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New Concept

The integration of inorganic components with living cells is of broad interest for expanding

the functionality of materials for a wide range of applications. While DNA-directed assembly

of inorganic materials offers high specificity and control, it is difficult to integrate this

strategy with living cells as there are few cell-produced extracellular scaffolds for DNA.

Furthermore, it is challenging to produce DNA-based materials in bulk due to high costs.

Protein-based or phage-based scaffolds are in principle suitable for the assembly of

inorganic materials, but currently do not offer sufficient specificity for the assembly of multi-

component materials, as they have largely relied on metal-peptide coordination chemistries.

To tackle these challenges, we engineered cellular consortia composed of multiple distinct

cell populations to manufacture scaffold subunits with defined, orthogonal specificities.

Specifically, we genetically engineered Escherichia coli-produced amyloid fibrils to display

multiple orthogonal isopeptide bond-forming peptides (e.g., SpyTag, IsopepTagN and

IsopepTagC) that bind specifically to their cognate protein partners. This enabled the

programmable, scalable, multiplexed, and highly specific coupling of inorganic materials to

extracellular amyloid scaffolds. We applied this platform to assemble quantum dots (QDs)

in to full-colour Jabuticaba-like nanostructures. Moreover, we showed that this platform is

readily scaled-up at low cost due to the ease of growing large bacterial populations. We

envision that genetically engineering living cell-produced scaffolds for the scalable,

multiplexed, and specific self-organization of nanomaterials will enable the creation of new

hierarchical architectures and functional devices with integrated living and non-living

components.
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The integration of inorganic components with bacterial biofilms is
of great significance for expanding the functionality of artificial
biological materials. However, so far, the complexities and
functionalities of biofilm-based scaffolds assembled by metal-
peptide coordination chemistries are still limited. Here, we present
a platform for the multiplexed and specific coupling of recombinant
protein-functionalized fluorescent red-green-blue (RGB) quantum
dots (QDs) with engineered biofilms to form Jabuticaba-like
nanostructures. Full color living Jabuticaba-like nanostructures
have been achieved through the interaction of extracellular
peptides that are fabricated by biofilms with the proteins that are
modified the surface of the RGB QDs through orthogonal SpyTag-
SpyCatcher, IsopeptagN-PilinN, and IsopeptagC-PilinC pairs. We
envision that living cell populations will enable the multiplexable,
scalable and bottom-up assembly of versatile materials that
integrate both abiotic and biotic components into multifunctional
systems.

The assimilation of inorganic components with living cells in
a programmable manner is of broad interest for expanding the
functionality of new artificial materials -1°. Nature has provided
much inspiration for the bottom-up fabrication of complex
hierarchical architectures 113, Moreover, previous efforts have
described the development of various bio-inspired scaffolds for
assembling functionalized inorganic nanomaterials 4?7, For
example, DNA origami enables precise self-assembly of DNA-
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oligonucleotide-functionalized AuNPs or QDs through highly
specific Watson-Crick base-pairing interactions, but it can be
challenging to integrate this strategy with living cells and to
scale DNA-based materials due to high cost 1°2°, Previously,
protein-based scaffolds have been used to biomineralize single-

metal-peptide
living cells for

component inorganic nanoparticles via

21-23 | everaging
materials synthesis and patterning can provide complementary
capabilities to these non-living templated assembly strategies,

such as scalable self-organization of larger-scale structures 21-25,

coordination chemistries

Recently, we showed that orthogonal control over materials
production with synthetic gene circuits in living bacteria enables
temporal
assembly 28, Bacterial biofilms have been used to template the

and multi-scale spatial control over materials
assembly of single inorganic materials for a specific system 28 29,
However, the complexities and functionalities are still limited.
Here, we demonstrate that genetically engineered
Escherichia coli biofilms can achieve large-scale organization of
a wide array of functional protein-conjugated fluorescent RGB
QDs into full color living Jabuticaba-like nanostructures with

