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ABSTRACT: Herein, we report macroscopic materials formed by the assembly of
engineered bacterial spores. Spores were engineered by using a T7-driven
expression system to display a high density of pH-responsive self-associating
proteins on their surface. The engineered surface protein on the spore surface
enabled pH-dependent binding at the protein level and enabled the assembly of
granular materials. Mechanical properties remained largely constant with changing
pH, but erosion stability was pH-dependent in a manner consistent with the pH-
dependent interaction between the engineered surface proteins. Our finding
utilizes synthetic biology for the design of macroscopic materials and illuminates
the impact of coiled-coil interaction across various length scales.
KEYWORDS: coiled-coil interaction, engineered spores, granular materials, erosion stability

■ INTRODUCTION
Biology provides key insights for engineering materials.1−3

Complex morphologies and functions in natural biological
materials, such as wood, are genetically encoded function-
alities. Advanced tools in the field of synthetic biology have
been accelerating the development of new materials, and
examples include the work of Joshi and colleagues, who
successfully engineered Escherichia coli to express biofilms with
designer properties such as metal adhesion or protein binding.4

Ajo-Franklin and co-workers’ work demonstrates macroscopic
materials autonomously formed by proteins expressed and
secreted from engineered strains of bacteria.5 Developing and
expanding new fundamental knowledge and design rules across
length scales, from protein−protein interaction to macroscopic
properties of materials, remains an important challenge in the
field of engineered living materials.
Protein assembly programs the hierarchical structures and

physical properties of natural biological materials. Self-
assembling bacterial amyloid proteins confer features such as
adhesion and resistance to naturally occurring biofilms.6 In
animals, essential structural proteins such as keratin and
collagen are both formed by an assembly of proteins.7 The
coiled-coil motif is one of the most fundamental and common
protein self-assembly motifs found in nature.8 The sequence−
structure relationship of coiled coils is well understood and has
enabled computational designs of many synthetic coiled coils.9

Researchers have employed coiled coils to create stimulus-
responsive hydrogels and tunable colloidal assemblies.10−15

Bacterial surfaces decorated with coiled-coil motifs were shown
to modulate the adhesion of bacteria to yield cellular

aggregates in the mesoscale.16,17 We envisioned that these
well-understood interactions can be used to arrive at
macroscopic materials comprising cellular building blocks. To
date, the macroscopic assembly of materials comprising cellular
building blocks mediated by coiled-coil interactions is
unprecedented.
Bacterial spores are useful biological building blocks for

designing robust materials operating under abiotic conditions.
Unlike living cells that require nutrients and hydrated
environments, spores are dormant, partially dehydrated, and
can withstand harsh environments such as high temperatures,
desiccation, ultraviolet irradiation, chemical insults, and long-
term dehydration.18 When returned to favorable growth
conditions, vegetative cells germinated from spores can be
used to grow more spores or carry out a genetically encoded
function.18,19 Sahin and co-workers demonstrated the superior
mechanical response of Bacillus subtilis spores to water
gradients and successfully used them to create micron-scale
biohybrid hygromorph actuators.20 In another work, Voigt and
co-workers embedded B. subtilis spores into a material resilient
to environmental stresses, which could be germinated to realize
various engineered functionalities.19 Recently, we developed a
T7 ribonucleic acid (RNA) polymerase-enabled high-density
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protein display (TIED) system for bacterial spores, achieving
loading densities of 106−107 enzymes per spore.21 TIED
spores showed stress-tolerant catalytic activity, and the use of
bacterial spores as biocatalysts allowed for catalyst renewal by
germination to a vegetative state followed by sporulation.21

Our subsequent work used synthetic polymers to assemble
these spores into catalytic macroscopic materials.22

In this study, we demonstrated the formation of macroscopic
materials with engineered bacterial spores displaying a coiled-
coil motif. High concentrations of self-associating coiled-coil
proteins on the spore surface were enabled by the TIED
system.21 Stimulus-responsive protein−protein interactions
were confirmed via binding studies with fluorescent protein
probes and were used in the formation of macroscopic
materials. We also engineered spores displaying a telechelic
protein with a coiled-coil motif to understand the effect of
varying protein architectures on the resulting material
property. We tested these materials’ mechanical properties
and their pH dependence, determining that our materials show
a pH-dependent erosion stability attributed to the engineered
surface protein.

