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Hypothesis: Amyloid-forming biofilm proteins of Escherichia coli, namely CsgA and CsgB, can form self-
assembled nanofibers on solid surfaces. These proteins can be programmed to form bio-nanomaterials
for functional applications.
Experiments: In this study, the assembly of the CsgA and CsgB protein on solid surfaces was investigated
in real time using a quartz crystal microbalance instrument with dissipation monitoring. The assembly
kinetics of the CsgA and CsgB proteins in various settings on solid surfaces were investigated. Protein
nanowires were investigated using electron microscopy.
Findings: CsgA protein polymers and CsgB-added CsgA polymers form densely packed biofilm on gold
surfaces, whereas CsgB polymers and CsgA-added CsgB polymers form biofilms with high water-
holding capacity according to the dissipation data. Electron microscopy images of nanofibers grown on
gold surfaces showed that CsgA and CsgB polymers include thicker nanofibers compared to the nanofi-
bers formed by CsgA-CsgB protein combinations. The resulting nano/microstructures were found to have
strong fluorescence signals in aqueous environments and in chloroform while conserving the protein
nanowire network.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Proteins form hierarchical material assemblies through self-
assembly and molecular recognition [1–4]. They serve as
scaffolds in tissue formation and biomineral deposition, or they
feature hierarchical assemblies leading to complex material sys-
tems [5–9]. As monomeric material-forming units, proteins can
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be tuned in terms of structure and functionality through protein
engineering [10,11]. In protein-based material systems, self-
assembly is the driving force for the formation of complex mate-
rials [12].

Viral capsid proteins, cage proteins and amyloids can form
self-assembled material systems [13,14]. Among these proteins,
amyloids have the potential to form protein polymers with
advanced mechanical and physical properties [14–16]. Amyloids
can be grouped into pathological and functional amyloids as
the major classes. Pathological amyloids are defined as the prod-
ucts of protein misfolding and cause many human diseases such
as Alzheimer’s, Parkinson’s and Huntington’s disease [17–19]. In
amyloids, b-strands are elongated perpendicular to the fiber axes
forming the final shape [20,21]. Hydrogen bonding between side
chain groups affects the spacing of b sheets [22]. Additionally,
intermolecular interactions play a role in stabilization of the
amyloid structure, which also gives rise to the mechanical prop-
erties of the amyloids [23,24]. The resulting amyloid structure is
rigid and could resist protease treatment or environmental and
chemical stress factors such as temperature and detergents
[25,26].

In addition to pathological amyloids, functional amyloids are
also available in nature. Certain bacteria species, such as Salmonella
typhimurium, Streptomyces coelicolor, Mycobacterium tuberculosis,
and Escherichia coli, are capable of producing functional amyloids
[27–31]. Functional amyloids of bacteria facilitate attachment of
the biofilms onto hydrophilic or hydrophobic surfaces and invasion
of host cells. Functional amyloids of E. coli are responsible for cell-
surface attachment and cell-cell interactions in the biofilm matrix
[32–34]. Synthesis and secretion of curli proteins are generated by
two operons: csgBAC and csgDEFG. The csgDEFG operon is responsi-
ble for transcription of proteins that regulate secretion of curli sub-
units. The major and minor subunits CsgA and CsgB, respectively,
are transcribed by the csgBAC operon [30,35]. Following secretion,
CsgA assembles onto the cell surface by the aid of CsgB, whereas
CsgB anchors to the cell surface and serves as a nucleator for CsgA
polymerization in vivo, as demonstrated in Fig. 1A [36,37].
Recently, CsgB was reported to be the critical protein for control-
ling the mechanical properties of E. coli biofilms [38]. However,
both proteins could self-assemble in vitro (Fig. 1B). Pre-formed
CsgA or CsgB fibers accelerate CsgA or CsgB polymer growth
[37,39,40].

In recent years, there has been increasing interest in the utiliza-
tion of bacterial amyloids as functional material systems
[7,15,41,42]. Engineered CsgA proteins were used as a cell surface
display system for fluorescent proteins and nanomaterials, and
recently, aromatic amino acid-inserted biofilm proteins were
demonstrated to be innovative conductive interfaces [43]. Also,
protein nanofibers of CsgA and CsgB can be utilized as an interface
for material templating (for nanowire growth) [44], for ordered
assembly of enzymes [45], for building underwater adhesives
[46] and for creating conductive interfaces [43].

