autonomously
produced by engineered bacteria.” Advanced Science. In press. Open Access.

2.1 Introduction
By co-culturing BC-producing bacteria with other microorganisms, it is possible to
significantly expand the capabilities of BC-based materials. Das et al. co-cultured BC-producing
bacteria with the photosynthetic microalgae Chlamydomonas reinhardtii in a symbiotic
consortium wherein the oxygen produced by C. reinhardtii allowed for increased cellulose
production away from the air-liquid interface.[1] Fijałkowski et al. immobilized several probiotic
strains of Lactobacillus in BC materials through co-culture with G. xylinus, and demonstrated
that the BC protected the probiotic bacteria from gastric juices and bile salts.[2] Recently, Gilbert
et al. developed a co-culture system in which the model eukaryote Saccharomyces cerevisiae
was stably maintained among BC-producing bacteria during cellulose production. The yeast
provided an engineerable host cell within the growing material that could be rationally
programmed at the genetic level for dedicated tasks.[3] This colocalization of different cell types
with specialized functions is common in naturally occurring living materials, and could offer
their engineered counterparts a comparable level of versatility and robustness.
In this work, we have developed a novel platform in which a BC-producing strain of
bacteria (Gluconacetobacter hansenii) is co-cultured with various engineered strains of E. coli.
By incorporating the engineered E. coli within the BC material, we significantly expand the
functionality of BC-based ELMs by exploiting some of the many genetic tools developed for E.
coli. Our approach utilizes the BC-producing G. hansenii as a primary “materials factory,” while
the engineered E. coli provide genetically encoded functionality. Through simple steps of
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incubation and media exchange, we produce BC capsules containing dense colonies of
engineered E. coli that can respond to environmental cues. We show that the encapsulated E.
coli can provide functionality by expressing engineered curli nanofibers, yielding capsules
capable of biomolecule sequestration and enzymatic catalysis. Additionally, we demonstrate the
ability of the engineered capsules to modulate their own bulk physical properties via ureaseinduced biomineralization.

2.2 Results

2.2.1 Biological fabrication of BC capsules containing engineered E. coli
We chose to produce the BC material as a hollow spherical capsule rather than the more
conventional pellicle format to create a material with topologically distinct regions, with G.
hansenii primarily occupying the “outer” shell composed of a dense cellulose matrix, and E. coli
occupying the “inner” core. To produce the BC capsules, we inoculated Hestrin-Schramm (HS)
media with G. hansenii and incubated droplets of the culture on a bed of superhydrophobic
polytetrafluoroethylene (PTFE) powder, as previously described.[4] After several days of
incubation these droplets became robust BC capsules due to cellulose production by G. hansenii
at the air-liquid interface. To produce capsules containing engineered E. coli, we inoculated the
HS media with both G. hansenii and E. coli. Then, following the incubation in HS, the newlyformed capsules were transferred to lysogeny broth (LB) media (containing antibiotic to select
for engineered E. coli) and incubated under shaking conditions to proliferate E. coli inside the
capsules (Figure 2.1A). We note that the G. hansenii are not engineered for antibiotic resistance,
so are not expected to survive the incubation in LB. The HS media pH was lowered from 5.9 to 5
using citric acid because a preliminary analysis showed that E. coli survived, but did not
proliferate, and that cellulose production from G. hansenii was strong at this pH level (Figure
2.2).
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a

b

c

Figure 2.1. Production of programmable living materials from bacterial co-culture. (a)
Schematic showing co-culture in HS media leading to production of bacterial cellulose, followed
by transfer to LB media for selective proliferation of E. coli inside the BC capsule. (b) Schematic
showing functionalization of the capsule via production of engineered curli fibers by the
encapsulated E. coli. (c) Schematic showing biomineralization of the capsule through production
of urease by the encapsulated E. coli leading to CaCO3 crystal growth in the presence of urea and
Ca2+.
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Figure 2.2 Screen to determine optimal pH of HS media for co-culture. (a) 10 mL HS media in
a Falcon tube was inoculated with G. hansenii and E. coli. The pH of the HS media was preadjusted to various levels using citric acid (unadjusted HS media had pH of 5.9). After 5 days of
incubation, the E. coli concentration in the liquid underlying the cellulose pellicle was measured
by plating on selective LB-agar. The dotted line indicates the initial concentration of E. coli.
Values and error bars reflect the mean ± s.d. of three biological replicates (n = 3). (b) Dry weight
of cellulose pellicles following the 5-day co-culture period. Values and error bars reflect the
mean ± s.d. of three biological replicates (n = 3).
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To clearly demonstrate the programmable function of the encapsulated E. coli, we used
the E. coli strain BL21 containing the plasmid pBbA8k-RFP encoding arabinose-inducible
expression of mRFP1.[5] After the overnight incubation in LB, the capsules inoculated with E.
coli had a more opaque appearance compared to the capsules without E. coli due to the growth
of E. coli within the capsules (Figure 2.3A). When incubated in LB with the addition of 0.1%
(w/w) arabinose, the capsules exhibited a bright red appearance due to the production of RFP in
the engineered E. coli (Figure 2.3A). This demonstrated that the plasmid was functional in the
encapsulated E. coli, while also allowing us to clearly visualize the growth of E. coli colonies
inside the capsules.
We tracked the progression of E. coli growth inside the capsules by visual inspection
during the incubation in LB (Figure 2.3B). After 6 hours, small E. coli colonies became very
faintly visible. After 8 hours, many more colonies were visible, with some appearing to be
located near the outer wall of the capsule and others appearing to be located in the core of the
capsule. The core colonies often took the form of a ring, possibly due to the rotational motion of
the shaking incubator. After 10 and 24 hours, the colonies became larger and more numerous,
eventually covering most of the capsule surface. We also measured the growth rate of the E. coli
during the incubation in LB by degrading the capsules through mechanical homogenization and
cellulase treatment, and plating the degradant on selective LB-agar to quantify E. coli colonyforming units (CFU) inside the capsules (Figure 2.3B). The resulting growth curve showed that
the encapsulated E. coli grew to a high density, close to 1010 CFU mL-1, after the overnight
incubation in LB.
We wanted to test whether the encapsulated E. coli were capable of further activity when
the media was replenished. To demonstrate that the encapsulated E. coli were metabolically
active, we used the plasmid pLO7, which contained a constitutively expressed luxCDABEGH
operon from the marine bacterium Vibrio harveyii (Figure 2.3C). The luminescent reaction,
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unlike a fluorescent protein, requires constant cellular energy, so can only be maintained while
the E. coli are in a metabolically active state.[6] After the initial overnight incubation in LB,
capsules containing E. coli with pLO7 showed a weak luminescence signal, likely due to the cells
entering stationary phase. The capsules were then stored in phosphate buffered saline (PBS)
overnight to maintain their hydrated state without providing nutrients to the cells. The next day,
the capsules were incubated in fresh LB for two additional hours, during which the capsules
became strongly luminescent, indicating that the encapsulated E. coli were viable and capable of
quickly entering a metabolically active state after a nutrient-free storage period (Figure 2.3D).
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Figure 2.3 BC capsules containing a high concentration of programmable living E. coli. (a)
Images of BC capsules with and without engineered E. coli. The addition of arabinose during the
LB incubation step induced RFP expression in the E. coli. Scale bar = 2 mm. (b) Growth curve of
encapsulated E. coli generated by degrading capsules after various incubation times in LB and
plating on selective LB-agar to quantify CFU. Data on E. coli cell density within the capsules is
accompanied by images of the BC capsules containing RFP-expressing E. coli. Values and error
bars reflect the mean ± standard deviations (s.d.) of three biological replicates (n = 3). (c)
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Figure 2.3 (Continued) Plasmid pLO7 encodes constitutive expression of the luxCDABEGH
operon. (d) Capsules containing E. coli transformed with pLO7 were stored in PBS overnight
following the initial incubation in LB. Some capsules were then incubated for an additional two
hours in fresh LB.

Additionally, we found that the capsules usually produced a turbid culture during the
incubation in LB, presumably due to E. coli cells escaping the cellulose matrix. To test the
efficiency of E. coli encapsulation within the cellulose matrix following the growth period in LB,
we agitated capsules containing BL21 / pBbA8k-RFP cells in PBS for 24 hours, and found that
~95% of the E. coli cells were retained in the capsule, while the remaining 5% leaked into the
PBS supernatant (Figure 2.4).
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Degradant
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Figure 2.4 Efficiency of E. coli encapsulation. Following the growth period in LB, the capsules
were washed three times in 1 mL PBS and then incubated in 0.5 mL PBS in a 2 mL Eppendorf
tube for 24 hours at room temperature with agitation (800 rpm, Eppendorf Thermomixer R) to
determine how many cells would leak into the PBS supernatant vs. be stably retained in the
capsule matrix. After the 24-hour incubation in PBS, the supernatant was removed and the
capsule was degraded in PBS with mechanical homogenization and cellulase treatment as
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Figure 2.4 (Continued) described in the methods. Finally, the supernatant and degradant
were separately plated on selective LB-agar to obtain CFU counts. Values and error bars reflect
the mean ± s.d. of three biological replicates (n = 3).