■ RESULTS
Construction of TIED-A Spores. Motivated by the

potential of B. subtilis spores as a building block for durable,
long-lasting, and stimulus-responsive biocomposite materials,
we set out to engineer the spore surface with a stimulus-
responsive protein−protein interaction motif. A small protein,
referred to as “A-coil”, was chosen because of its small size (4.8
kDa), antiparallel aggregation, simple secondary structure, and
ability to refold after being heated to a fully denatured
state.10,11,14,15 At near neutral pHs and moderate temperatures,
A-coil forms an α helix, which reversibly assembles into
antiparallel tetramers using a leucine zipper motif.11,14,23 Tirrell
and co-workers showed that at suitably high concentrations,
telechelic proteins comprising A-coils at the chain ends form
temperature- and pH-responsive hydrogels.10,11,14,15

We elected to use the TIED system to achieve a high density
of A-coil on the spore surface.21 A complete TIED genetic
circuit works by engineering B. subtilis to express the T7 RNA
polymerase during the late stages of sporulation. This highly
active polymerase then drives the overexpression of spore coat
fusions of a desired protein, which assembles onto the spore
surface. We chose to display proteins using the TIED system as
TIED can achieve a higher concentration of proteins on spores
than other spore display techniques. We empirically

Figure 1. Construction of TIED-A spores. (A) General design of engineered genetic circuits in this study. Pcoat promoters active in the late stages of
sporulation drive the expression of the highly active T7 RNA polymerase, which subsequently transcribes A-coil fusion proteins. (B) Western blot
images of the spore proteome of the selected colonies after double transformation. Coat proteins are resolved by SDS-PAGE and transferred for
Western blot analyses with primary mouse anti-FLAG and secondary goat antimouse Alexa-Fluor-647-conjugated antibody. Protein concentrations
were normalized by OD600 of the spores used to prepare the lysate. (C) Phase contrast (top) and fluorescence (bottom) microscopy images of
engineered spores incubated with A-RFP (1.0 mg/mL A-RFP with OD600 = 0.7 spores in PBS, pH 6.9, 22 °C, 250 rpm, 2.75 h) and subsequently
washed by spinning down at 4000g for 15 min and resuspended in fresh PBS two times. (D) Bulk fluorescence measurements taken after
fluorescent labeling of the spores with A-RFP (1.0 mg/mL A-RFP with OD600 = 0.7 spores in PBS, pH 6.9, 22 °C, 250 rpm, 2.75 h) and subsequent
washing by spinning down at 4000g for 15 min four times. (E) Bulk fluorescence measurements of A-RFP-bound spores at various pHs. N = 3
replicates. Mean ± standard deviation.
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determined the best combination of promoter sequences and
coat protein fusion partners for the high expression of A-coil
fusion proteins by the sequential double transformation
(Figure 1A). Spores were then made by following an early
harvest sporulation protocol to maximize the density of intact
spore coat fusions.21 Western blot of the spore coat proteome
with FLAG tag antibody revealed that the PCotG−CotZ and
PCotVWX−CotZ promoter and fusion partner combinations
showed a high expression of the CotZ-fused A-coil on the
spore surface (Figure 1B). The PCotVWX−CotZ combination
was selected for further studies due to the apparent higher
expression and is hereafter referred to as TIED-A. Comparison
with a previously reported TIED construct revealed a similar
expression level for the TIED-A (Figure S3).21 The complete
TIED-A genetic circuit was verified by whole genome
sequencing. All the combinations of tested promoters with
the CotG fusion protein yielded a low expression. The whole
genome sequencing of the PCotG−CotG combination revealed
the missing T7 amplification part at the thrC locus despite
double antibiotic selection. We elected this strain as a low-
expressing control (Low-A) to assess the impact of T7-
mediated amplification.
Having established that TIED-A displays a high density of A-