In this study, purified CsgA and CsgB proteins (secretion signals
removed) were studied for their self-assembly kinetics on solid
surfaces to understand the nature of the self-assembled protein
nanowire network using a mass sensitive method coupled with
dissipation monitoring. We observed that assembly behaviors of
biofilm protein polymers on a gold surface are different depending
on the type of the biofilm protein. Additionally, protein polymers
were further analyzed for their functional properties in terms of
structure and fluorescent emission capabilities. These finding pro-
vide a new approach to the assembly and functionality of biofilm
proteins on solid surfaces. Some of the possible application areas
of the final protein-based material systems are discussed in the
conclusion part of this manuscript.
2. Materials and methods

2.1. Cloning of csgA and csgB gene fragments

Gene fragments of csgA and csgB were amplified from the E. coli
MG1655 genome. GS linker sequences (composed of three repeats
of GGGS amino acids) were added to the 3-prime end of gene frag-
ments via PCR reactions. Flexible linkers were used to prevent
protein-tag interactions and loss of protein function. Recombinant
gene fragments were cloned into the pET-22b(+) expression vector
with the cut ligate method using HindIII and BamHI endonucleases
(NEB). The pET-22b(+) expression vector enabled us to synthesize
recombinant proteins with a 6-histidine-tag on C terminals under
control of the lacI promoter. Before the ligation step, the pelB lea-
der sequence was removed from the original pET-22b(+) vector.
We also designed hybrid proteins, which simultaneously had CsgA
or CsgB and Venus Yellow fluorescent protein (YFP). To produce
CsgA-YFP and CsgB-YFP fusion proteins, the Venus YFP-encoding
DNA fragment was linked to the 30 end of CsgA or CsgB. Recombi-
nant plasmids were isolated with the QIAprep Spin Miniprep Kit.
Plasmid constructs were sequence verified by Genewiz Inc. The
primers used in this study are listed in Table S1. The DNA
sequences of inserts and amino acid sequences of protein products
are presented in Tables S2 and S3, respectively. Plasmid maps of
the constructs are shown in supplementary Figs. S1 and S3. DNA
sequencing results for the csgA and csgB genes and their alignments
are presented in Figs. S2 and S4, respectively.
2.2. Growth and purification of curli subunits

Bacteria (E. coli BL21) that contained sequence verified recombi-
nant plasmids were grown in starter culture at 37 �C for 6–8 h, and
then the culture was diluted with a 1/5 ratio to scale up and grow
with overnight shaking. After overnight incubation, the cell culture
was diluted again to a 1/5 ratio to scale up and grow until the OD600

reached around 0.9. Overexpression of curli proteins was started by
induction of the synthetic lac operon on plasmids with isopropyl
b-D-1-thiogalactopyranoside (IPTG, from Sigma-Aldrich, �99%
(TLC)) (0.5 mM final concentration). Induced cultures were incu-
bated for two hours. Following the growth, cells were harvested
with centrifugation at 4000g for 20 min, and the supernatant was
removed. Purification was performed in denaturing conditions,
and guanidine hydrochloride (GdnHCl, from Sigma-Aldrich, �99%)
was used as the denaturing agent. Cell pellets were suspended in
phosphate buffered saline (PBS at pH 7.0) that contained 6 M
GdnHCl and 10 mM imidazole. Then, cobalt resin was added to
the cell lysate and incubated for an hour at +4 �C. Resin was washed
with the same buffer at pH 7.0. In addition, proteins were eluted
with PBS buffer that contained 6 M GdnHCl and 150 mM imidazole.
A ThermoScientificTM Pierce ultrafiltration centrifugal device with a
molecular-weight cutoff of 3 kDa was used for buffer exchange of
the purified protein samples. Eluted proteins were cleansed from
GdnHCl and imidazolewith PBS buffer. Then, 20 mL of PBSwas used
for 1 mL of protein eluent. The molecular weights of the recombi-
nant proteins were calculated as CsgA 15.52 kDa, CsgB 13.34 kDa,
CsgA-YFP 41.25 kDa and CsgB-YFP 40 kDa using the Swissprot
Expasy tool.50 DNA sequencing results for the csgA-YFP and csgB-
YFP genes and their alignments are presented in Figs. S5 and S6,
respectively Finally, oligomers of CsgA and CsgB were separated
from monomers with a 30-kDa ultrafiltration centrifugal device,
and the monomer samples were stored at +4 �C (ThermoScientificTM