2.2.2 Co-culture dynamics during capsule production

The bright red appearance of the RFP-expressing E. coli colonies allowed us to visually
observe the patterns of E. coli growth inside the capsules. We found that both the extent of E.
coli growth during the incubation in LB and the permeability of the capsules varied considerably
depending on at least two factors: the initial inoculation of G. hansenii and the duration of
incubation in HS media before transfer to LB.
To assess the influence of these factors on E. coli growth, we synthesized capsules where
the volume of week-old G. hansenii starter culture used to inoculate the co-culture was varied
between 5% and 20% of the total co-culture volume, and the incubation time in HS was varied
between 2 and 6 days. Given a 5% inoculation of G. hansenii, the E. coli survived well during the
incubation in HS, as evidenced by the growth of many E. coli colonies during the incubation in
LB (Figure 2.5A). When the inoculation volume was increased to 10%, the survivability of the E.
coli was reduced, with capsules showing no evidence of E. coli growth after 6 days of incubation
in HS. When the inoculation volume was increased further to 20%, the decrease in E. coli
survival was even more apparent, with no E. coli colonies visible in capsules incubated for more
than 3 days in HS. For all three inoculations, when the incubation in HS was only 2 days long,
the capsules were noticeably less robust, and their liquid contents quickly leaked out when
placed on a glass slide.
To better track E. coli survival during the co-culture in HS, we degraded the capsules
prior to incubation in LB and plated the degradant on selective media to quantify E. coli CFU.
For this experiment, the inoculation of week-old G. hansenii starter culture was varied between
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2% and 20% of the total co-culture volume. Given a 5% or 10% inoculation of G. hansenii, the E.
coli CFU grew by about an order of magnitude after 2 days in HS, then consistently decreased
thereafter (Figure 2.5B). When the inoculation volume was increased to 20%, the E. coli CFU
decreased by about an order of magnitude after two days in HS, and then decreased below
detectable levels thereafter. In contrast, when the inoculation volume was lowered to 2%, E. coli
CFU increased by about two orders of magnitude after 2 days in HS, then decreased for the next
two days, before increasing again after 4 days.
Both experiments indicated that increasing the G. hansenii inoculation tends to decrease
the number of surviving E. coli available to colonize the capsule upon incubation in LB. This
suggests that the two microorganisms compete for resources during the co-culture in HS media.
It is also possible that other characteristics of the G. hansenii starter culture, such as the pH or
the presence of metabolic byproducts, contribute to the inhibition of E. coli growth at the higher
inoculations of G. hansenii. For most of the G. hansenii inoculations tested, the number of
surviving E. coli also tended to decrease with longer incubation times in HS. However, when the
G. hansenii inoculation was lowered to 2% in the second experiment, the E. coli concentration
rebounded on the fifth day in HS. This could be explained by the lower inoculation volume
preventing G. hansenii from dominating the culture, leading to more favorable media conditions
for the E. coli to resume growth. These results reflect the importance of the initial inoculations
of the two bacteria on the co-culture dynamics.
Next, to evaluate the effects of the co-culture dynamics on the permeability of the
capsules, we produced capsules in which the HS media was inoculated with 0.5 mg/mL
fluorescein isothiocyanate (FITC)-conjugated, 500 kDa dextran, in addition to G. hansenii and
E. coli, and then measured the rate at which the dextran diffused out of the capsules. The
inoculation of G. hansenii was varied between 2% and 10% of the total co-culture volume. After
the incubation in HS, the capsules were transferred to 5 mL PBS, and the rate at which dextran
diffused out was measured by monitoring the fluorescence of the surrounding solution (Figure
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2.5C). For capsules inoculated with 5% or 10% G. hansenii, the amount of dextran which had
diffused out after 15 minutes decreased significantly as HS incubation time was increased from 2
to 5 days (Figure 2.5D), likely because of a denser cellulose matrix. In contrast, when the G.
hansenii inoculation was 2%, the dextran completely diffused into the PBS supernatant within
15 minutes even after 5 days of incubation in HS. This could indicate that cellulose production in
these capsules was hindered by the relatively low inoculation of G. hansenii. In all cases, the
dextran completely diffused out of the capsules within several hours, demonstrating their
permeability to a wide size range of biological molecules.
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Figure 2.5. Effects of co-culture parameters on E. coli survival and capsule permeability. GH
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Figure 2.5 (Continued) Images of BC capsules containing RFP-expressing E. coli. Scale bar =
2 mm. (b) Survival of E. coli in capsules during the co-culture in HS. After the incubation in HS,
the capsules were degraded and plated on selective LB-agar to quantify E. coli CFU. ND means
that E. coli was not detected. The limit of detection for the assay was 103 CFU mL-1. Values and
error bars reflect the mean ± s.d. of three biological replicates (n = 3). (c) Diffusion of 500 kDa,
FITC-conjugated dextran out of the capsules. HS co-cultures were supplemented with 0.5
mg/mL dextran, and capsules were transferred to PBS after the HS incubation period.
Permeability was assessed by measuring the FITC fluorescence of the surrounding solution over
time. Top left: 2 days in HS. Top right: 3 days in HS. Bottom left: 4 days in HS. Bottom right: 5
days in HS. Values and error bars reflect the mean ± s.d. of three biological replicates (n = 3).
Dotted lines indicate 15-minute time point. (d) Rate of dextran diffusion. The initial rate of
dextran diffusion out of the capsules was estimated using the fluorescence of the supernatant
after the capsules were incubated in PBS for 15 minutes. Values and error bars reflect the mean
± s.d. of three biological replicates (n = 3). For capsules inoculated with 5% or 10% G. hansenii,
the amount of dextran which had diffused out after 15 minutes decreased significantly as HS
incubation time was increased from 2 to 3 days (two-sided Student t-test for two means, P-value
= 0.00011 for 5% G. hansenii capsules, P-value = 0.00010 for 10% G. hansenii capsules). *** Pvalue < 0.001.

2.2.3 Internal structure of BC capsules containing engineered E. coli colonies
To better understand the interactions between the cellulose matrix produced by G.
hansenii and the engineered E. coli, we imaged thin sections of the capsules using fluorescence
microscopy (Figure 2.6A,B,C). The cellulose matrix was stained with Calcofluor White (CFW), a
blue fluorescent dye which binds cellulose, while the E. coli fluoresced due to RFP expression.
To maintain the 3-D structure of the mostly hollow samples, including the shape and
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distribution of the E. coli colonies, we equilibrated the capsules in gelatin then fixed them in
paraformaldehyde (PFA) prior to cryosectioning.
Visual inspection of the capsule prior to sectioning showed both a large internal colony
and several smaller colonies along the outer wall (Figure 2.6A, inset). Imaging of the sections
revealed that the large internal colony was not homogenous in cell density, but was comprised of
many smaller, highly concentrated colonies connected by more diffuse regions of E. coli (Figure
2.6A). At higher magnification, we found that the highly concentrated pockets of E. coli
corresponded to regions of high cellulose fiber density (Figure 2.6B).
Imaging of the sections also revealed an E. coli colony located along the outer wall of the
capsule (Figure 2.6C). This likely corresponded to one of the colonies forming dots on the
surface of the capsule. The dense outer wall of the capsule, visible as a bright blue band roughly
20 µm thick, seemed to mostly contain this concentrated pocket of E. coli. The localization of
both this E. coli colony and the internal colony in regions dense with cellulose fibers suggests
that the E. coli may use the cellulose matrix as a solid substrate for growth within the capsule.
Additionally, we noted that the preparation and sectioning of the capsules led to the
formation of apparent “rips” in the imaged sections. These are likely artifacts of the sample
preparation and cryosectioning procedures, possibly due to non-uniform embedding in the
gelatin or tearing of the tissue during sectioning. We noted that the gelatin-embedding
procedure did not affect the visual appearance of the capsules, preserving the macroscopic
features of the cellulose sphere. As such, we felt this technique adequately captured the spatial
distribution of the dense bacterial populations within the capsules.
To further elucidate the structure of the capsules, we performed field emission scanning
electron microscopy (FESEM) analysis on capsules cut open with a scalpel. Images of the
exterior of the capsule showed the dense but porous nature of the outer cellulose wall (Figure
2.6D). Images of the capsule interior showed E. coli growing along the cellulose matrix (Figure
2.6E) and in tightly-packed conformations (Figure 2.6F).
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Scale bar = 20 um

Figure 2.6. Internal structure of BC capsules containing engineered E. coli. Panels (a) – (c)
Scale bar = 20 um

show 8 µm cross-sections of a capsule pre-stained with cellulose stain Calcofluor White (CFW).
CFW fluorescence is shown in blue and RFP fluorescence is shown in red. (a) A large region of E.
coli growth is visible in the core of the capsule. The outer wall of the capsule is visible as a bright
blue band. Scale bar = 500 µm. Inset: a photograph of the capsule taken before staining with
CFW; scale bar = 2 mm. (b) Zoomed-in view of the region in the yellow box in panel (a). Scale
bar = 50 µm (c) View of an internal E. coli colony located against the outer wall of the capsule.
Scale bar = 50 µm. Panels (d) – (f) show FESEM images of capsules. (d) View of the outer wall
of the capsule, showing a dense network of cellulose fibers. Scale bar = 5 µm. (e) View of
encapsulated E. coli enmeshed within the internal cellulose matrix. Scale bar = 5 µm. (f)
Another view of internal, encapsulated E. coli densely packed together. Scale bar = 1 µm.
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2.2.4 Functional hybrid capsules containing engineered curli nanofibers
To demonstrate the potential functionality of the capsules, we produced hybrid capsules
containing engineered curli nanofibers displaying various functional protein domains. We
hypothesized that we could add a range of functionality to the capsules by expressing curlitethered proteins, which would remain fixed within the BC matrix while interacting with the
external solution.
First, we attempted to use the capsules to sequester specific proteins from surrounding
solution. We used E. coli engineered to express curli fibers in which the major curli subunit
CsgA was fused to a single-domain antibody (sometimes known as a “nanobody”) specific for
green fluorescent protein (NbGFP) (Figure 2.1B).[7] Plasmid pBbB8k-csg-NbGFP, which
contained an arabinose-inducible synthetic curli operon csgBACEFG with CsgA fused to NbGFP
via a flexible linker, was transformed into curli knockout strain PQN4 (Figure 2.7A). When curli
production was induced, the NbGFP-expressing capsules sequestered over 1 µg of GFP per
capsule from a purified GFP solution (Figure 2.7B). When the capsules contained curli fibers
displaying an alternate antibody domain NbStx2, which is specific Shiga toxin 2,[8] GFP was not
sequestered, demonstrating the specificity and efficacy of NbGFP.
As another demonstration of capsule functionality, we encapsulated E. coli cells in which
CsgA was fused to a model enzyme: α-amylase from the soil bacterium Bacillus licheniformis. αAmylases catalyze the hydrolysis of starch molecules into smaller oligosaccharides. They have
applications in the food, fermentation, textile, paper, detergent and pharmaceutical industries.[9]
α-Amylase activity was assessed by incubating the capsules in the presence of a model substrate,
4-nitrophenyl α-D-maltohexaoside, which produces a yellow product upon cleavage by αamylases.[10] We observed significantly more enzyme activity in capsules containing curli fibers
with α-amylase compared to capsules containing wild-type CsgA curli fibers (Figure 2.7C).
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Figure 2.7. Functional capsules containing engineered curli nanofibers. (a) Plasmids encoding
arabinose-inducible expression of engineered curli fibers. (b) Bar graph showing green
fluorescent protein (GFP) levels in the supernatant after overnight incubation of capsules in 0.5
mL of purified GFP solution (4.6 µg/mL in PBS). Values and error bars reflect the mean ± s.d. of
three biological replicates (n = 3). When the capsules contained curli fibers displaying a
nanobody domain specific for GFP, there was a significant reduction in the GFP concentration
(NbGFP vs. NbStx2, two-sided Student t-test for two means, P-value = 3.9 * 10-5). **** indicates
P-value < 0.0001. After the incubation in GFP solution, the capsules were washed and imaged
for GFP fluorescence. (c) Time course of α-amylase activity in capsules, measured by incubation
of the capsules in 0.5 mL of solution containing the chromogenic substrate 4-nitrophenyl α-Dmaltohexaoside (3 mg/mL in PBS), which produces a yellow solution upon cleavage by α-
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Figure 2.7 (Continued) amylase. Values and error bars reflect the mean ± s.d. of three
biological replicates (n = 3). Capsules containing α-amylase-displaying curli fibers exhibited
significantly more enzyme activity than capsules containing wild-type curli fibers (comparison
of values at 5-hour time point, two-sided Student t-test for two means, P-value = 0.0031). **
indicates P-value < 0.01.