high complexity and specificity, as shown in Scheme 1.
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Scheme 1. Schematic illustrating the organization of protein-conjugated RGB QDs with
living cells via a, SpyTag-SpyCatcher; b, IsopeptagN-PilinN; c, IsopeptagC-PilinC
interaction pairs. (d) The orthogonal isopeptide bond-forming chemistries enable the
formation of full color QD Jabuticaba-like structures.
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Fig. 1 (a, b) Coomassie-stained SDS-PAGE gels and the matrix-assisted laser desorption
ionization (MALDI)-time-of-flight (TOF) spectra analysis of the purified recombinant
proteins. In a, Lane 1 is the standard protein ladder, while Lanes 2, 3, and 4 represent
the recombinant Cys,-SpyCatcher, PilinN-Cys, and Cys,-PilinC, respectively. (c) from left
to right shows the structural simulations for Cys,-SpyCatcher, PilinN-Cys, and Cys,-PilinC,
respectively. Simulations were performed via RaptorX3°,

This organization is mediated by cell-synthesized amyloid fibrils
known as curli 28 2%, which are expressed under the artificial
control of chemical inducers. This platform is readily scaled-up
at low cost due to the ease of growing large bacterial
populations. Amyloids constitute a natural self-assembled
protein material comparable in specific stiffness to spider silk
and steel 3134, Amyloid fibrils are on the order of microns in
length and three to tens of nanometers in width, and are
stabilized by hydrogen bonds and hydrophobic interactions 3>
36, We genetically engineered E. coli to express self-assembling
curli amyloid subunits, CsgA, under tight transcriptional and
translational regulation (Methods, Supplementary Table S1-S3).
CsgA is engineered to display orthogonal peptide tags, including
SpyTag, IsopeptagN, and IsopeptagC. We also functionalized
QDs with the recombinant proteins Cys,-SpyCatcher, PilinN-
Cys, and Cys,-PilinC, which bind specifically to the peptide tags
and form covalent bonds.

The living biomanufacturing platform leverages the
advantages of orthogonal isopeptide bond-forming chemistries
to mediate specific QD-curli interactions. For example, SpyTag-
SpyCatcher chemistry involves a genetically encodable, specific,
and highly reactive peptide-protein pair engineered by splitting
the autocatalytic intramolecular isopeptide bond in the CnaB2
domain from Streptococcus pyogenes 37. Upon simple mixing,
SpyTag and SpyCatcher undergo autocatalytic intermolecular
isopeptide bond formation between Aspll7 on SpyTag and
Lys31 on SpyCatcher, resulting in irreversible amide bond
formation in minutes within both in vitro and in vivo
IsopeptagN-PilinN IsopeptagC-PilinC
chemistries work in an analogous fashion 38. Since the reactive

environments. and
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units are conveniently introduced by genetic engineering, all
these chemistries are excellent platforms for organizing
protein-conjugated QDs with cell-synthesized scaffolds.

Genes encoding the designed proteins were appended with
N-terminal (Cys), and (His), tags for (SpyCatcher and PilinC) or a
C-terminal (Cys), and (His); tag for PilinN (Table S1), and then
expressed in E. coli, followed by protein purification under non-
denaturing conditions by nickel-affinity chromatography. As
shown in Figure 1a, Cys,-SpyCatcher, PilinN-Cys, and Cys,-PilinC
migrated as single bands at ~16, ~33 and ~34 kDa, respectively,
under SDS-polyacrylamide gel electrophoresis (SDS-PAGE). As
shown in Figure 1b, more accurate molecular weight
assessment via matrix-assisted laser desorption ionization
(MALDI)-time-of-flight (TOF) revealed 15.24, 32.70, and 33.28
KDa for these proteins, respectively. These results are
consistent with the SDS-PAGE results and theoretical data
(15.58, 32.90, 33.55 KDa shown in Table S1). We achieved highly
pure (>95%) and highly soluble recombinant proteins with
optimized yields of 10 mg/L, which was expected after a single
round of Ni-NTA purification 37- 38,