Pierce). CsgA-YFP and CsgB-YFP fusions were not subjected to
any centrifugal separations. Protein concentrations were deter-
mined with the bicinchoninic acid (BCA) assay according to the



Fig. 1. (A) Secretion of the native curli biofilm proteins through the natural curli biosynthesis pathway. Once the operon is on, continuous secretion of CsgA and CsgB is
enabled and the curli fiber network is formed. (B) Using the protein expression system, CsgA and CsgB proteins are expressed and purified with a soft linker and purification
tag. Purified proteins are incubated in varying combinations: first CsgA-CsgA, CsgB-CsgA and finally CsgB-CsgB. All of the combinations resulted in hierarchical assemblies and
complex networks. (C) SDS-PAGE of CsgA-YFP and CsgB-YFP fusion proteins and western blot analysis of the CsgA and CsgB proteins. (D) Validation of CsgA and CsgB proteins
within the final fiber network. First, the CsgA and CsgB were added on the QCM sensor using a flow chamber, and later, antibodies and secondary fluorescent-labeled
antibodies were added to visualize formed fibers (lines represent 50 lm scale bar). (E) Transmission electron microscope images of histidine-tagged CsgA and (F) CsgB
nanofibers are labeled with Ni-NTA-coated gold nanoparticles (lines represent 100 nm scale bar).
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manufacturer’s protocol (ThermoScientific Pierce). Approximately
900 mg of his-tagged protein per liter of each bacterial culture pro-
ducing CsgA and CsgB was obtained. Purified proteins were imme-
diately placed at +4 �C to delay any possible polymerization. The
polymerization assay was started right after the purification and
determination of protein concentrations.
2.3. Western blot analysis

Eluted proteins were treated with formic acid to break down the
oligomers and polymers into soluble monomers of CsgA or CsgB
proteins. Following formic acid treatment, samples were freeze-
dried to remove formic acid as advised in previous studies [47].
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Lyophilized samples were dissolved with Laemmli sample buffer
and loaded onto SDS-PAGE gels (15%). Afterwards, proteins were
transferred to the polyvinylidene difluoride (PVDF, from Pierce)
membrane using a trans-blot turbo system (Bio-Rad). Membrane
blocking was performed at room temperature (RT) for an hour with
5% nonfat milk powder suspended in tris-buffered saline, 0.1%
Tween 20 (TBS-T, from Sigma and VWR). Proteins were probedwith
1:5000 dilutions of anti-his mouse primary antibody (Thermo Sci-
entific Pierce) in TBS-T and 1:5000 dilutions of anti-mouse
horseradish-peroxidase (HRP)-conjugated secondary antibody
(Thermo Scientific Pierce) in TBS-T. Membranes were washed
before and after incubation with secondary antibody. By the aid
of enhanced chemiluminescence (ECL) substrate (Bio-Rad), the
membrane was visualized with the Chemidoc MP gel imaging sys-
tem (Bio-Rad).
2.4. Polymerization assay

Purified proteins were used for the polymerization assay in PBS.
Polymerization of CsgA and CsgB proteins or their equimolar com-
binations was carried out in microcentrifuge tubes in PBS (pH 7.0).
Right after the buffer exchange step, 96 ml of purified proteins in
PBS and thioflavin T (ThT) fluorescent dye were loaded onto 96-
well plates. The final concentration of ThT was determined as 20
mM, and excitation and emission wavelengths were fixed at 438
and 495 nm (475-nm cutoff) to measure fluorescence intensities.
Fluorescence intensities were measured every 10 min with 5 s of
shaking before reading, and readings were recorded for fifteen
hours using a Spectramax M5 plate reader. Fluorescence intensities
were normalized as previously described in the literature [36]. The
ThT assay results are presented in Fig. S7.
2.5. Quartz crystal microbalance – dissipation (QCM-D) experiments