2.2.5 Programmable biomineralization of capsules
One hallmark of natural living materials is the ability to alter their own bulk physical
properties. To demonstrate this ability in our system, we sought to produce capsules capable of
biomineralization. To achieve this, we used a commercially available E. coli strain, HB101,
transformed with the plasmid pBR322-Ure, which contains the urease gene cluster from the soil
bacterium Sporosarcina pasteurii.[11] Urease catalyzes hydrolysis of urea, which leads to the
formation of carbonate ions and an increase in pH. In the presence of soluble calcium ions, this
leads to the precipitation of CaCO3 (Figure 2.1C).
When capsules containing HB101 / pBR322-Ure cells were incubated in growth media
supplemented with urea and CaCl2, the levels of soluble calcium in the culture supernatant
decreased significantly faster compared to cultures containing capsules with untransformed
HB101 cells, presumably due to urease-induced precipitation of CaCO3 (Figure 2.8). Mechanical
testing showed a change in the physical properties of the HB101 / pBR322-Ure capsules
following the incubation in the urea and CaCl2-containing media, as more force was required to
compress the capsules (Figure 2.9A). We fit regression lines to these data and found that the
average slope of the lines increased significantly after 1 and 2 hours of incubation (Figure 2.10),
indicating a significant increase in the stiffness of the capsules.
We also observed that the incubation led to a drastic change in the physical appearance
of the HB101 / pBR322-Ure capsules (Figure 2.9B). We visually observed this mineralization
process by imaging capsules at different time points after incubation in the urea and CaCl2-
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containing media. We saw that the capsules changed in appearance quite rapidly, and took on a
yellowish, pebble-like appearance after only 2 hours of incubation (Figure 2.9C). By comparison,
the capsules containing E. coli without pBR322-Ure did not change in appearance during such
an incubation.
To confirm the presence of CaCO3 mineral forms in the yellowed capsules, we performed
X-ray powder diffraction analysis (XRD). After the incubation in the urea and CaCl2-containing
media, the capsules were left to dry at room temperature, and then ground into a fine powder
using a mortar and pestle. As a control, we also analyzed precipitate from a culture of nonencapsulated HB101 / pBR322-Ure cells. The analysis showed that the precipitate from the nonencapsulated cell culture contained mostly calcite (Figure 2.9D). Interestingly, while the
mineralized capsules indeed contained calcite, the XRD profile also indicated the presence of
vaterite, another CaCO3 mineral form. This suggests that the presence of the cellulose matrix
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Figure 2.9 Biomineralization of capsules via urease expression in E. coli. (a) Data from
compression testing of capsules containing HB101 cells with plasmid pBR322-Ure. The x-axis
shows the normalized distance between the compression plates where 0% represents the point
of first contact between the capsule and top plate, and 100% represents touching of the
compression plates. Capsules were incubated in urea- and CaCl2-containing media for 0, 1, or 2
hours prior to testing. (b) Image of capsules after an 8-hour incubation in urea and CaCl2containing media. The left capsule contained HB101 cells with no plasmid, and right capsule
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Figure 2.9 (Continued) contained HB101 cells with plasmid pBR322-Ure encoding the
urease gene cluster from S. pasteurii. Each capsule has a 7 g stainless steel spatula resting on it.
(c) Images of HB101 / pBR322-Ure capsules incubated in urea and CaCl2-containing media for
various amounts of time. Scale bar = 2 mm. (d) XRD patterns. After the incubation in urea and
CaCl2-containing media, capsules were dried at room temperature and ground into a fine
powder using a mortar and pestle prior to XRD analysis. Top: precipitate from a culture of nonencapsulated HB101 / pBR322-Ure cells. Middle: Capsules containing HB101 / pBR322-Ure
capsules. Bottom: Capsules containing HB101 with no plasmid. Dashed orange lines indicate
peaks for calcite, and dotted blue lines indicate peaks for vaterite.[12,13]
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Figure 2.10. Data from compression testing of capsules containing HB101 cells with plasmid
pBR322-Ure. (a) The x-axis shows the normalized distance between the compression plates,
where 0% represents the point of first contact between the capsule and top plate, and 100%
represents touching of the compression plates. Capsules were incubated in urea- and CaCl2containing media for 0, 1, or 2 hours prior to testing. Raw data is overlaid with regression lines
(computed in R) for each capsule in the displayed data range. (b) The average slopes of the
regression lines. There is a significant increase in the average slope from the “0 hour” to “1 hour”
capsules (two-sided Student t-test for two means, P-value = 0.0097, n = 5), and from the “1

37

Figure 2.10 (Continued) hour” to “2 hour” capsules (two-sided Student t-test for two means,
P-value = 0.0381, n = 5). ** indicates P-value < 0.01. * indicates P-value < 0.05.

2.3 Discussion
We have developed an approach involving only simple microbial culture steps to produce
robust, programmable materials containing a high concentration of engineered, living cells. Our
co-culture system leverages the strengths of two different microbes by enabling BC-producing
bacteria to produce a robust cellulose matrix colonized by programmable engineered E. coli.
Since E. coli are known to have a much faster growth rate than G. hansenii, we first incubated
the co-culture in pH-lowered HS media to suppress E. coli growth and encourage cellulose
production from G. hansenii, then transferred the capsules to LB to proliferate the engineered E.
coli. Our work significantly extends the capability of BC-based materials by leveraging the
extensive genetic engineerability of E. coli.
We were initially motivated to incubate the co-culture as spherical droplets in the hopes
that the dense cellulose matrix would prevent E. coli escape into the surrounding environment.
Unfortunately, during the incubation in LB, the culture usually became turbid due to E. coli cells
escaping from within the capsule. Despite this, the spherical shape of the capsules offers several
advantages over the more conventional flat pellicle format. The dense outer wall of the capsule
provides a protective barrier for the cells and other possible cargo contained within, while still
allowing macromolecular diffusion. Others have also shown that relatively large cargo—such as
nanoparticles larger than 10 nm—can be loaded into the capsules by inoculation into the initial
co-culture and be stably contained by the capsule wall thereafter.[4] Moreover, like other BC
materials, the capsules are quite robust and can be easily handled and transported without
breaking after several months of storage in a hydrated state at 4 ºC.
The extensive genetic engineerability of E. coli facilitates the fabrication of living
materials with many potential functions. In this work, we showed that BC capsules can be
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genetically programmed to respond to stimuli from the environment. We also used curli fiberbased display to produce hybrid capsules containing engineered functional domains. Using this
approach, we produced capsules containing single-domain antibodies that could specifically
sequester GFP from solution. Since BC is a robust, biocompatible material, these capsules could
be used for the sequestration of specific biomolecules from a variety of complex biological
samples. We also used curli fiber display to integrate α-amylase, an industrially relevant enzyme
used in ethanol production and many other applications, into the capsules. During the growth in
LB, the CsgA-enzyme fusion protein is secreted from E. coli and immobilized in the capsules
through incorporation in cell-anchored curli fibers, circumventing the need for costly protein
purification and enzyme immobilization steps. Our approach is also highly adaptable. We
demonstrate encapsulation of several different E. coli strains expressing recombinant proteins
from a range of different organisms. Furthermore, since the capsules can respond to signals
from their environment, they can be programmed for various functions and adapted to specific
situations.
Though we have demonstrated some of the great potential and versatility of this system,
there is significant development and optimization which remains to be done. One limitation is
the exposure of the genetically engineered E. coli to the environment, which precludes this
technology from implementation in open environmental settings. Various biocontainment
strategies have been developed which could circumvent this issue, including engineered
auxotrophy,[14] adhesin-mediated trapping,[15] and physical containment.[16] Another limitation of
our approach is that the G. hansenii are not expected to survive the incubation in LB due to the
presence of antibiotics to maintain the E. coli plasmids. This prevented the demonstration of
self-regeneration, which is one of the desirable properties of living materials. This limitation
could be overcome by using high-yield BC-producing strains which have been previously
engineered with antibiotic resistance.[17] Finally, we performed all studies using HS media,
which is prohibitively expensive for industrial-scale production. Adapting this lab-scale protocol
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for industrial-scale production using appropriate feedstocks and fermentation conditions would
require significant engineering efforts.
In summary, the three-dimensional BC capsules described here are produced under mild
conditions and through simple biological processes that largely occur autonomously. No
exogenous polymers were added to the system to provide a template for growth or to reinforce
the mechanical properties of the final product. The straightforward fabrication of the capsules
could be easily implemented in many facilities. Given the extensive set of well-characterized
genetic parts designed specifically for E. coli, we believe this work represents a significant step
forward in the design and fabrication of functional BC materials and ELMs that mimic the
autonomous structure building programs employed by natural living systems.

2.4 Methods

2.4.1 Strains and plasmids used in this study
Strains used in this study are listed in Table 2.1. Plasmids used in this study are listed in
Table 2.2. All plasmids from this study were constructed using standard cloning techniques
(polymerase chain reaction and one-step isothermal Gibson assembly). Oligonucleotides were
obtained from IDT. All plasmids were transformed into Mach1 (Invitrogen C862003) for
amplification. Constructs were verified by Sanger sequencing (Genewiz).
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Table 2.1 Strains used in this study.
Strain

Description

Source

BL21

Commercially available protein

Sigma-Aldrich

expression E. coli strain

CMC0016

MC4100, ΔcsgBACEFG, λ(DE3), CamR

Dorval Courchesne et

PQN4

al.[17]

Gluconacetobacter

Acetic acid bacterium which produces

hansenii

high levels of BC

HB101

Commercially available protein

ATCC 53582

Promega L2015

expression E. coli strain

Table 2.2 Plasmids used in this study.
Plasmid

Description

Source

pBbA8k-RFP

Arabinose-inducible expression of mRFP1

Addgene # 35273

pBbB8k-csg-WT

Arabinose-inducible expression of the full

This study

csg operon. Csg operon inserted in place
of GFP in Addgene # 35363.
pBbB8k-csg-NbGFP

Arabinose-inducible expression of the full

This study. Available at

csg operon in which csgA is fused to

Addgene # 166858.

NbGFP, a VHH domain specific for GFP,
by a 14aa GS linker.
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Table 2.2 (Continued)
pBbB8k-csg-NbStx2

Arabinose-inducible expression of the full

This study

csg operon in which csgA is fused to
NbStx2, a VHH domain specific for shiga
toxin 2, by a 14aa GS linker.
pBbB8k-csg-amylase

Arabinose-inducible expression of the full

This study. Available at

csg operon in which is csgA fused to α-

Addgene # 166859.

amylase from Bacillus licheniformis by a
14aa GS linker.
pLO7

Constitutive expression of luxCDABEGH

This study

operon from V. harveyii.
pBR322-Ure

Urease gene cluster from S. pasteurii.