coils on the spore surface, we sought to verify that the A-coil is
functional and behaves as expected. TIED-A spores were
incubated with an mRFP fluorophore fused with A-coil (A-
RFP) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4
1.8 mM KH2PO4, pH 6.9). After unbound A-RFP was washed,
fluorescent microscopy images of spores showed surface
localization of A-RFP on the TIED-A spore surface but not

on wild-type (PY79) spores (Figure 1C). The bulk
fluorescence intensity of these spore suspensions corroborated
these images and revealed that the high density of A-coil on
spores is critical to observe the intended coiled-coil interaction,
as the wild-type and Low-A spores resulted in low fluorescence
emission from the bound A-RFP (Figure 1D).
We then investigated whether the unique pH dependence of

the interaction between A-coils is maintained in the TIED-A
spores. Bulk fluorescent measurements with A-RFP at different
pHs showed that TIED-A spores interact with A-RFP at pHs
lower than 7 (Figure 1E), consistent with previous reports on
the pH response of this protein.10 We note that errors in this
experiment are relatively large in low pH samples due to the
engineered spores’ tendency to stick to surfaces at low pH,
leading to unavoidable loss of spores during the washing
procedure (Figure S4).

Assembly of TIED-A Spores into Macroscopic Materi-
als. Based on our fluorescence microscopy results suggesting
that TIED-A forms pH-dependent coiled-coil interactions, we
hypothesized that TIED-A spores at sufficiently high
concentrations could assemble into pH-tunable macroscopic
materials. We first concentrated TIED-A spores suspended in
PBS at pH 6.5 into a spore pellet by centrifugation. This pH
was selected based on the expected formation of a protein−
protein interaction, while avoiding potential complications
associated with surface protein precipitation at low pH. This
concentrated suspension was difficult to remove and character-
ize. However, we observed that by pipetting additional buffer
(200 μL PBS, pH 6.5) around the interface between the tube
and the material, the material became detached from the tube

Figure 2. Assembly of TIED-A spores into macroscopic materials. (A) Schematic illustration of the TIED-A material synthesis procedure. Spores
from 1 L cultures suspended in 30 mL of PBS (pH 4.0, 6.5, or 11.0) were pelleted by excessive centrifugation (first 4000g for 30 min at 22 °C, then
21,130g for 12−18 h). After pipetting off the supernatant, 200 μL of fresh PBS buffer was added to the pellet to allow removal of spore materials.
(B) Representative photographic image of TIED-A materials. (C) Storage moduli G′ (filled circles) and loss moduli G″ (open circles) of TIED-A
and wild-type spore materials prepared at pH 6.5. (D) Scanning electron microscopy (SEM) images of lyophilized TIED-A hydrogels at low (top)
and high (bottom) magnifications. (E) Maximum G′ of TIED-A materials prepared at various pHs. N = 3 biological replicates. Mean ± standard
deviation.
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surface and could be easily removed, yielding a cohesive,
elastic, and self-standing macroscopic material (Figure 2A,B).
The viscoelastic property of the TIED-A materials (Figure 2C)
and materials prepared from wild-type spores (Figure 2C) was
probed by frequency-sweep measurement. Both materials are
viscoelastic solids, and TIED-A materials showed a slightly
higher storage modulus (G′) in all tested frequency ranges
(Figure 2C). We were surprised to find that wild-type spore
materials had a measurable mechanical property, given the lack
of any engineered self-associating surface protein. In light of
our result, we reasoned that both the TIED-A and wild-type
materials, being composed of highly concentrated spores, are
best classified as granular materials packed into a jammed state.
Granular materials are materials composed of systems of
particles with diameters greater than a micron.24−26 Spores are
approximately 1−1.5 μm in diameter (Figures 1C and 3C). At
high concentrations, granular materials can enter a jammed
state, where the particles are closely packed and the bulk
property transitions from liquid-like to solid-like.26 In granular
materials, gravity is a greater contributor to particle motion
than thermal agitation, and friction is more important than van
der Waals interaction in understanding the forces between

particles.26 As such, the bulk mechanical properties of these
materials would be primarily determined by particle size,
shape, and stiffness, which explains the similarity between
TIED-A and wild-type spore materials.27,28 While both systems
behave as viscoelastic solids, the surface interaction between A-
coils on spores likely increased the stiffness of the resulting
materials in TIED-A samples.
The structure of TIED-A materials was probed with SEM.