Absorption and assembly of the purified proteins were moni-
tored in real time using a quartz crystal microbalance Q-Sense
E1. Prior to usage, sensor surfaces were placed in a mild piranha
solution composed of DI water, ammonia (25%) and hydrogen per-
oxide (30%) (5:1:1 ratio) and heated for 5 min under a fume hood
(CAUTION: Mild piranha solution is highly corrosive and should be
handled with care). Following the piranha treatment to remove
organics from the sensor surface, QCM-D sensors were incubated
in DI water for 15 min. Water droplets were removed from the sen-
sor surfaces by blowing with nitrogen gas. Then, surfaces were
treated under UV-ozone cleaner for 5 min to ensure surface clean-
liness. The flow rate and temperature were fixed at 0.10 ll/min and
25 �C. The QCM-D sensor surface was washed with PBS until the
frequency and dissipation signals reached equilibrium. After flow-
ing the purified proteins in PBS buffer into the QCM-D flow cell, the
sensor surface was washed again with PBS buffer to remove
unbound or weakly bound soluble proteins. We carried out these
experiments three times for each sample. Frequency and dissipa-
tion changes were recorded overnight by stopping the flow. The
next day, freshly purified protein monomers were run through
the system with diluted concentrations, and signal changes were
also recorded overnight after PBS washing. At the end of the run,
the system was washed with ultrapure water.

The addition of the CsgA proteins and growth of nanofibers was
carried out as follows. Freshly purified 10 lM CsgA was flowed into
the QCM-D chamber and onto the gold-coated sensor surface. Fol-
lowing the polymerization of CsgA, on the next day, freshly purified
CsgA was added to the system at diluted concentrations of 4 lM, 5
lM, 6 lM and 7.5 lM. Similarly, 10 lM freshly purified CsgB was
flowed onto the sensor surface to form CsgB protein polymers. After
overnight incubation, CsgB monomers were added to the system
with diluted concentrations of 1.35 lM, 1.8 lM, 2.25 lM, 2.7 lM
and 3.6 lM.

Freshly purified CsgB at diluted concentrations (0.084 lM,
0.105 lM, 0.126 lM and 0.1575 lM) was deposited on the sensor
surface that contained mature CsgA polymer. Then, CsgA mono-
mers at diluted concentrations (0.09 lM, 0.12 lM, 0.15 lM, 0.18
lM and 0.24 lM) were deposited on the sensor surface that was
previously coated with CsgB polymer.

For the antibody binding assay, 2 mM freshly purified CsgA was
pumped onto the QCM-D sensor surface, and polymerization took
place. Then, 1:5000 diluted anti-his mouse primary antibody
(Thermo) in PBS was flowed through the system and then washed
with PBS. When signals reached equilibrium, 1:5000 diluted
fluorescent-labeled secondary antibodies (DyLight 550 Thermo)
in PBS were added to the system. Next, the system was washed
with PBS until both signals reached equilibrium. Sensors were
observed with confocal laser scanning microscopy (CLSM, Zeiss
LSM 510). The same procedure was performed with CsgB starting
from 2 mM freshly purified CsgB for polymerization.

2.6. Fluorescence spectra recordings

Fluoresce excitation and emission spectra of the purified pro-
teins in PBS were measured with a Cary 100 Bio spectrophotome-
ter. To carry out the measurements in chloroform solution,
incubated CsgA proteins were centrifuged for half an hour to pre-
cipitate amyloid fibers. Then, the pellet was dissolved with chloro-
form and fluorescence excitation and emission spectra were
measured. Each sample was investigated as three biological
replicates.

2.7. Imaging of the curli biomaterials

The size and shape of curli fiber units formed in the QCM-D flow
chamber on gold sensor surfaces were visualized by scanning elec-
tron microscopy (SEM) and fluorescence microscopy. For the SEM
(FEI, USA) imaging studies, samples that were drop cast on silica
or gold substrates were first air-dried and sputter coated with 5
nm of Au/Pd alloy using a precision coating system (Gatan Inc,
USA). Imaging was performed under high vacuum conditions with
an electron beam energy of 5–15 KeV. Fluorescence microscopy
studies were performed with an Axio Scope A1 (Zeiss, Germany)
with excitation wavelengths of 546 nm for red, 455 nm for green
and 365 nm for blue fluorescence and emission wavelengths of
575–640 nm, 500–550 nm and 420–470 nm, respectively. Fluores-
cence intensity exposure times were equal for the same area across
different emissions.