Liang et al.[11]

2.4.2 Production of G. hansenii starter culture
G. hansenii colonies were obtained by streaking the strain ATCC 53582 onto an HS-agar
plate. The streaked plate was incubated at 25 ºC until rough-edged colonies formed. One of
these colonies was used to inoculate 10 mL liquid HS media. HS media is glucose-rich and
standard for the production of BC with bacteria. HS media was prepared with glucose (20 g/L),
yeast extract (5 g/L), peptone (5 g/L), Na2HPO4 (2.7 g/L), citric acid (1.5 g/L), and agar where
required (15 g/L). The culture was incubated for 7 days at 25 ºC, forming a thick cellulose
pellicle. To produce capsules, this starter culture was vortexed for 1 minute to shake cells loose
from the pellicle. The liquid portion of the vortexed culture was then used to inoculate fresh HS
media for capsule production. This procedure generally yielded starter cultures with
concentration 2 – 4 million CFU/mL, prior to dilution into the final co-culture.
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2.4.3 Evaluation of media pH on E. coli survival and BC production
Before defining a standard protocol for producing BC capsules with encapsulated E. coli,
we tested how the pH of the HS media would affect E. coli survival and BC production (Figure
S1, Supporting Information). E. coli BL21 colonies were inoculated in LB (2 mL) in a test tube
and grown overnight with agitation (Infors Multitron, 230 rpm) to produce starter cultures. The
starter cultures were diluted to OD600 = 0.2 and then diluted 1/100 into HS media (10 mL) in a
Falcon tube. G. hansenii starter cultures were prepared as described above and diluted 1/10 into
the co-culture. This was repeated using HS media across a range of pH values, with the pH of
the HS media adjusted using citric acid (0.1 m, pH 1). Unadjusted HS media had a pH of 5.9.
The co-culture was then incubated at 25 ºC for 5 days. The tube was thoroughly vortexed for 1
minute and the liquid media underlying the pellicles was plated on selective LB-agar to quantify
the E. coli concentration. The BC pellicles were removed, washed overnight in NaOH (0.1 m),
and washed overnight again in deionized water, before being allowed to air-dry at room
temperature. The dried pellicles were then weighed.

2.4.4 Standard protocol for production of BC capsules with encapsulated E. coli
HS media was adjusted to pH 5 with citric acid before inoculation with G. hansenii and
E. coli starter cultures. The E. coli starter cultures were diluted to OD600 = 0.2 (~200 million
CFU mL-1) and then diluted 1/100 into the final co-culture. G. hansenii starter cultures were
prepared as described above and diluted 1/10 into the final co-culture (unless otherwise
specified). This results in a final inoculation ratio of roughly 10:1 E. coli to G. hansenii. The coculture was drop-casted in 50 µL volumes onto a bed of PTFE powder, forming “liquid marbles”.
These droplets were incubated at 25 ºC in a humid environment for 3 days (unless otherwise
specified) to produce cellulose capsules. A stainless-steel spatula was used to transfer individual
capsules to 50 mL Falcon tubes containing LB (5 mL) supplemented with antibiotic to
selectively grow the engineered E. coli. We note that the G. hansenii were not engineered for
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antibiotic resistance, so are not expected to survive the incubation in LB. The LB and capsule
were incubated overnight at 37 ºC with agitation (230 rpm) for 18-24 hours. Notably, in most
cases, the LB would become turbid after the overnight incubation due to E. coli escaping from
within the capsule.

2.4.5 Degradation of capsules
The capsules were homogenized in sterile PBS (0.5 mL) at 50 Hz for 10 minutes using a 5
mm stainless-steel ball bearing. Then, 30 µL of aqueous cellulase solution (Sigma-Aldrich
#C2730) was added to the mixture to reach a final concentration of 6% (v/v) cellulase,
corresponding to a concentration of ≥ 42 units/mL. The mixture was then incubated at 37 ºC for
2 hours. At 30 minute intervals during the 2-hour incubation period, the suspension was
homogenized at 50 Hz for 2 minutes to accelerate degradation, including a final round of
homogenization at the end of the 2-hour period. The mixture containing the degraded capsule
was then plated on selective LB-agar to quantify E. coli concentration.

2.4.6 Measuring diffusion rate of dextran out of capsules
To produce dextran-containing capsules, HS media was supplemented with 0.5 mg/mL
FITC-labeled 500 kDa dextran (Sigma-Aldrich #46947) in addition to being inoculated with the
G. hansenii and E. coli starter cultures (BL21 / pBbB8k-RFP). The capsules were produced as
described above, until the end of the incubation in HS, at which point each capsule was
transferred to PBS (5 mL) in a 50 mL Falcon tube and incubated at 37 ºC with agitation (230
rpm). 150 µL samples of the supernatant were taken at various time points and FITC
fluorescence was measured on a BioTek Synergy NEO plate reader (485 nm excitation, 528 nm
emission) to determine the kinetics of dextran diffusion from within the capsule into the
surrounding PBS. Using a calibration curve of FITC-labeled dextran in PBS, fluorescence
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measurements of the supernatant were used to calculate to the percentage of the total dextran
added to the capsules which had diffused out of the capsules.

2.4.7 Cross-sectional imaging of capsule
A capsule was produced using the standard protocol described above with the strain
BL21 and plasmid pBbB8k-RFP. LB was supplemented with kanamycin (50 µg/mL) and 0.1%
(w/w) arabinose to induce mRFP1 expression. Following growth in LB, the capsule was washed
three times in PBS (1 mL) to remove loosely attached cells. The capsule was then immersed in
Calcofluor White Stain (Sigma-Aldrich #18909) for 2 hours to stain cellulose. The capsule was
then embedded in gelatin following a previously established protocol.[60] This was done to
maintain the 3-D structure of the capsule throughout the optimal-cutting temperature (OCT)
compound embedding procedure. First, the stained capsule was incubated in 12.5% (w/w)
sterile gelatin solution (2 mL, Sigma-Aldrich #G2500) at 37 ºC with agitation (230 rpm) in a 15
mL Falcon tube for 24 hours. The capsule was then transferred to 25% (w/w) gelatin (2 mL) and
incubated for another 24 hours at 37 ºC with agitation (230 rpm). The capsule was then
incubated at 4 ºC on a glass slide for 15 minutes to solidify the gelatin. The solidified capsule was
then transferred to 25% (w/w) gelatin (2 mL) and incubated for 24 hours at 37 ºC with agitation
(230 rpm). Finally, the capsule was fixed by immersion in 4% (w/v) PFA for 24 hours at room
temperature. The fixed capsule was then stored in PBS at 4 ºC. 8 µm sections were obtained via
OCT embedding and cryosectioning. The sections were imaged using an EVOS fluorescent
microscope with a DAPI light cube for CFW (357/44 nm excitation; 447/60 nm emission), and a
RFP light cube for mRFP1 (531/40 nm excitation; 593/40 nm emission).

2.4.8 GFP sequestration assay
Capsules were produced using the standard protocol described above using the strain
PQN4 and plasmids pBbB8k-csg-NbGFP, pBbB8k-csg-WT, or pBbB8k-csg-NbStx2. LB was
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supplemented with kanamycin (50 µg/mL) and 0.001% (w/w) arabinose to induce expression of
the curli operon. After the incubation in LB, the capsules were washed three times in PBS (1 mL)
to remove loosely-attached cells. The capsules were then added to purified GFP solution (0.5
mL, 4.6 µg/mL in PBS) and incubated for 24 hours at 37 ºC with agitation (800 rpm in
Eppendorf Thermomixer R). Following this incubation, 150 µL samples of the supernatant were
taken and GFP fluorescence was measured on a BioTek Synergy NEO plate reader (485 nm
excitation, 528 nm emission) to determine the amount of GFP that had been sequestered inside
the capsules. Fluorescence measurements were converted to GFP concentrations using a
calibration curve of purified GFP in PBS. The capsules were then thoroughly washed three times
in PBS (10 mL) for a total of 3 hours, and imaged for GFP fluorescence using a FluorChem M
imager.

2.4.9 α-Amylase assay
Capsules were produced using the standard protocol described above with the strain
PQN4 and plasmids pBbB8k-csg-amylase or pBbB8k-csg-WT. LB was supplemented with
kanamycin (50 µg/mL) and 0.001% (w/w) arabinose to induce expression of the curli operon.
After the incubation in LB, the capsules were washed three times in PBS (1 mL) to remove
loosely-attached cells. The capsules were then transferred to 0.5 mL of solution containing the
substrate 4-Nitrophenyl α-D-maltohexaoside (Sigma-Aldrich #73681) at a concentration of 3
mg/mL in PBS. The mixture was then incubated at 37 ºC with agitation (800 rpm in Eppendorf
Thermomixer R). 150 µL samples of the supernatant were taken with replacement at various
time points and absorbance at 405 nm was measured on a BioTek Synergy NEO plate reader to
determine the kinetics of α-amylase activity. The same procedure was conducted using various
concentrations of purified α-amylase (500-1500 U/mg, Sigma-Aldrich #A4551) to create a
calibration curve (Figure S7, Supporting Information).
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2.4.10 Biomineralization of capsules
Capsules were produced using the standard protocol described above with the strain E.
coli HB101 and plasmid pBR322-Ure, or with no plasmid in the control. LB media was
supplemented with carbenicillin (100 µg/mL) and NiCl2 (5 µm). After the incubation in LB, the
capsules were stored overnight in PBS (0.5 mL) at 4 ºC. Urea-containing media was prepared
with Difco Nutrient Broth (3 g/L), NaHCO3 (2.12 g/L), NH4Cl (20 g/L), and urea (40 g/L). To
induce mineralization, capsules were incubated in urea-containing media (5 mL) supplemented
with NiCl2 (5 µm) and CaCl2 (50 mm) in a 50 mL Falcon tube at 37 ºC with agitation (230 rpm).
Soluble calcium levels in culture supernatant were measured using Calcium Colorimetric Assay
kit (Sigma-Aldrich #MAK022).

2.4.11 X-ray powder diffraction of mineralized capsules
After the incubation in urea-containing media, the mineralized capsules were washed
thoroughly three times in MilliQ water (10 mL) for a total of 3 hours, dried at room temperature,
and ground into a fine powder using a mortar and pestle. X-ray diffraction was then carried out
using a D2 PHASER (Bruker) with a Cu anode operating at 30 kV and 10 mA with a 2θ range of
20º to 60º, step size of 0.02º, and exposure time of 1 second/step.

2.4.12 Field Emission Scanning Electron Microscope (FESEM) sample preparation
FESEM samples were prepared by fixing the capsules with 2% (w/v) glutaraldehyde and
2% (w/v) paraformaldehyde at room temperature, overnight. The capsules were gently washed
with water, and the solvent was gradually exchanged to ethanol with an increasing ethanol 15minute incubation step gradient (25, 50, 75 and 100% (v/v) ethanol). The capsules were dried in
a critical point dryer, placed onto SEM sample holders using silver adhesive (Electron
Microscopy Sciences) and sputtered until they were coated in a 10-20 nm layer of Pt/Pd/Au.
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Images were acquired using a Zeiss Ultra55/Supra55VP FESEM equipped with a field emission
gun operating at 5-10 kV.