SEM images of the lyophilized TIED-A materials showed an
assembly of spores interrupted by large pores, presumably from
water escape from the network during the freeze-drying
process (Figure 2D, top). At larger magnifications, fracture
sites around the pores revealed fibrillar structures extending
from the TIED-A spores, leaving behind fibers of disconnected
matter (Figure 2D, bottom). SEM images of wild-type spore
materials revealed a similar structure (Figures S10 and S11).
Another notable feature of the TIED-A spores in the SEM
images is that the boundaries of individual spores were weakly
defined. We then tested the pH response of TIED-A materials
by preparing them at pH 11.0 and pH 4.0. Our results showed
a slight decrease in maximum G′ for both pHs (Figure 2E).
The result did not follow the trend observed from the A-RFP

Figure 3. TIED-AE6A spore: design, characterization, and assembly of macroscopic materials. (A) Schematic illustrations of AE6A protein (left),
TIED-AE6A (middle), and genetic constructs to obtain TIED-AE6A (right). A telechelic AE6A protein that forms hydrogels was displayed on the
spore surface, yielding TIED-AE6A spores. (B) Western blot images of the spore proteome. Coat proteins are resolved by SDS-PAGE and
transferred for Western blot analyses with primary mouse anti-FLAG and secondary goat antimouse Alexa-Fluor-647-conjugated antibody. Protein
concentrations were normalized by OD600 of the spores used to prepare the lysate. (C) Phase contrast (top) and fluorescence (bottom) microscopy
images of the TIED-AE6A spores incubated with A-RFP (1.0 mg/mL A-RFP with OD600 = 0.7 spores in PBS pH 6.5 or 11.0, 22 °C, 250 rpm, 2.75
h) and subsequently washed with by spinning down at 4000g for 15 min, removing the supernatant, and resuspending in fresh PBS pH 6.5 or 11.0
two times. (D) Bulk fluorescence measurements of TIED-AE6A spores labeled with A-RFP at two different pHs (1.0 mg/mL A-RFP with OD600 =
0.7 spores in PBS, pH 6.5 or 11.0, 22 °C, 250 rpm, 2.75 h) after washing by spinning down at 4000g for 15 min four times. (E) Schematic
illustration and a representative photographic image of TIED-AE6A materials. (F) G′ and G″ of TIED-AE6A spore materials. (G) SEM images of
lyophilized TIED-A materials at low (top) and high (bottom) magnifications. (H) Maximum G′ of TIED-AE6A materials at various pHs. N = 3
biological replicates. Mean ± standard deviation.
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binding study probing the protein-level pH-dependent
interaction (Figure 1C). Wild-type materials prepared at pH
4.0 and 11.0 showed maximum G′ values similar to TIED-A,
though none as high as TIED at pH 6.5 (Figures S18−S21).
TIED-AE6A Spore: Design, Characterization, and

Assembly of Macroscopic Materials. We then investigated
the effect of the self-associating protein’s structure on the
resulting material properties. Telechelic systems of A-coils have
been studied extensively and found to form pH- and
temperature-responsive hydrogels.10,11,15,23 Telechelic AE6A
protein (28.5 kDa) bears two A-coils flanking 6 repeats of the
E chain derived from elastin. Several TIED-AE6A constructs
were made with the CotZ protein fusion partner and a few
promoter sequences (Figure 3A). Western blot analysis of the
spore coat proteome verified that all three constructs
successfully expressed a high density of the CotZ-AE6A fusion
protein on the spore surface (Figure 3B). The PCotVWX−CotZ
combination was selected as TIED-AE6A for further studies
because TIED-A also uses the PCotVWX−CotZ promoter and
fusion partner, allowing for direct comparison between the
two. The complete TIED-AE6A genetic circuit was verified by
whole genome sequencing.
Similar to TIED-A, TIED-AE6A also binds to A-RFP, as

evidenced by fluorescence localization on the spore surface
(Figure 3C) and increased bulk fluorescence emission (Figure
3D) at pH values lower than 7. At a high pH (pH 11.0), TIED-
AE6A failed to form a robust interaction with A-RFP,
indicating that the intended pH response of the coiled-coil
interactions operates on the surface of TIED-AE6A spores.
When making materials using the same procedure as for