We developed a strategy for rapid and robust QD-protein
conjugation coordinated with single-step synthesis in aqueous
solution (see Methods). Cysteine (Cys) and histidine (His)
linkages were genetically encoded in the recombinant Cys,-
SpyCatcher, PilinN-Cys, and Cys,-PilinC proteins. These linkages
have high affinity to metals (such as cadmium and zinc) and
were directly incorporated into the shell of the QDs during
core/shell QD synthesis, thus providing reliable conjugation at a
defined attachment domain on the proteins 3°. We show that
this synthetic route results in robust QD-protein conjugates that
are highly stable and fluorescent and can be used with a wide
range of nanomaterials with variable sizes, geometries,
compositions, and surface properties.

CdSe/CdS core/shell QD-SpyCatcher conjugates were
created by attaching recombinant Cys,-SpyCatcher proteins to
QDs during the CdS shell formation process (Figures 2a-2c).
First, - 6 nm oleic-acid-capped CdSe QDs with a
photoluminescence (PL) emission peak at 650 nm (Figures
2d&2e) were synthesized, and then added mercaptopropionic
acid (MPA) to make the CdSe QDs water-soluble®®. Cys,-
SpyCatcher proteins were recombinantly expressed, purified,
and added to the mixture of CdS shell-formation precursors and
water-soluble CdSe QDs, which were then gently heated at 90°C
for 30 minutes. The resulting CdSe/CdS QD-SpyCatcher
conjugates, with ~8 nm diameters, were purified and re-
dispersed in PBS buffer. The organic-ligand-capped CdSe QDs
displayed weak PL (Figure 2b, black trace), while the
SpyCatcher-conjugated CdSe/CdS QDs exhibited much stronger
PL with a quantum yield (QY) of 35% (Figure 2b, red trace). The
enhanced PL emission can be attributed to CdS shell formation
during the conjugation process. EDS spectra of the assembled
core/shell QD-SpyCatcher conjugate chains revealed the
presence of Cd and Se from the QD core, S from the QD shell, U
from the uranyl acetate-stained curli amyloid fibrils, and Ni from
the TEM grid (Figure 2c, red trace).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Self-organization of CdSe/CdS QD-SpyCatcher conjugates with SpyTag-displaying amyloid curli fibrils synthesized by living cells. (a), Schematic illustration of the strategy for
conjugating recombinant Cys,-SpyCatcher to CdSe core QDs during shell synthesis and their assembly process. (b&c) PL emission and EDS spectra of the same concentration of
starting CdSe QDs before conjugation (black curves) and the CdSe/CdS-SpyCatcher conjugates assembled with CsgAsy,r.s amyloid fibrils with living cells (red curves). Inset photo in b
shows CdSe QDs before conjugation (left) and the CdSe/CdS-SpyCatcher conjugates assembled with CsgASpyTag amyloid fibrils with living cells (right). (d&e) TEM and HRTEM images
of the starting CdSe core QDs before conjugation. (f-j) TEM, HRTEM and STEM images of QD-SpyCatcher conjugates self-assembled on SpyTag-displaying amyloid curli fibrils with
living cells, demonstrating that QDs are attached to the curli fibrils to form Jabuticaba-like nanostructures. The red circles in (e&j) indicate a single 6 nm CdSe QD and a single 8 nm
CdSe/CdS core/shell QD-SpyCatcher conjugate assembled on amyloid fibrils, respectively. The amyloid fibrils are visualized by negative staining with uranyl acetate.