2.8. Gold nanoparticle assembly and transmission electron microscopy

In vitro-formed biofilm fibers with histidine tags were labeled
with nickel nitrilotriacetic acid- conjugated gold nanoparticles (5
nm, Nanoprobes) with the protocol described in Chen et al. [48].
Briefly, the biofilm fibers were formed from freshly purified biofilm
proteins in PBS (phosphate buffer saline) solution for two days at
room temperature. The biofilm fibers were placed on TEM grids
(formvar carbon-coated 200 mesh nickel grids (Electron Micro-
scopy Sciences)). Then, 20 ml droplets containing biofilm fibers
were placed on a piece of parafilm, and TEM grids were placed
on droplets (face down) and incubated for five minutes. Then,
TEM grids were washed with 30 ml of ddH2O and selective binding
buffer (1x PBS, 300 mM NaCl, 80 mM imidazole, 0.2% (v/v) tween-
20) for 5 min. To label biofilm fibers with Ni-NTA-coated gold
nanoparticles, TEM grids were placed on 90 ml of 10 nM NiNTA-
AuNP dissolved in selective binding buffer for 90 min. During the
labeling step, the droplet and TEM grid were covered with a petri
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dish to minimize evaporation of liquid. After the labeling step, the
TEM grids were washed 5 times with 30 ml of selective binding buf-
fer for 5 min each. The grids were washed 2 times with 30 ml of 1x
PBS and 2 times with 30 ml of ddH2O. Lastly, the TEM grids were
stained with 20 ml of 2% (w/v) uranyl acetate for 15–30 sec. The
TEM grids were air-dried. In all steps, excess liquid on TEM grids
was wicked off with Whatman paper. The TEM grids were exam-
ined at 200 kV.
3. Results and discussion

3.1. Production and validation of CsgA and CsgB proteins

We designed CsgA and CsgB protein-coding constructs, and sig-
naling sequences for both of the CsgA and CsgB genes were
removed with an additional linker sequence coding region at the
30 end of each gene. In the resulting protein, the GGGS soft linker
[49] sequence along with the histidine purification tag was fused.
Purified CsgA and CsgB proteins were verified using both SDS-
PAGE and western blotting as shown in Fig. 1C. Validation of the
CsgA and CsgB proteins in the fiber structures was performed using
both immunochemical methods and nanoparticle labeling. For
immunochemical analysis of CsgA and CsgB proteins, antibody
binding experiments were performed with fluorescent-labeled sec-
ondary antibodies by using QCM-D and imaged by confocal micro-
scopy shown in Fig. 1D. In addition to the immunostaining of the
polymerization in Fig. 1D, the amyloid formation was followed
by the ThT assay (Supplementary Fig. S7). Additionally, gold
nanoparticle labeling of the final curli nanofibers was carried out.
His-tagged CsgA and CsgB proteins were purified, and nanofibers
were formed after two days of incubation. Nanofibers displaying
histidine tags were incubated with Ni-NTA 5-nm gold nanoparti-
cles (AuNP), and after several washing steps, final assemblies were
imaged with TEM. The TEM images in Fig. 1E and F show the pres-
ence of histidine on CsgA and CsgB nanofibers. In general, all of
these validation steps were in agreement with each other.

To investigate the formation of characteristic sheet structures
during functional amyloid formation, circular dichroism (CD) anal-
ysis of the proteins was performed. To carry out these analyses,
purified proteins in PBS buffer at pH 7.0 were incubated at RT for
one day and fifteen days. Far-UV CD spectra of the aged samples
were recorded, and secondary structure element ratios were ana-
lyzed quantitatively as described previously (Fig. S8) [50]. In all
cases, that is, CsgA, CsgB and the CsgA-CsgB mix, sheet structures
formed as the major secondary structure component as expected.
This structure is the signature of amyloids. The CD results revealed
that incubation of CsgA for 15 days compared to the one day of
incubation did not make any significant change in the helix, ran-
dom coil or turn content, but it did change the sheet content. In
the case of CsgB, incubation of samples for 15 days did not make
a significant change in secondary structure contents of the final fib-
rils. However, incubation for one day of CsgA and CsgB combina-
tion polymers compared to 15 days resulted in significant
increases in the helix and sheet contents.
3.2. Real-time monitoring of nanofiber assembly with QCM-D