TIED-A at pH 6.5, the TIED-AE6A spores yielded cohesive,
elastic, and self-standing macroscopic materials (Figure 3E),
with a storage modulus slightly lower than that of TIED-A
prepared under the same conditions (Figure 3F). This result

suggests that the additional A-coils on the telechelic AE6A
proteins are not contributing to the network stiffness, possibly
due to the formation of intramolecular loops rather than
interspore A-coil interactions or due to the additional length
between interacting A proteins. SEM images of the lyophilized
TIED-AE6A materials showed structural features similar to
those of TIED-A (Figure 3G, top). Similar to TIED-A, the
general mechanical properties of TIED-AE6A did not change at
various pHs (Figure 3H). We again reason that these materials
are best classified as granular materials packed into a jammed
state with the bulk material properties largely determined by
particle size, shape, and stiffness.

pH-Dependent Erosion Stability of TIED-A and TIED-
AE6A Materials. In contrast to our initial expectation that
these materials would have different mechanical properties at
different pHs due to the pH-dependent binding of A-coil to
TIED-A and TIED-AE6A, we observed generally similar G′
values across the tested pHs, many of which were not different
from the wild-type, a result which can be understood when
considering the nature of granular materials. However,
throughout the mechanical testing, we observed that TIED-A
and TIED-AE6A seemed more cohesive than materials
prepared with wild-type spores. Previous reports by Tirrell
and co-workers investigated the erosion stability of telechelic
protein hydrogels, finding the effect of topology of self-
associating proteins on erosion rate.11 We thus hypothesized
that TIED-A and TIED-AE6A might show enhanced erosion
stability compared to wild-type materials due to the engineered
surface A-coils cohesively holding the material together.
TIED-A, TIED-AE6A, and wild-type spore materials were

immersed in PBS at various pH values (Figure 4A). At pH 4.0,
TIED-A and TIED-AE6A both showed minimal spore leakage
and material erosion over the course of 7 days compared to the
wild-type, which disassembled quickly upon immersion (Figure

Figure 4. Erosion stability of TIED-A and TIED-AE6A materials. (A) Schematic of the erosion assay. Spore materials prepared at a certain pH are
added to PBS at that pH to a concentration of 5 mg material/mL PBS, and the supernatant OD600 is measured to track spore leakage. (B)
Representative images of materials taken at 0 and 5 h for the pH 6.5 assay. (C) OD600 trace of the supernatant in the pH 4.0 erosion assay for
TIED-A, TIED-AE6A, or wild-type spore materials (22 °C) over the course of 1 week. (D) OD600 trace of the supernatant at pH 6.5 containing
TIED-A, TIED-AE6A, or wild-type spore materials (22 °C) over the course of 1 week. (E) OD600 trace of the supernatant at pH 11.0 containing
TIED-A, TIED-AE6A, or wild-type spore materials (22 °C) over the course of 1 week.
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4B). At pH 6.5, TIED-A showed significant improvement over
the wild-type, with limited erosion for the first 24 h of the
assay, followed by steady spore leakage over the next few days
(Figure 4C,D). Interestingly, TIED-AE6A at pH 6.5 showed
erosion stability better than that of both the wild-type and
TIED-A (Figure 4D). At pH 11.0, both TIED-A and TIED-
AE6A showed improvement over the wild-type but eroded
more quickly than in lower-pH experiments (Figure 4E). This
result generally mirrors the trend observed in our A-RFP
binding study and suggests that the engineered surface protein
is able to improve the erosion stability of these jammed spore
materials at low pH where the protein−protein interaction is
occurring. TIED-AE6A showed erosion slower than that of
TIED-A at pH 6.5 and 11.0 (Figure 4D,E). We speculate that
the higher number of protein−protein interaction domains
(Figure S3) contributes to these observed differences. Low-A
showed slightly better erosion stability than the wild-type at
pH 4.0 but was not as stable as TIED-A or TIED-AE6A
(Figure S25). At pH 6.5 and 11.0, Low-A was not erosion-
stable. This result supports that a higher number of protein−
protein interaction domains on the spore surface lead to
greater erosion stability.
To demonstrate the potential utility of our system for