Large-scale self-organization of QDs is achieved by taking
advantage of the high-fidelity coupling between SpyCatcher
conjugated to CdSe/CdS QDs and SpyTag displayed on
extracellular curli amyloid fibrils. To this end, we constructed E.
coli that secreted CsgAspyrag, resulting in the formation of
SpyTag-displaying curli amyloid fibrils. For the assembly of one-
dimensional QD chains, CdSe/CdS QD-SpyCatcher conjugates
were incubated with SpyTag-encoded fibrils in PBS at room
temperature for 30 minutes to allow for complete SpyTag-
SpyCatcher coupling. As depicted in Figure 2f-2j, low-
magnification TEM, HRTEM, and STEM images show 8 nm
CdSe/CdS QD-SpyCatcher conjugates decorated the SpyTag-
displaying amyloid fibrils.

Our synthesis strategy for QD-SpyCatcher conjugates is
versatile and generalizable to QDs with variable compositions
and surface ligands. We synthesized 5 nm red CdTe/CdS QD-
SpyCatcher (650 nm, PL QY of 67%), 3 nm green CdTe/CdS QD-
PilinC (530 nm, PL QY of 30%), and 4 nm blue ZnCdSe/ZnS QD-
PilinN (440 nm, PL QY of 32%) conjugates as shown in Figures
3a, 3b, S1. For example, red CdTe/CdS QDs with a PL emission
peak at 630 nm were synthesized and then Cd-MPA was added
30, Subsequently, Cys,-SpyCatcher proteins were added and
gently heated at 90°C for 30 minutes. The resulting CdTe/CdS
QD-SpyCatcher conjugates had red PL emission at 650 nm and

were stable in PBS buffer. We attribute the red shift of the PL
emission peak of CdTe/CdS QDs during the shell growth process
to a transition from type-l to type-lIl QDs during the gradual
growth of the CdS shell 3931, We achieved highly specific
organization of red CdTe/CdS QD-SpyCatcher conjugates with
the corresponding SpyTag-displaying amyloid curli fibrils
produced by living cells at large scales (20 cm?, Figure 3c). These
red CdTe/CdS QD-SpyCatcher conjugates did not assemble with
cell communities expressing the wild-type or the IsopeptagC-
displaying amyloid fibrils, as shown in Figure S2a.

This platform for the multiplexed and scalable organization
of protein-conjugated nanomaterials enables the creation of
fluorescent multi-component bacteria-QD displays. We
demonstrated this by first growing three different E. coli strains
in patterns defined by stencil templates. These bacteria
produced curli fibrils displaying SpyTag, IsopeptagC, or
IsopeptagN, respectively. We compared the secretion efficiency
of amyloid fibers with the spytag, isopeptagN and IsopeptagC
linkages, respectively, and found that different peptide linkages
have no visible impact the secretion efficiency of amyloid fibers.
We then exposed the resulting cellular communities to mixed
solutions containing red CdTe/CdS QD-SpyCatcher, green
CdTe/CdS QD-PilinC, and blue ZnCdSe/ZnS QD-PilinN
conjugates.

Please do not adjust margins
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Fig. 3 Self-organization of RGB QD conjugates with living biofilms into full color displays.
(a, b) Pictures and PL emission spectra of the red CdTe/CdS QD-SpyCatcher (RQD-
SpyCatcher), green CdTe/CdS QD-PilinC (GQD-PilinC), and blue ZnCdSe/zZnS QD-PilinN
(BQD-PilinN) conjugates. (c) Photographs and schematics of RQD-SpyCatcher conjugates
assembled with E. coli expressing wild-type (wt) CsgA, CsgAspyag, OF CS8Asopeptagc amyloid
fibrils as well as GQD-PilinC conjugates self-assembled with CsgAspeptagc amyloid fibrils.
(d, e) Photographs of mixed RQD-SpyCatcher, GQD-PilinC, BQD-PilinN conjugates self-
assembled with CsgAspyrag (Letter “M” as P1), CsgAjsopeptage (Letter “I” as P2), CsgAsopeptagn
(Letter “T” as P3), CsgAspyrag + CS8Asopeptage + CS8AIsopeptagn (Letter “U” as Q1), and CsgA,:
(Letter “B”) amyloid fibrils expressed by living cells grown with stencil templates. (f)
Diagram of the CIE 1931 color space that shows the color properties of the RGB bacterial-
QD patterns (P1, P2, P3 & Q1 in the black triangle and the location of the primary
colours). The HDTV (Rec. 709) color space standard is plotted as a white triangle for
comparison.