QCM-D offers real-time quantitative observation of material-
protein, protein-protein, and cell-cell interactions along with dissi-
pated energy during surface interactions [51–53]. During protein-
protein and protein-surface interactions, conformational rear-
rangements of proteins can occur [54]. Such structural rearrange-
ments could be monitored quantitatively by recording the
frequency change and dissipation change as a function of the mass
deposited. The dissipated energy is increasing if the surface-bound
species are gel-like, which basically reflects the water-holding
capacity of the proteins on the surface. A decrease in dissipation
can be assumed to be a loss of water from the surface-bound struc-
tures and formation of a densely packed layer on the surface [55–
58]. Initial adsorption of CsgA and CsgB proteins to the gold-
coated sensor surfaces of QCM-D and the assembly characteristics
of freshly purified curli subunits were analyzed. The initial attach-
ment of purified proteins was favored with the histidine tag, which
is known to have affinity for the gold surface [59]. In our experi-
mental setup, first, we tested polymerization of CsgA and CsgB pro-
teins to investigate the interaction of the polymerized proteins with
un-polymerized monomeric CsgA or CsgB proteins. CsgA and CsgB
monomers were tested for their polymerization on the gold surface
in Fig. 2. Initial surface attachments of monomers resulted in a
sharp drop in frequency and sharp rise in the dissipation signal
for all cases in Fig. 2. After pure CsgA or CsgB oligomers were depos-
ited on the sensor surface, the flowwas turned off and the growth of
the protein polymerswasmonitored overnight. During polymeriza-
tion of CsgA, a decrease in the signal was observed after twelve
hours. This change after twelve hours can be triggered by two pos-
sible reasons: first, the structural arrangement of CsgA on the sur-
face, and second, the additional attachment of oligomers to CsgA
polymers attached to the QCM-D gold sensor surface. Surface-
triggered structural changes were reported previously [60].

To monitor the interaction of the freshly purified protein mono-
mers with polymers, 10 mM CsgA and 10 mM CsgB monomers were
attached on QCM-D sensors in separate flow chambers. After 24 h
of polymerization of the monomeric proteins, freshly purified CsgA
or CsgB monomers were flowed on CsgA or CsgB polymers to mon-
itor their interactions with the polymers. Purified protein mono-
mers were added to the polymeric protein-covered sensors with
increasing concentrations. Freshly purified CsgA proteins were sent
to the sensor surface covered with CsgA polymer with an increas-
ing concentration of the oligomeric CsgA (Fig. 3A). These data indi-
cate that the CsgA polymers are likely to grow while a continuous
resource of the CsgA oligomers and monomers is supplied. In
Fig. 3B, freshly purified CsgB protein was added to polymerized
CsgB proteins. Compared to the CsgA monomer-CsgA polymer,
the addition of the CsgB monomer on the CsgB polymer caused a
faster shift. This finding indicated that the CsgB-CsgB polymer
interaction kinetics is faster than CsgA-CsgA polymer interactions.
In Fig. 3C, freshly purified CsgB proteins were added to CsgA poly-
mers, but a very low shift was observed as a result of weaker inter-
action kinetics between the polymers and monomer. In Fig. 3D,
freshly purified CsgA was brought in contact with polymerized
CsgB on the sensor surface. In both cases (fresh CsgA-CsgB polymer
and CsgB-CsgA polymer), the dissipation did not change notably,
indicating a densely packed protein layer formation on the surface.
Mixtures of freshly purified proteins attached on surface-grown
fibers for each of these four samples were kept on QCM-D sensor
surfaces polymerized overnight.

In order to see if the structures in Fig. 3 were still forming addi-
tional attachment sites for CsgA and CsgB monomers after 24 h of
incubation, the experiments presented in Fig. 4 were planned. Sur-
face grown protein polymers (which are shown in Fig. 3) presented
additional growth sites for the added monomers. Attachment of
CsgA monomers to pre-formed CsgA polymers produces rigid
structures in Figs. 4A and 4C according to the very low shift in dis-
sipation. In the case of CsgB (Fig. 4B) attachment on CsgB polymers
and CsgA attachment on CsgB polymers, softer amyloid polymers
were formed. This observation was supported by a dramatic
increase in the dissipation change in Figs. 4B and 4D. In general,
according to the dissipation data, assembled structures became
more rigid after incubation for nearly two days.