practical application, we tested whether the materials formed
by the engineered spores could release an embedded cargo in a
pH-responsive manner (Figure S21). A-RFP, a model cargo,
was incorporated into TIED-AE6A spore materials and
released more rapidly at pH 9.0 than at pH 4.0. This proof-
of-concept experiment suggests that our engineered spores
could be used to deliver protein cargo in a pH-responsive
manner.

■ DISCUSSION
We developed a new approach to making macroscopic
materials via the assembly of engineered B. subtilis spores
displaying a high density of stimulus-responsive and self-
associating proteins. A-coil and telechelic AE6A protein was
translationally fused to the CotZ B. subtilis coat protein and
displayed on the spore surface. These proteins remain
functional and recruit other A-coils to the spore surface in a
pH-dependent manner. Upon centrifugation, TIED-A and
TIED-AE6A spores assembled into macroscopic materials and
exhibited pH-dependent erosion stability.
This work is the first example of a macroscopic material

assembled entirely from engineered B. subtilis spores alone. As
such, it outlines a generalizable platform and illuminates some
design considerations for arriving at more sophisticated future
generations of materials comprising engineered cells or spores.
Because our engineered spores enable the delivery of protein
cargo in a pH-responsive manner, future work could utilize this
platform for the oral delivery of protein biologics. Engineered
TIED spores, in particular, show great potential for building
robust materials for practical applications, as they bypass the
cell viability and biotic condition requirements for materials
encasing living cells. It may be possible to realize materials with
different and superior mechanical properties by employing
stronger protein−protein interaction motifs on the TIED
spores.
We originally anticipated creation of materials with pH-

tunable mechanical properties via the use of stimulus-
responsive A-coil proteins; however, we ultimately arrived at
materials that showed broadly similar mechanical properties.
We reasoned that our materials are best classified as granular

materials that have been packed into a jammed state and that
material properties were, therefore, predominantly determined
by the shape, size, and stiffness of the spores rather than the
engineered surface protein.26−28 Intended protein−protein
interaction on the engineered spore surface led to pH-
dependent erosion stability, a result that provides useful insight
to future researchers regarding which properties could be
tunable or altered in similar systems. The fact that our
materials remained intact and exhibited similar mechanical
properties at pHs far outside the realm of what most cells can
tolerate suggests that TIED spore materials may have practical
applications in circumstances in which other engineered
biological materials are unable to persist due to the harsh
environment. We believe that future materials composed of
TIED spores bearing protein−protein interaction domains will
realize a wide variety of engineered properties and serve many
practical applications.

■ METHODS
Design and Cloning of Genetic Constructs and

Transformation into B. subtilis. The A and AE6A gene
sequences were obtained from Sim lab stock and amplified
using colony PCR. The fragments were then cloned using
Golden Gate (for A) or Gibson Assembly (for AE6A) into
PBS1C plasmids for T7-driven expression of CotZ/CotG coat
protein fusions. All flanking sequences were identical to a
previously reported construct.21 TIED-A and TIED-AE6A were
constructed by following a previously reported double
transformation protocol.21 TIED-A and TIED-AE6A constructs
were verified using a whole genome sequencing service
(Plasmidsaurus, GenBank: CP159912 and CP159874). Addi-
tional cloning details are available in Supporting Information.