From these QD mixtures, E. coli expressing SpyTag-
displaying curli fibrils specifically organized the red QD-
SpyCatcher conjugates into a red “M” (Figure 3d). E. coli

expressing IsopeptagC-presenting curli fibrils specifically
patterned the green QD-PilinC conjugates into a green “1”. E. coli
expressing IsopeptagN-displaying curli fibrils specifically

organized blue QD-PilinN conjugates into a blue “T”. When
three different E. coli strains expressing SpyTag-, IsopeptagC-,
and IsopeptagN-displaying curli fibrils were grown together, the
multi-strain bacterial community captured the red, green, and
blue QDs together, resulting in a white “U” (Figure 3e). Thus,
the resulting colors were determined by the identities and
relative  compositions of the cellular communities
manufacturing various curli amyloid scaffolds. When wild-type
E. coli was used, little QD fluorescence could be observed, as
shown in Figure 3e.

Figure 3f shows the Commission Internationale de I'Eclairage
(CIE) chromaticity coordinates of the red (0.649, 0.335), green
(0.208, 0.715), and blue (0.178, 0.102) QD-protein conjugates
with the living cell communities in the CIE 1931 chromaticity

4 | J. Name., 2021, 00, 1-6
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diagram. A high-definition television (HDTV) standard (Rec. 709)
for red (0.64, 0.33), green (0.30, 0.60), blue (0.15, 0.06) is
plotted for comparison. Our protein-conjugated QDs can
achieve a larger (130%) gamut than that of the HDTV standard,
especially in the green and red region, and can be selectively
organized based on the composition of living cell populations.
We further confirmed the ability of the bacterial platform to
assemble multi-component materials at the nanoscale. As
depicted in Figure 4, low-magnification TEM and HRTEM images
showed 5 nm CdTe/CdS QD-SpyCatcher nanoparticles
organized on SpyCatcher-displaying amyloid fibrils. HRTEM of a
single chain with well-resolved lattice structures of CdTe
confirmed the successful formation of QD chain structures. We
found that self-organization only occurred in the presence of
the SpyTag-SpyCatcher interactions, and that wild-type and
IsopeptagC-displaying amyloid fibrils made by living cells did not
bind significantly to red QD-SpyCatcher conjugates (Figure 3c).
However, cells that synthesized IsopeptagC-displaying amyloid
fibrils did bind to 3 nm green CdTe/CdS QD-PilinC conjugates
(Figure 3c), thus demonstrating the specificity of the two
orthogonal peptide-protein binding systems. Similarly, we also
synthesized 4 nm ZnCdSe/ZnS QD-PilinN conjugates, which
were able to self-assemble with living cell communities that
produced IsopeptagN-displaying amyloid fibrils.

S CdTe {111)
R

- CdTe(111)

Fig. 4 TEM and HRTEM characterizations of the RGB QD-protein conjugates organized on
amyloid fibrils with biofilms to form Jabuticaba-like nanostructures. (a-c) TEM, HRTEM
images and schematics of the red CdTe/CdS QD-SpyCatcher conjugates self-assembled
on CsgAspyag, green CdTe/CdS QD-PilinC conjugates self-assembled on CsgAjsopeprage, and
blue ZnCdS/ZnS QD-PilinN conjugates self-assembled on CsgAsopepragy displaying amyloid
fibrils with living cells. (d&e) TEM, HRTEM images and schematics of red-emission

This journal is © The Royal Society of Chemistry 20xx
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CdTe/CdS QD-SpyCatcher conjugates co-self-assembled with green-emission CdTe/CdS
QD-PilinC, or blue-emission ZnCdSe/ZnS QD-PilinN on mixed CsgAspyrag, CS8AIsopepTage
subunits, or CsgAspepragn displaying amyloid fibrils with living cells.