2.4.13 Mechanical tests for capsules
Capsules were produced using the standard protocol described above with the strain E.
coli HB101 and plasmid pBR322-Ure, then stored in MilliQ water at 4 ºC prior to testing.
Compression measurements were made using a DHR-3 rheometer (TA Instruments, New
Castle, DE, USA). Testing was performed under ambient lab conditions at 25 °C. A constant
linear deformation of 10 µm per second was applied on the capsules till they were completely
compressed in a parallel plate set up. A minimum of 5 tests were obtained for each condition.

2.4.14 Statistical analysis
All values and error bars reflect the mean ± 1 standard deviation (s.d.) of three biological
replicates (n = 3, unless specified otherwise). Where appropriate, optical measurements (i.e.
fluorescence or absorbance) were transformed to absolute concentrations using calibration
curves constructed with purified components of known concentration. All P-values were
generated from two-sided Student t-tests for comparing two means (n = 3, unless specified
otherwise), which were computed using R statistical software. P-values < 0.05 were used to
determine significance.
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Chapter 3 – Concentration of viruses from wastewater using
engineered curli fibers for improvement of qPCR-based detection

3.1 Introduction
Infectious diseases continue to pose a major risk to global public health today.
Wastewater-based epidemiology (WBE) is a powerful approach to infectious disease
surveillance, which has gained interest in light of the COVID-19 pandemic.[1-7] Viruses shed in
fecal matter by infectious individuals can persist in both raw and treated wastewater, providing
a sensitive signal for the presence of a pathogen in a given population.[8] Analysis of population
pooled wastewater can therefore serve as an early warning system for disease outbreaks
emerging at the community level.[5,6,9-13] Though the recent pandemic has invigorated WBE
research, the benefits of wastewater surveillance have been well-recognized since it was used in
the 1990s to help eradicate poliovirus, which often presents with non-specific symptoms.[14]
In addition to signaling potential outbreaks, viruses present in wastewater can lead to
new infections. Effluent from wastewater treatment plants is found in recreational bodies of
water, and is used for recharging groundwater aquifers and crop irrigation.[15,16] Untreated
wastewater can also lead to disease transmission in low-income countries lacking satisfactory
sanitation infrastructure.[17-19]
Therefore, the detection of viral pathogens in wastewater is important both for real-time
monitoring of disease spread and for risk assessment of exposure to wastewater. Virus levels in
wastewater are often measured through quantification of viral nucleic acids via quantitative
polymerase chain reaction (qPCR).[7,8] An important step in most protocols is the primary
concentration of the virus from a medium-to-large sample (0.01 – 1 L) into a smaller volume
from which nucleic acids are extracted.[20] This is done to improve detection sensitivity, which is
often hampered by the relatively low number of viral particles in the sample, and other sample
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characteristics such as high turbidity and high concentrations of organic matter and heavy
metals.[8,20]
Numerous methods have been developed and validated for concentrating viruses from
water samples. For very large environmental samples (100-1000 L), the most common method
is virus adsorption and elution from a charged membrane (VIRADEL) followed by a secondary
concentration step to reduce the sample volume further.[21] However, wastewater has been
known to cause filter clogging. Other methods which have been used to concentrate viruses from
wastewater include PEG-NaCl precipitation, centrifugal ultrafiltration, and skim milk
flocculation.[20,22-24] Each of these approaches has associated downsides, including long
processing times, variable recovery rates, and high cost. Furthermore, these methods were
developed primarily for recovery of non-enveloped enteric viruses, and have not been as
thoroughly validated for enveloped viruses such as SARS-CoV-2.[24,25]
Here, we report a simple and rapid protocol using engineered curli fibers to concentrate
viruses from wastewater for improved qPCR sensitivity. We engineer curli fibers to have specific
binding affinity for target virus antigens through genetic fusion of CsgA to single-domain
antibodies (also known as “nanobodies”). We demonstrate efficient, nanobody-mediated
recovery of the bacteriophage MS2 from both phosphate-buffered saline (PBS) and pasteurized
wastewater. We also attempt to concentrate SARS-CoV-2 from raw, unpasteurized wastewater
sampled from a manhole in Somerville, Massachusetts during the COVID-19 pandemic.

3.2 Results

3.2.1 Removal of MS2 bacteriophage using nanobody-functionalized curli fibers
To test whether engineered curli fibers could be used to sequester viruses from solution,
we genetically fused CsgA to a nanobody with high affinity for the coat protein of the
bacteriophage MS2 (NbMS2).[26] Specifically, we used an E. coli strain PQN4 lacking the genes
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responsible for curli fiber production, and containing a plasmid with a synthetic csgBACEFG
operon placed under the control of an arabinose-inducible promoter. The CsgA-nanobody fusion
was expressed using this plasmid. We note that the E. coli strain we used is derived from K12,
and lacks the genes necessary for production of the F pilus, which serves as the MS2 receptor.
We first tested whether cells with NbMS2-functionalized curli fibers could pull down
viable MS2 particles at centrifuge speeds sufficient to sediment E. coli but not MS2 (Figure 3.1).
Cells from 1 mL of E. coli culture were washed and re-suspended in 0.5 mL PBS, then combined
with 0.5 mL of MS2 stock solution (in PBS) at a final concentration of 1.6 million plaqueforming units (PFU) per mL. This mixture was incubated end-over-end at room temperature for
30 minutes and centrifuged at 4000xg for 10 minutes to sediment the E. coli and any captured
MS2 particles. The MS2 concentration in the supernatant was then measured using a plaquecounting assay.

E. coli with engineered
curli fibers

Virus particle

Cell pellet
containing
captured virus

Figure 3.1 Protocol for concentrating virus particles using engineered curli fibers. E. coli cells
expressing curli fibers engineered to display nanobody domains targeting viral surface antigens
were co-incubated with virus particles. Following the co-incubation, the E. coli cells were
centrifuged at 4000 x g to produce a cell pellet containing virus particles which had been
captured in the curli-cell network.
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We observed a significantly greater reduction in the concentration of viable MS2 in the
supernatant when the E. coli expressed NbMS2-functionalized curli fibers, compared to negative
controls where curli fiber expression was not induced, or where the E. coli expressed CsgA fused
to an off-target nanobody specific for green fluorescent protein (NbGFP) (Figure 3.2).[27] This
result demonstrates that curli fiber networks can be functionalized with nanobodies to
specifically pull down viable virus particles under centrifugation speeds used to harvest bacteria.
Moreover, a short incubation time of 30 minutes was sufficient to capture a high proportion of
the viable MS2 present in the mixture.

% reduction in MS2 PFU

100

***

***

75

50

25

0

NbMS2

No inducer

NbGFP

Figure 3.2 Nanobody-mediated pull-down of MS2 using engineered curli fibers. After coincubation of curli-expressing cells and MS2, the mixture was spun down, and the supernatant
was used in a plaque-counting assay to quantify MS2 concentration. When the curli fibers were
engineered to display NbMS2, there was a significantly greater reduction in the concentration of
MS2 remaining in the supernatant compared to controls where the cells were not induced to
express curli fibers (two-sided Student t-test for two means, P-value = 0.00057), or where the
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Figure 3.2 (Continued) curli fibers were displaying an off-target nanobody (NbGFP) (twosided Student t-test for two means, P-value = 0.00032). *** P-value < 0.001. Values and error
bars reflect the mean ± standard error (s.e.) of three independent experiments (n = 3).

3.2.2 Efficient concentration and recovery of MS2 RNA using nanobodyfunctionalized curli fibers
Next, we tested whether our concentration protocol could be used to efficiently recover
MS2 RNA from a medium volume sample spiked with MS2. E. coli cells from a 20 mL culture
were washed in PBS and re-suspended in a 20 mL solution of MS2 in PBS. The mixture was
incubated for 90 minutes on a rotating platform at room temperature, then centrifuged at
4000xg for 10 minutes to harvest the E. coli and the captured MS2. The MS2-containing pellet
was then re-suspended in 1 mL Trizol reagent for RNA extraction, followed by purification using
a silica column-based kit. Finally, MS2 RNA was quantified using qPCR and compared to a
positive control in which the MS2 was spiked directly into Trizol. We increased our incubation
period to 90 minutes to allow for more complete interaction between the MS2 and the curli fiber
network while still maintaining a relatively brief protocol.
We observed complete recovery of MS2 RNA using NbMS2-functionalized curli fibers at
both MS2 concentrations tested (1.6 million PFU/mL and 1,600 PFU/mL) (Figure 3.3). In
contrast, recovery efficiency was significantly lower using NbGFP-functionalized curli fibers.
Next, we performed the same experiment but with MS2 spiked into municipal wastewater
instead of PBS. For these experiments, the wastewater was pasteurized prior to spiking with
MS2 as a biosafety precaution due to detectable levels of SARS-CoV-2 RNA being present in the
wastewater.
We found the recovery efficiency was lower in wastewater compared to PBS, especially at
the lower MS2 concentration. We hypothesized that some component of the wastewater matrix
was interfering with the interaction between NbMS2 and MS2. To test this hypothesis, we
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measured recovery efficiency at the lower MS2 concentration in wastewater which was prediluted 1:1 in PBS, or pre-filtered with a 0.22 µm filter. Pre-dilution of wastewater improved
recovery efficiency significantly, back to a level comparable with recovery from PBS. In contrast,
pre-filtration did not significantly improve the recovery efficiency. This suggests that some
components of the wastewater matrix smaller than 0.22 µm, such as detergents, disrupt the
NbMS2-MS2 interaction.

150

% MS2 RNA recovered

NbMS2
NbGFP
100

**

50

0

PBS
high

PBS
low

WW
high

WW
low

diluted WW filtered WW
low
low

Figure 3.3 Efficient concentration and recovery of MS2 RNA. Following the pull-down
protocol, MS2 RNA was recovered from the cell pellet by re-suspension in Trizol reagent
followed by silica column-based purification. Recovery efficiency was measured by performing
qPCR and comparing to a positive control in which the MS2 was spiked directly into Trizol from
a concentrated stock. The assay was performed in both PBS and pasteurized municipal
wastewater (WW). The concentration of MS2 which was spiked into the sample before pulldown was also varied: high and low indicate 1.6 million PFU/mL and 1,600 PFU/mL,
respectively. At the low concentration, pre-dilution of WW in 50% PBS significantly improved
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Figure 3.3 (Continued) the recovery efficiency compared to 100% WW (two-sided Student ttest for two means, P-value = 0.0052). ** P-value < 0.01. Values and error bars reflect the mean
± s.e. of three independent experiments (n = 3).