General Spore Preparation. The spores used in this
study were prepared similar to the previous report21 but with
the following modifications. Two 5 mL precultures were grown
in Lysogeny broth (5 μg/mL chloramphenicol) until
saturation, rather than to the mid-exponential phase, and
were then inoculated to 1 L of LB media and grown 20−24 h
at 250 rpm, 37 °C before sporulation. Sporulation and lysis
were carried out as described previously using 250 mL of PBS
and 15 mL of 1 mg/mL lysozyme in PBS for each 1 L culture.
After lysis, the spore pellet was resuspended in 30 mL of PBS
at the desired pH for further use.

Decoating of Spores and Western Blot of Spore Coat
Proteome. The previously reported decoating procedure was
followed,21 with the following changes. 1 mL of spores (OD600
= 1.0) in PBS was spun down at 4000g for 10 min and
resuspended in 500 μL of decoating buffer. Spores were then
heated for 30 min at 65 °C, followed by probe sonication on
ice (1 s on, 1 s off, at 100% intensity for 30 s total) and heating
at 65 °C for an additional 10 min. The decoated spores were
separated from the solubilized spore coat proteome by
centrifugation at 10,000g for 15 min. 15 μL of solubilized
spore coat proteome was then combined with 5 μL of 4x
Laemmli buffer with 0.4 M DTT and heated at 95 °C for 5
min. 10 μL of the resulting samples was used for SDS-PAGE
gel electrophoresis and run at 222 V for 24 min. Subsequent
gel imaging, immunostaining, and western transfer were all
carried out according to the established methods.21

Design and Cloning of A-RFP Fusion Protein. A-coil
and mRFP sequences were directly amplified from bacterial
colonies using colony PCR with overhanging restriction sites.
The PCR fragments were then purified by using gel
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electrophoresis and cut with restriction enzymes. The digested
product was purified by using the Qiagen gel extraction kit to
remove enzymes and short DNA fragments. The PCR
fragments were then ligated into a linearized pQE80 plasmid
using the M0202 protocol from New England Biolabs. The
ligation mixture was then transformed into DH10B electro-
competent cells (New England Biolabs, C3019) and plated on
an antibiotic plate (carbenicillin 100 μg/mL). Successful
transformation of the correct construct was verified by using
Sanger sequencing (Azenta). The plasmid was then purified
and transformed into electrocompetent BL21(DE3) using
electroporation and checked via colony PCR. Additional
cloning details are provided in the Supporting Information.
A-RFP Expression and Purification. BL21(DE3) bearing

the pQE80 A-RFP plasmid was streaked onto an LB agar plate
(100 μg/mL carbenicillin) and grown for 14 h at 37 °C. A
single colony was then inoculated into 1 L of Terrific Broth.
The culture was grown for 8 h at 250 rpm, 37 °C. The OD600
was monitored by using a NanoDrop One UV−vis
spectrophotometer. Protein expression was induced after 8 h
at OD600 = 0.6 by adding 1 mL of 1 M filter-sterilized isopropyl
β-D-1-thiogalactopyranoside. Induction was carried out for 18
h at 25 °C, 120 rpm. Cells were harvested by centrifugation at
4000g, 4 °C, for 20 min. The supernatant was poured off and
the pellets frozen at −80 °C. The pellet was then thawed on ice
and resuspended in 40 mL of lysis buffer (50 mM NaH2PO4,
300 mM NaCl, and 10 mM imidazole, pH 8) with 1 mg/mL
lysozyme from chicken egg white (Sigma-Aldrich no. 6876-
5G). Once resuspended, the mixture was left on ice for an
additional 30 min. The lysis mixture was separated into six 15
mL centrifuge tubes, which were sonicated on ice. The lysates
were then centrifuged at 40,000g, 4 °C, for 30 min. 30 mL of
Ni-NTA agarose resin slurry (Qiagen no. 30210) was added to
the soluble fraction and rocked gently at room temperature in
the dark for an hour. The entire mixture was then subjected to
affinity column chromatography. SDS-PAGE gel electro-
phoresis was used to examine protein identity and purity.
After dialysis, the protein was flash-frozen at −80 °C and
lyophilized into a dry powder.
A-RFP pH-Dependent Labeling Assay. Spore solutions