To explore the robustness of the abiotic-biotic materials
platform, we grew and freeze-dried cells and their SpyTag-
displaying amyloid fibrils, both in the absence and the presence
of QD-SpyCatcher conjugates as shown in Figures S2&S3. In the
absence of QD conjugates, the freeze-dried materials showed
no PL. When we reconstituted these freeze-dried SpyTag-
displaying amyloid fibrils in PBS, we found that they could
specifically bind to QD-SpyCatcher conjugates. When the cells
and amyloid fibrils were combined with green or red CdTe/CdS
QD-SpyCatcher conjugates and then freeze-dried, the resulting
self-assemblies exhibited stable and strong PL. Although freeze
drying may damage cells, these effects should not degrade the
protein-based materials as the cognate interactions between
the protein-peptide partners used here are covalent 37- 38,

Our strategy enables the simultaneous organization of
multiple functionalized QDs at the nanoscale. This approach
used to construct semiconductor-semiconductor
through specific and covalent SpyTag-
SpyCatcher, IsopeptagN-PilinN, and IsopeptagC-PilinC binding
interactions. We co-organized red-emission CdTe/CdS QD-
SpyCatcher conjugates and green-emission CdTe/CdS QD-PilinC
conjugates on composite amyloid fibrils consisting of CsgAspytag
and CsgA sopeptagc S€Creted by living cells (Figure 4d). We also co-
organized red-emission CdTe/CdS QD-SpyCatcher, green-
emission CdTe/CdS QD-PilinC, and blue-emission ZnCdSe/ZnS
QD-PilinN conjugates on composite amyloid fibrils consisting of
CsgAspyTag: CS8AIsopeptagey aNd CsgAsopeptagn (Figure 4e). As shown
in Figure S4a, the green emission is decreased while the red
emission is increased, which could be potentially attributed to
the existence of the Fluorescence Resonance Energy Transfer
(FRET) after co-organization.** As shown in Figure S4b, we found
the decreases in high-energy blue emission and concurrent
increases in low-energy green and red emission in these
heterostructures, which also could be attributed to FRET from
the larger bandgap QDs to the smaller bandgap QDs. The above
results indicated that our strategy to multiplex and orthogonal
self-assembly of protein conjugated QDs with engineered
biofilms would control the ratios of QDs that significantly
impact the final Jabuticaba-like nanostructures and their optical
properties.

In summary, we have demonstrted that mixed consortia of
genetically engineered living cells can mediate the scalable and
multiplexed self-organization of protein-conjugated QDs into
full color Jabuticaba-like nanostructures. Isopeptide-bond-
forming proteins conjugated to QDs and cognate binding tags
displayed on curli amyloid fibrils were used to achieve specific
SpyTag-SpyCatcher, IsopeptagN-PilinN, and IsopeptagC-PilinC
interactions. The development of additional protein-peptide
pairs would enable complex mixtures of protein-barcoded QDs
to be programmably assembled on peptide-displaying biological
scaffolds. Engineered amyloid fibrils and genetically encoded
chemistries enabled the organization of large-scale RGB
bacteria-QD displays. Although the demonstrations shown here

was
heterostructures

This journal is © The Royal Society of Chemistry 20xx
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are proof-of-principle experiments, we believe that they
illustrate the utility of bacterial communities for multiplexed
assembly of nanomaterials. This work is
complementary to previous work demonstrating that
spatiotemporal control of amyloid expression by living E. coli
enables patterning of materials across multiple length scales?®.
Future improvements may include controlling the synthesis of
genetically engineered amyloid fibrils with synthetic gene
circuits 4> 4 to implement autonomous cell-based
biofabrication platforms, as well as integrating protein design **
45 to achieve finer control of nanoscale structures. Ultimately,
we envision that this work will facilitate the patterning of multi-
functional nanomaterials for large-area devices using scalable,
low-cost, and renewable architectures.
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