3.2.3 Functionalized curli network targeting the SARS-CoV-2 spike protein
Given our success recovering MS2 RNA from spiked wastewater, we were encouraged to
attempt concentration of a virus naturally occurring in wastewater samples. With the COVID-19
pandemic ongoing, SARS-CoV-2 RNA was consistently detectable in local municipal wastewater
samples at the time of the study, suggesting the presence of SARS-CoV-2 particles as a useful
target for our system.[28] To produce curli fibers targeting SARS-CoV-2, we generated 10
different plasmids in which csgA was fused to a sequence encoding a protein with putative
binding affinity for the spike protein of SARS-CoV-2. Eight of these constructs encoded CsgA
fused to a nanobody specific for the spike protein (nb112, NbSARS, D4, H4, Ty1, Sb23, MR3,
W25), while the remaining two encoded CsgA fused to sequences derived from ACE2, the spike
protein receptor (Spikeplug and 22-57).[29-37]
To validate the binding activity of the CsgA fusion proteins following export and
assembly into curli fibers, we developed a live-cell ELISA assay. Briefly, cells expressing the
engineered curli fibers were incubated in a solution of purified SARS-CoV-2 spike protein in the
presence of 5% bovine serum albumin (BSA) to prevent non-specific interactions. After a 90minute co-incubation, the cells were spun down, washed, and re-suspended in an antibody
solution to bind an hFc-tag present on the spike protein. The antibody was conjugated to
horseradish peroxidase (HRP) for detection. Cells expressing curli fibers with spike proteinbinding activity were expected produce a higher signal due to spike protein being spun down
with the cells and curli fibers.
We found that several of the nanobody fusions showed greater spike protein-binding
activity compared to our four negative controls (PQN4 cells not expressing curli fibers, curli
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fibers with NbGFP, curli fibers with NbMS2, and curli fibers with Ty1 where no spike protein
was added during the assay) (Figure 3.4). Notably, the two fusions with ACE2-derived sequences
showed no significant binding activity. The five nanobodies fusions which exhibited the greatest
binding activity were nb112, NbSARS, Ty1, Sb23, and MR3. We decided to use these five samples
for concentration of SARS-CoV-2 from raw wastewater.
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Figure 3.4 Pull-down of purified SARS-CoV-2 spike protein using engineered curli fibers. A
live-cell ELISA assay was developed to probe for the presence of purified spike protein in the
curli-cell pellet following a pull-down protocol. The four bars on the left correspond to various
negative controls, and the remaining 10 bars correspond to samples where the curli fibers were
engineered to display protein or peptide domains with putative binding affinity for the SARSCoV-2 spike protein. Higher absorbance readings correspond to increased immobilization of the
antibody used to detect the presence of the spike protein in the cell pellet. Values and error bars
reflect the mean ± s.e. of three independent experiments (n = 3).
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3.2.4 Attempted concentration of SARS-CoV-2 from raw wastewater
To concentrate SARS-CoV-2 from wastewater, E. coli cells from a 30 mL culture were
washed and re-suspended in 15 mL PBS. 15 mL of raw, unpasteurized wastewater was then
added to the cell suspension for a final concentration of 50% wastewater. Viral concentration,
RNA extraction and RNA purification were performed in a similar manner to the MS2
experiments. SARS-CoV-2 RNA was then quantified using qPCR. To evaluate our concentration
protocol, we compared the amount of SARS-CoV-2 RNA recovered after concentration to the
amount of RNA directly extracted from 1 mL of pasteurized wastewater.
We found that the concentration protocol was unsuccessful at increasing the yield of
SARS-CoV-2 RNA compared to the direct extraction protocol (Figure 3.5). Moreover, none of
the spike protein nanobody fusions significantly outperformed the NbMS2 negative control.

●

log2(fold−change)

0
●

●

●
●

−1
●

23
Sb

3
R
M

AR
bS
N

Ty
1

S

2
11
nb

bM
N

PQ

N

4

S2

●

Figure 3.5 Attempted concentration of SARS-CoV-2 from wastewater. The concentration
protocol was performed using 15 mL wastewater collected from a Somerville, MA manhole in
March and April of 2021. Several different curli fiber variants with demonstrated binding
activity for the spike protein of SARS-CoV-2 were tested. For each sample, 15 mL wastewater
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Figure 3.5 (Continued) was diluted 50% in PBS prior to pull-down. Fold-change refers to the
ratio of SARS-CoV-2 RNA recovered using the concentration protocol compared to a control in
which RNA was directly extracted from 1 mL of pasteurized wastewater. Values and error bars
reflect the mean ± s.e. of three independent experiments (n = 3).

3.3 Discussion
We developed a novel approach to viral concentration using engineered biofilm proteins.
Viral sequestration depended on fusion of the major curli subunit CsgA to nanobody domains
targeting antigens present on the virus surface. We validated our approach by demonstrating
efficient concentration of the surrogate virus MS2 in sterile buffer. We optimized conditions to
achieve efficient concentration and recovery of MS2 RNA from pasteurized wastewater after
50% dilution in PBS. Our protocol is simple, rapid, and low-cost, making it an attractive
alternative to existing concentration technologies. Moreover, it is based completely on
sustainable microbial fabrication.
We also produced nanobody-functionalized curli fibers capable of binding the SARSCoV-2 spike protein in vitro. However, attempts to concentrate SARS-CoV-2 from wastewater
were unsuccessful. One recent study showed that SARS-CoV-2 quickly loses viability in
wastewater while SARS-CoV-2 RNA has greater persistence.[38] Another study found that SARSCoV-2 RNA in wastewater is mostly present in a form accessible to the intercalating dye
propidium monoazide.[39] These findings suggest that SARS-CoV-2 RNA in wastewater is likely
not contained within an intact viral envelope, which would explain why the spike proteinmediated pull-down was unsuccessful.
Future research efforts could focus on engineering curli fibers that specifically bind viral
nucleic acids—rather than protein antigens on the viral particle surface—through
functionalization with an RNA-targeting CRISPR-Cas complex, for example.[40] Alternatively,
the ability to specifically bind intact virus could be an advantage in applications such as
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microbial risk assessment, where the concentration of infectious virus is the parameter of
interest.
Other possible future directions for this work include validation using nanobodies
against other pathogenic viruses, evaluation of concentration efficiency in other environmental
water sample types, and engineering of a hyper-aggregated curli network which could be
harvested following the co-incubation with virus without the need for a centrifuge.

3.4 Methods

3.4.1 Strains and plasmids
E. coli strain PQN4 (MC4100, CmR, ∆csgBACEFG) was used for curli expression. E. coli
used for propagating and quantifying MS2 was American Type Culture Collection (ATCC) 15597.
Bacteriophage MS2 was ATCC 15597-B1. Plasmids used in the study are listed in Table 3.1.

Table 3.1 – Plasmids used in this study
Plasmid

Description

Source

pBbB8k-csg-

Arabinose-inducible expression of the

Available at Addgene #

NbGFP

synthetic csg operon in which CsgA is fused

166858.

to NbGFP, a nanobody domain specific for
GFP, by a 14aa GS linker. Derived from
Addgene #35363
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Table 3.1 (Continued)
pBbB8k-csg-

Arabinose-inducible expression of the

NbMS2

synthetic csg operon in which CsgA is fused

This study.

to NbMS2, a nanobody domain specific for
the coat protein of MS2 by a 14aa GS
linker.[26]
pBbB8k-csg-nb112

Arabinose-inducible expression of the

This study.

synthetic csg operon in which CsgA is fused
to nb112, a nanobody domain specific for the
spike protein of SARS-CoV-2, by a 14aa GS
linker.[29]
pBbB8k-csg-

Same as above, with nanobody domain from

NbSARS

[30].

pBbB8k-csg-D4

Same as above, with nanobody domain from

This study.

This study.

[31].
pBbB8k-csg-H4

Same as above, with nanobody domain from

This study.

[31].
pBbB8k-csg-Ty1

Same as above, with nanobody domain from

This study.

[32].
pBbB8k-csg-Sb23

Same as above, with nanobody domain from

This study.

[33].
pBbB8k-csg-MR3

Same as above, with nanobody domain from

This study.

[34].
pBbB8k-csg-W25

Same as above, with nanobody domain from
[35].
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This study.

Table 3.1 (Continued)
pBbB8k-csg-

Arabinose-inducible expression of the

Spikeplug

synthetic csg operon in which CsgA is fused

This study.

to Spikeplug, a protein derived from the
ACE2 receptor.[36]
pBbB8k-csg-22-57

Arabinose-inducible expression of the

This study.

synthetic csg operon in which CsgA is fused
to a peptide derived from the ACE2
receptor.[37]

3.4.2 Curli fiber expression
E. coli strain PQN4 was inoculated from single colonies into 2 mL lysogeny broth (LB)
media supplemented with antibiotic to maintain the plasmid, and incubated in a shaking
incubator at 37º C and 225 rpm overnight. The following day, starter cultures were diluted 1:100
into fresh LB supplemented with antibiotic and, where appropriate, 0.001% (w/w) arabinose to
induce curli fiber expression. Cultures were then grown for 20 hours in a shaking incubator at
37º C and 225 rpm prior to pull-down assays.

3.4.3 Propagation of MS2
E. coli strain ATCC 15597 was grown in 50 mL ATCC medium 271 in a shaking incubator
at 37º C and 225 rpm until mid-exponential phase (OD600 = 0.4-0.6). The culture was then
inoculated with an individual MS2 plaque and incubated overnight to undergo cell lysis. The
lysed culture was then transferred to a 50 mL Falcon tube and centrifuged at 5000 x g and 4º C
for 20 minutes. The supernatant was then filtered through a 0.22 µm filter to remove any
remaining E. coli. The filtered supernatant stock was stored at 4º C.
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3.4.4 Plaque assay for quantifying viable MS2
Bottom-agar plates were prepared using ATCC medium 271 with 1% (w/v) agar. Topagar was prepared using ATCC medium 271 with 0.3% (w/v) agar, thoroughly boiled in a
microwave, and cooled to 52º C in a water bath. MS2-containing sample was serially diluted in
PBS. 100 µL of an overnight culture of host strain ATCC 15597, 100 µL of MS2-containing
sample, and 3 mL of melted top-agar were added to the bottom agar plate and swirled to mix.
Top-agar was allowed to solidify at room temperature for 20 minutes. Plates were incubated
overnight at 37º C to allow for E. coli growth and plaque formation. MS2 concentration was
computed based on the number of plaques and the dilution factor.

3.4.5 MS2 pull-down from small volume sample
1 mL of E. coli culture was transferred to a 2 mL Eppendorf tube. E. coli cells were spun
down at 4000xg for 5 minutes, re-suspended in 1 mL PBS, spun down again, and re-suspended
in 0.5 mL PBS. 0.5 mL MS2 solution was added to reach a final concentration of 1.6 million
PFU/mL. MS2 solution was prepared by spiking from stock into PBS prior to assay. The mixture
was incubated end-over-end at room temperature for 30 minutes. The mixture was spun down
again, and the supernatant was sampled to measure the MS2 concentration using a plaque
assay.

3.4.6 MS2 pull-down from medium volume sample
20 mL of E. coli culture was transferred to a 50 mL Falcon tube. E. coli cells were spun
down at 4000xg for 10 minutes, re-suspended in 20 mL PBS, spun down again, and resuspended in 1 mL PBS. 20 mL MS2 solution was added to reach a final concentration of 1.6
million PFU/mL or 1,600 PFU/mL. MS2 solution was prepared by spiking from stock into PBS
or pasteurized wastewater. For follow-up experiments, pasteurized wastewater was pre-filtered
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before spiking or diluted in PBS after spiking. The mixture was then incubated on a rotating
platform for gentle agitation at room temperature for 90 minutes. The mixture was spun down
again, and the supernatant was discarded. The pellet was then used for RNA extraction.