were prepared in PBS at various pHs (OD600 = 0.7) and mixed
with A-RFP (1.0 mg/mL) at 22 °C and 250 rpm for 2 h and 43
min. After consecutive washing with PBS at various pHs (137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4,
and pH 3.10, 3.93, 4.98, 5.39, 6.01, 6.50, 7.02, 7.44, 8.09, 8.42,
9.06, and 9.98), bulk fluorescence was measured using the
plate reader (BioTek Synergy H1, excitation: 550 nm,
emission: 610 nm). We note that below pH 7, OD600
decreased substantially due to their tendency to stick to
surfaces and each other.
A-RFP Labeling Assays with an Optical and Fluo-

rescence Microscope. The spores prepared analogously to
the pH-dependent binding study were subjected to phase
contrast and fluorescence imaging. 0.6 μL of the labeled spore
suspension was pipetted onto a 2% agarose pad on a glass slide,
covered with a glass coverslip, and imaged. All fluorescent
images (excitation 560/40, emission 630/75) were taken with
identical imagining conditions to ensure fair comparison.
Spore Material Preparation. TIED-A or TIED-AE6A

spores were prepared.21 The resuspended pellet in 30 mL of
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, and pH 3.97, 6.53, or 10.97) was spun down at
4255g and 22 °C for 30 min in a 50 mL conical tube. The

supernatant was poured off, leaving a soft sticky pellet behind.
The pellets were further concentrated by pipetting 1.5 mL of
pellet into 1.7 mL microcentrifuge tubes and spinning down at
21,130g, removing any supernatant, and adding more spore
pellet to the microcentrifuge tube until a pellet volume of
∼900 μL was obtained. The pellets were then spun down at
21,130g for an additional 16 h. Any remaining supernatant was
removed, and then, 200 μL of PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) at the desired pH
was added back to the tube. The PBS was gently pipetted up
and down along the edges of the tube to allow the material to
detach from the surface of the tube. The material could then be
removed from the tube by swirling with a pipet tip, tweezers, or
a spatula for further experimentation and analysis. Identical
steps were taken for wild-type spores.

Rheological Characterization of TIED-A and TIED-
AE6A Materials. Rheology was performed on a Discovery
series HR-3 rheometer from TA Instruments using a cone and
plate geometry (40 mm, 2° cone, TA Instruments no.
511406.905) and TRIOS software. Frequency sweeps from
0.05 to 600 rad/s were carried out at 0.1% strain at 25 °C. To
minimize changes in material properties due to water
evaporation, ∼10 mL of water was pipetted around the sample
pedestal, and a custom 3D-printed chamber was placed over
both the pedestal and geometry to maintain a humid
environment throughout the experiments.

Scanning Electron Microscopy of TIED-A and TIED-
AE6A. TIED-A and TIED-AE6A materials were lyophilized and
mounted to a stub using double-sided conductive adhesive
tape. The samples were then sputter-coated and imaged using a
TESCAN GAIA3 SEM-FIB.

pH-Dependent Erosion Stability Assays. Spore materi-
als were prepared using PBS (137 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4, 1.8 mM KH2PO4) at the tested pH (4.0, 6.5,
or 11.0). After weighing each material (mass ranged from 213
to 959 mg), they were washed with PBS at the tested pH and
then placed into PBS buffer at the tested pH to a concentration
of 5 mg spore material/mL PBS. The differences in the final
OD600 for these experiments were likely caused by material loss
during the transfer process. The materials were then shaken at
22 °C, 250 rpm, for 40 s to mix the solution and suspend any
spores that had leaked from the material. 1 mL of supernatant
was then removed, and the OD600 was measured on a
NanoDrop spectrophotometer using a cuvette. The samples
were stored at 22 °C, 0 rpm, and the OD600 was checked using
the same technique every hour for the first 10 h and then every
12 h after the first day.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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details; full Western blot data; spore labeling data
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at different pHs and wild-type material maximum
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engineered spore germination studies, pH-responsive
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