3.4.7 Extraction and purification of MS2 RNA following pull-down
Following MS2 pull-down, the E. coli cell pellet was re-suspended with a pipette in 1 mL
Trizol reagent. For the positive control representing 100% recovery, MS2 was spiked directly
into 1 mL Trizol to reflect the total amount of MS2 which had been added during the pull-down
assay. Trizol samples were incubated at room temperature for 10 minutes, then transferred to a
2 mL Eppendorf tube. 200 µL chloroform was added, the tube was vigorously shaken by hand
for 15 seconds, and mixture was incubated at room temperature for 2 minutes. The sample was
then spun down at 12,000xg at 4º C for 15 minutes. Aqueous supernatant was removed by
pipette and mixed with an equal volume of 70% ethanol. The sample was then transferred to the
spin cartridge from a PureLink RNA Mini Kit (Life Technologies). Kit instructions for
purification from Trizol-extracted samples were followed. Sample was finally eluted in RNasefree water and stored at -80º C prior to quantification by qPCR.

3.4.8 qPCR to quantify MS2 RNA
qPCR reactions were prepared by combining TaqMan™ Fast Virus 1-Step Master Mix
(4X) (Applied Biosystems), forward and reverse primers, 5' 6-FAM / 3' TAMRA probe, and
nuclease-free water, such that forward and reverse primers reached final concentration 400 nM,
probe reached final concentration 200 nM, and TaqMan™ Fast Virus 1-Step Master Mix was
diluted 1:3. This mixture was then divided into 20 µL aliquots in a 96-well reaction plate, and 2
µL of RNA sample was added for each reaction. 22 µL reactions were prepared in triplicate for
each sample. Primer and probe sequences targeting the RNA replicase ß chain were taken from
the literature.[41] A five-point standard curve using MS2 RNA genome of known concentration
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(Roche 10165948001) was included on each plate for quantification of MS2 RNA. Wells for
standards were also run in triplicate.
qPCR was performed using a QuantStudio 3 Real-Time PCR System (Applied
Biosystems) thermocycler. Cycling conditions were as follows: reverse transcription for 30 min
at 48 °C, denaturation and activation for 10 min at 95 °C, and two-step cycling 15 s at 95 °C and
60 s at 60 °C for 45 cycles.

3.4.9 Spike protein pull-down and live-cell ELISA
1 mL of E. coli culture was transferred to a 2 mL Eppendorf tube. E. coli cells were spun
down at 4000xg for 5 minutes, re-suspended in 1 mL PBS, spun down again, and re-suspended
in 1 mL PBS with 5% BSA. The mixture was incubated end-over-end at room temperature for 5
minutes. Then, 1 µL of recombinant SARS-CoV-2 spike protein S1 with hFc and His tags
(Abclonal RP01259) was added to reach final concentration 0.2 µg/mL. The mixture was
incubated end-over-end at room temperature for 90 minutes. The E. coli cells were spun down
and washed twice in 1 mL PBS. The washed cell pellet was then re-suspended in 700 µL solution
of HRP-conjugated monoclonal antibody from rat raised against recombinant human IgG Fc
fusion protein (BioLegend 410603). Antibody solution was prepared by diluting purchased stock
1:5000 in Tris-buffered saline with 0.1% Tween-20 (w/v) (TBST). The mixture was incubated
end-over-end at room temperature for 90 minutes. The cells were then spun down and washed
twice in 1 mL TBST. The washed pellet was re-suspended in 120 µL Ultra-TMB-ELISA Substrate
Solution (ThermoScientific 34028) and incubated at room temperature for 3 minutes before the
addition of 60 µL 6 M sulfuric acid to stop the HRP reaction. Finally, the cells and curli fibers
were spun down at 18,000xg for 2 minutes, and the supernatant was transferred to a 96-well
plate to measure the absorbance at 450 nm using a SpectraMax M5 Microplate Reader.

3.4.10 Attempted concentration of SARS-CoV-2 from raw wastewater
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Wastewater samples were obtained from a manhole in Somerville, Massachusetts using a
GLS compact composite sampler programmed to collect a 120 mL wastewater sample every 30
minutes for 24 hours. Occasionally, if the pump failed on site, a grab sample was taken.
For direct extraction, wastewater was pasteurized by incubation in 60 °C water bath for
30 minutes. As a process control, 1.3 µL bovine coronavirus (bCov) (Merck – single dose 2 mL
vial) was spiked into 10 mL of pasteurized wastewater. The bCov spike was prepared by
suspending the modified live virus in 2 mL of PBS. 1 mL wastewater was then combined with 3
mL of Trizol-LS reagent. Samples were then mixed in equal volume with 100% ethanol (final
volume = 8 mL) and processed for RNA purification. Sample were filtered using vacuum
filtration on the EZ-Vac Vacuum Manifold (Zymo Research) to pass liquid through filter
columns provided in the Monarch RNA Cleanup kit (New England Biolabs). After the entire 8
mL was filtered, 1.8 mL of the wash buffer from the Monarch kit was applied to sample filters
columns. Filter columns were centrifuged at 16,000 x g for 1 minute to remove any excess liquid
and RNA was eluted into 110 µL of nuclease free water.
For concentration with curli fibers, E. coli cell suspensions were prepared as described in
the section “MS2 pull-down from medium volume sample”, except the initial volume of culture
was 30 mL and the final volume of cell suspension before addition of virus was 15 mL. The
washed 15 mL E. coli cell suspension in PBS was mixed with 15 mL of wastewater and incubated
on a rotating platform for gentle agitation at room temperature for 90 minutes. The wastewater
was not pasteurized for these samples to prevent denaturation of the spike protein, but was
spiked with bCov. The mixture was spun down again, and the supernatant was discarded. RNA
was extracted from the pellet as described in the section “Extraction and purification of MS2
RNA following pull-down.” Following the centrifugation of the Trizol-chloroform mixture, the
aqueous supernatant was mixed in equal volume with 100% ethanol and processed for RNA
purification using the same process described above for direct extraction samples.
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3.4.11 qPCR to quantify SARS-CoV-2RNA
qPCR assays were performed using the QuantStudio 3 Real-Time PCR System. A
premade primer/probe mixture for targeting the SARS-CoV-2 RNA N1 gene (Integrated DNA
Technologies - 10006713) was used for quantification. 20 µL qPCR reactions were prepared in
triplicate with 10 µL Luna Universal Probe One-Step Reaction Mix (2X) (New England Biolabs),
1 µL Luna WarmStart® RT Enzyme Mix (20X), 2 µL SARS-CoV-2 Primer and Probe Mix, and 7
µL of extracted RNA. 96-well plates for qPCR assays were prepared using the epMotion M5073
liquid handling system (Eppendorf). A five-point standard curve using SARS-CoV-2 N2 positive
control plasmid (linearized) (IDT - 10006625) was included on each plate for quantification of
SARS-CoV-2 RNA. Wells for standards were also run in triplicate. Cycling conditions were as
follows: 1 cycle of 55°C for 15 minutes and 95°C for 1 minute, and 45 cycles of 95°C for 15
seconds and 55°C for 30 seconds.

3.4.12 Statistical analysis
All values and error bars reflect the mean ± 1 standard error (s.e.) of three independent
experiments (n = 3). All P-values were generated from two-sided Student t-tests for comparing
two means (n = 3), which were computed using R statistical software. P-values < 0.05 were used
to determine significance.
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Chapter 4 – Conclusions, limitations, and future directions
4.1 Summary
This dissertation presents several innovations in the field of ELMs based on bacterial
biofilms. Through simple bacterial culture, we produced highly programmable BC capsules
which serve as a platform for developing robust, functional, macroscopic materials, as well as
engineered curli fiber networks which enable rapid and efficient concentration of viruses from
wastewater and motivate further development of curli-based sequestration materials.
In chapter 2, we described the development of a co-culture system for expanding the
functional capabilities of BC materials. During incubation in a droplet of HS media, the acetic
acid bacterium G. hansenii produced a cellulose capsule which served as a bio-fabricated
scaffold for engineered E. coli to colonize upon transfer to LB media. This co-culture approach
leveraged the complementary strengths of the two bacteria—namely, the materials production
abilities of G. hansenii and the wide array of genetically encoded functions which have been
validated in E. coli.
To evaluate the reproducibility of the protocol, we varied the initial inoculation ratio of
the two bacteria and found that, at relatively high inoculations of G. hansenii starter culture, the
E. coli did not survive well and were unable to colonize the cellulose matrix; while at relatively
low inoculations of G. hansenii, cellulose production was hindered. These results suggest that
the two bacteria compete for resources during the incubation in HS media, and that a balance
must be struck such that G. hansenii can produce high quantities of cellulose while the E. coli
survive long enough to proliferate upon transfer to LB. Furthermore, we performed imaging
studies which showed that the E. coli were mainly found on the inside of the capsule, protected
from the surrounding environment by the dense outer wall of cellulose. The cross-sectional
images also showed that E. coli growth was not homogenous throughout the internal cellulose
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matrix, but was concentrated in many distinct, microscopic colonies which tended to overlap
with regions of high cellulose fiber density.
Finally, we performed proof-of-concept experiments to demonstrate the wide range of
potential functionality enabled by our approach. The embedded E. coli were programmed to
produce engineered curli fibers, yielding capsules capable of biomolecule sequestration and
enzymatic catalysis. Additionally, the E. coli were engineered to produce the enzyme urease,
which allowed for dynamic modification of the capsules’ physical properties through CaCO3
mineralization.
In chapter 3, we produced engineered curli fibers in which the curli subunit protein CsgA
was fused to single-domain antibodies specific for viral surface antigens, with the goal of
concentrating viruses from environmental water samples for disease surveillance applications.
Using the bacteriophage MS2 as a target, we demonstrated nanobody-mediated pull-down of
intact virus particles from PBS. Our protocol for concentrating viruses was very simple,
involving only a brief co-incubation of the curli fibers with the virus, followed by a centrifugation
step to harvest the curli-cell pellet. In other words, the curli-cell biomass itself served as a
sequestration material. Using qPCR, we further showed that viral RNA could be efficiently
extracted from the cell pellet by simple re-suspension in Trizol reagent following the pull-down.
Moreover, we found that pre-dilution in 50% PBS allowed for efficient concentration and
recovery of MS2 RNA from municipal wastewater samples spiked with MS2.
Motivated by our success using MS2 as a model system, we endeavored to produce curli
fibers capable of concentrating SARS-CoV-2 occurring in local municipal wastewater samples.
We first constructed a small library of CsgA fusions with putative binding activity for the spike
protein of SARS-CoV-2. We developed a live-cell ELISA assay which demonstrated significant
spike protein-binding activity for several of the fusions, compared to a set of a negative controls.
Finally, using several of the spike protein-binding curli fiber variants, we attempted to
concentrate SARS-CoV-2 from 15 mL wastewater samples taken from a Somerville,
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Massachusetts manhole. We found that, for all variants tested, the concentration protocol failed
to increase the amount of SARS-CoV-2 RNA extracted from the samples compared to a control
in which RNA was directly extracted from 1 mL of wastewater. We speculated this was due to
degradation of the viral envelope in wastewater preventing spike protein-mediated pull-down of
viral RNA.

4.2 Limitations
While we believe these works represent valuable contributions to the growing field of
ELM research, there are several limitations that warrant discussion here.

4.2.1 Limitations of study on BC capsules containing engineered E. coli
One limitation of our protocol for producing the capsules is that the incubation in LB is
expected to kill much of the G. hansenii present in the cellulose matrix due to the presence of
antibiotics for E. coli plasmid maintenance. This prevented demonstration of self-regenerating
capsules. This limitation could potentially be overcome by using high-yield BC-producing
strains which have been previously engineered with antibiotic resistance.[1]
The study of the influence the initial inoculation ratio has on both E. coli survival and
capsule permeability could have been improved by using a starter culture of G. hansenii which
had been re-suspended in fresh media, rather than using cells directly transferred from a weekold monoculture. We suspect the presence of metabolic byproducts—such as high
concentrations of acetic acid up to 20% of the starter culture[2]—may have affected capsule
reproducibility and E. coli survival. Further investigation could explore this hypothesis by resuspending the G. hansenii starter cultures in fresh media prior to capsule preparation.
As noted previously, the incubation of the capsules overnight in LB generally resulted in
a turbid culture due to E. coli cells escaping the cellulose matrix and proliferating in the
surrounding media. Unfortunately, this limits the applicability of the capsules as field-
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deployable bio-sensors due to biocontainment concerns. In our initial design, we hoped the
nanoporous nature of the cellulose matrix would prevent E. coli escape. We did find that certain
capsules which only contained internal E. coli colonies did not produce a turbid culture after a
single overnight incubation in LB, while capsules which contained colonies dotting the outer
wall reliably produced turbid cultures. However, we observed that even in capsules which
initially contained only internal colonies, E. coli escape eventually occurred after multiple nights
of incubation in LB. This suggests that E. coli escape is not merely the result of cells localized to
the outside of the capsule wall, but can occur due to E. coli cells traversing the dense matrix of
the capsule wall. Potential approaches to improving the biocontainment properties of the
capsules are discussed in the following section.
Another limitation of the capsule study is that the long-term viability of the living
material was not evaluated. Bacterial luminescence was used to demonstrate the continued
viability of the embedded E. coli following overnight storage in sterile buffer, but the effects of
longer storage periods were not determined. Indeed, a study of the effects of long-term storage
on the order of several months on the continued viability and maintenance of programmed E.
coli function would provide valuable context for the applicability of the material. In particular,
the ability to dry and re-hydrate the material while maintaining living material properties would
be valuable for facilitating transport and storage.
Finally, significant engineering efforts would be required to scale up production of the
BC capsules. In our study, HS media was used as a feedstock for BC production. Though HS
media is standard for cultivation of BC in lab-scale studies, it is prohibitively expensive to scale
up to industrial levels.[3] Studies using industrial wastes as feedstocks have shown promising
yields,[4] but the variable composition of these waste media could present challenges to reliably
achieving concurrent E. coli survival and cellulose production. Additionally, the need for a twostage incubation, where the E. coli only proliferate to a high concentration upon transfer to LB,
is a disadvantage compared to other approaches in which growth of the functional microbe
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occurs simultaneously with cellulose production.[5-7] Finally, the mm-scale size of the capsules
precludes use in applications requiring larger materials, such as food packaging. In the following
section, we discuss the possibility of using the capsules as building blocks for larger materials.

4.2.2 Limitations of study on curli-based viral concentration
Using nanobodies to sequester viruses based on specific surface antigens has certain
disadvantages. Viral nucleic acids occurring outside of intact virus particles will not be
concentrated since they are not associated with the targeted antigen. This could explain why we
were unable to concentrate SARS-CoV-2, since it is unlikely to retain its enveloped structure in
wastewater.[8] Other concentration approaches, such as PEG-NaCl precipitation, may be more
effective at concentrating viral nucleic acids regardless of the status of the viral particle. Viewed
more optimistically, this property could be an advantage in applications such as microbial risk
assessment where the concentration of live virus is the parameter of interest. Additionally, the
specificity of nanobody-mediated sequestration is a disadvantage in situations where there are
many target viruses of interest, or in untargeted metagenomics studies.
Another limitation of our approach is the need for a centrifuge to spin down the curli-cell
pellet following co-incubation with the virus-containing sample. This limits the maximum
sample volume which can be reasonably processed. In contrast, the competing VIRADEL
approach, which is commonly used for viral detection in environmental water samples such as
sea water, can process 100s of liters of water.[9] In the following section, we discuss a possible
method for circumventing the need for a centrifuge.
Finally, other limitations of our approach are related to the proof-of-concept nature of
the work. To demonstrate the real-world applicability of this technology, it should be tested on a
wide range of pathogenic viruses, and in a wide range of environmental water sample types.
These analyses would enable direct comparisons to competing concentration technologies.
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4.3 Future directions

4.3.1 Future directions for BC capsules containing engineered E. coli
As we view this system as a platform for the continued development of BC-based ELMs,
there is a wide swath of potential avenues for future research and engineering. In this section I
highlight some of the more subjectively interesting possibilities.
The design choice to incubate the co-culture as droplets was motivated by the goal of
obtaining hollow capsules in which the E. coli were robustly contained and shielded from the
environment by the dense outer wall. As mentioned above, we observed that, though a large
majority of the E. coli were found on the inside of the capsule, some cells could penetrate the
outer wall of the capsule and produce a turbid culture during the incubation in LB. One possible
future direction for this system would be to engineer capsules in which the E. coli do not escape.
Robust physical containment of the engineered E. coli would support the possibility of the
deploying the capsules as biosensors in the open environment.
Containment of the E. coli within the outer wall of the capsule could possibly be achieved
through E. coli surface display of cellulose-binding domains. Guo et al. recently validated an
analogous approach for trapping E. coli within dextran hydrogels.[10] Other modifications to the
fabrication protocol could also help achieve this goal. The composition of the HS media and the
initial concentrations of G. hansenii and E. coli could be optimized such that the number of
surviving E. coli available to colonize the capsule is very low (i.e. < 100 CFU). This would reduce
the likelihood of a colony occurring at the edge of the capsule. The duration of incubation in HS
could be increased to ensure maximal cellulose production so that E. coli traversal of the outer
wall would require more time and energy. Finally, the incubation of capsules in LB could be
performed under more gentle agitation, or under stationary conditions. The kinetic energy
provided by agitation during incubation may contribute to the ability of the E. coli to escape the
cellulose matrix.
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Another compelling possibility is further exploration of the functionality enabled by curli
fiber expression within the cellulose matrix. As a proof-of-concept, we demonstrated
biomolecule sequestration and enzymatic catalysis by using curli fibers as a scaffold for
displaying nanobodies and enzymes, respectively. Yet, these functions could also be achieved
through functionalization of the cellulose matrix itself via secretion of functional domains
tagged with cellulose-binding domains. Curli fibers, however, have unique properties that are
yet to be exploited in a cellulose composite material. For example, previous work from our lab
showed that curli fibers assembled from a CsgA variant containing increased numbers of
aromatic residues could be used to produce thin films with greater conductance compared to
films composed of wild-type curli fibers.[11] This functionality could be leveraged to produce
conductive cellulose materials without the need for supplementation with inorganic
components.
The indigestibility of cellulose and the capsule architecture of the material also
encourage exploration of therapeutic and diagnostic functions following oral delivery. For
example, the capsules could be functionalized with nanobodies to sequester toxins or diagnostic
biomarkers during transit through the gastrointestinal tract. Another possibility is to engineer
the capsules for controlled drug delivery. This could be achieved by programming the
encapsulated E. coli to secrete a therapeutic factor in response to an analyte signaling proximity
to the target disease site. Alternatively, the E. coli could be programmed to produce cellulase at
the disease site to trigger release of a co-encapsulated therapeutic factor.
Finally, the range of possible applications for the capsules is dependent on their size. By
exploring the potential of the capsules as a building block for larger BC materials, the
functionality provided by this platform could be extended to applications such as food
packaging. BC spheroids with mm-scale dimensions grown from a shaking culture of
Komagataeibacter rhaeticus were used as discrete building blocks which fused together into a
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larger, cohesive material when incubated in close proximity.[12] The combination of BC spheroids
with the capsules described in this work could yield larger BC materials with embedded E. coli.
Additionally, our co-culture fabrication protocol could be extended to produce both larger and
smaller capsules, and other larger, customizable shapes such as a hollow cube, which can be
obtained from culture in a hydrophobized cuvette.[13]

4.3.2 Future directions for curli-based viral concentration
The work presented in this dissertation establishes the proof-of-concept for a novel viral
concentration method using engineered curli fibers functionalized with nanobodies. The concept
is validated using the bacteriophage MS2, which is a commonly used surrogate for enteric
viruses. Due to the simplicity and rapidity of our protocol, the low manufacturing cost of the
required components, and the efficiency of MS2 recovery both from buffer and from wastewater,
further studies are warranted to demonstrate the real-world applicability of this approach. First
and foremost, the concentration protocol should be validated using nanobodies targeting
pathogenic viruses of interest. Towards this end, our lab has already cloned CsgA fusions to
nanobodies targeting rotavirus and norovirus.[14,15] Moreover, to demonstrate the wide
applicability of this technology beyond wastewater-based applications, concentration and
nucleic acid recovery efficiency should be evaluated in other environmental water sample types,
including river water, sea water, and tap water.
In addition to validating the concentration technology using viruses and water sample
types of interest, future efforts could focus on improving the method, specifically by allowing for
easier processing of large sample volumes. Currently, the protocol requires a centrifugation step
to collect the captured virus particles following the co-incubation step. Engineering of a hyperaggregated curli fiber network could circumvent the need for a centrifuge if the curli-cell
network can be collected via simple gravity-induced sedimentation. Cell-cell adhesion has
previously been shown to induce faster sedimentation in E. coli.[16] A similar approach using a
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covalent protein interaction, such as the SpyTag-SpyCatcher system, could achieve even faster
sedimentation kinetics through the creation of large, irreversible multicellular aggregates.[17] The
ability to collect the curli-cell network without the use of a centrifuge would enable processing of
larger sample volumes and implementation in facilities lacking a high capacity centrifuge.
Finally, the sequestration capabilities of engineered curli fibers could be explored using
approaches other than nanobody-mediated pull-down. For example, to target SARS-CoV-2 RNA
occurring outside of intact viral envelopes, curli fibers could be engineered to target specific
sequences of viral RNA via functionalization with an RNA-targeting CRISPR-Cas complex.[18]
This technology would also have applications outside of the realm of viral concentration: for
example, it could be used to improve sensitivity in detection of circulating tumor DNA in liquid
biopsies.[19]
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