CsgA and CsgB amyloid nanofibers grown on QCM-D gold sen-
sors were investigated for their morphology under SEM. Images



Fig. 3. Interaction of the CsgA or CsgB monomers with CsgA or CsgB polymers monitored by QCM-D. Protein polymers are formed by incubating CsgA or CsgB oligomers
overnight. The concentrations of CsgA monomers are 4 mM, 5 mM, 6 mM and 7.5 mM, and arrows indicate the time of injection of each concentration (green arrow for CsgA and
yellow arrows for CsgB). Similarly, CsgB monomers at 1.35 mM, 1.8 mM, 2.25 mM, 2.7 and 3.6 mM concentrations were added onto CsgB polymers. (A) CsgA monomers interact
with CsgA polymers. (B) CsgB monomers interact with CsgB polymers. (C) CsgB monomers interact with CsgA polymers. (D) CsgA monomers interact with CsgB polymers. Red
lines represent the dissipation change, whereas blue lines represent the frequency change upon mass deposition. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. CsgA (A) and CsgB (B) proteins were added by flowing at time zero, and they were kept within the chamber of the QCM-D instrument for the given time intervals. The
graphs show the frequency change and dissipation change during the polymerization of CsgA and CsgB proteins. The insets show the initial time interval of the addition of
freshly purified protein onto the QCM-D sensor surface. The data points in circles show the addition of the monomers into the QCM-D chamber.
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of the final protein nanofibers formed by four different combina-
tions are presented. Only CsgA nanofibers formed by addition of
CsgA monomers on pre-polymerized CsgA are demonstrated in
Fig. 5A, and only CsgB nanofibers formed by addition of monomeric
CsgB on pre-polymerized CsgB nanofibers are in Fig. 5B. CsgB nano-
fibers are thicker than the CsgA nanofibers. However, nanofibers
formed in both cases are thicker compared to the nanofibers
formed as a result of CsgA added to CsgB polymers or CsgB added
to CsgA polymers. These findings indicated that utilization of CsgA
and CsgB proteins as a mixture results in different morphologies
compared to only CsgA or only CsgB polymer cases. Utilization of
this assembly route and controlling the concentrations or bio-
chemical properties of each protein, nanofibers with useful fea-
tures can be designed. Recently, a similar approach was applied
to an in vivo system to control the mechanical properties of bacte-
rial amyloid nanofibers [38].



Fig. 4. Freshly purified CsgA (0.09 lM, 0.12 lM, 0.15 lM, 0.18 lM and 0.24 lM) and CsgB (0.084 lM, 0.105 lM, 0.126 lM and 0.1575 lM) proteins with increasing
concentrations (see step increases in insets) were added to the overnight-grown protein polymers, and the following day, they were kept for incubation. (A) Polymerization of
CsgA after addition of freshly purified CsgA, where frequency and dissipation changes were recorded overnight. (B) Freshly purified CsgB proteins were added to the pre-
formed CsgB polymers, and frequency and dissipation changes were recorded overnight. (C) Freshly purified CsgB proteins were added to overnight-incubated CsgA oligomers
and incubated overnight. (D) Freshly purified CsgA monomers were added to overnight-incubated CsgB oligomers and incubated overnight. Insets show the zoomed-in
images of the initial attachment of proteins at varying concentrations on top of preformed protein polymers.
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CsgA and CsgB proteins are capable of building self-assembled
and organized structures. This opportunity can be used to design
protein-based material assemblies to develop novel tools as bio-
materials for controlled scaffold formation in tissue engineering.
In tissue engineering applications, purified protein nanofibers of
CsgA and CsgB proteins can be used as a new class of extracellular
matrix mimicking protein nanofiber networks. To achieve this,
some functional groups such as cell adhesion-promoting peptides
can be fused to the CsgA and CsgB proteins.
3.3. Analysis of the fluorescent properties of assembled biofilm protein
nanofibers

Intrinsic fluorescent properties of amyloids have been reported
previously [61], but we investigated the progress of the intrinsic
fluorescence of the CsgA and CsgB nanofibers for longer incubation
periods. Additionally, the fluorescent properties of CsgB proteins
and CsgA-CsgB mixtures have not been reported. Excitation and
emission spectra of purified proteins in PBS buffer were deter-
mined, and measurements were performed. The results from incu-
bating samples for nine days are shown in Fig. 6, and other samples
(eighteen hours and twenty-three days of incubation) are shown in
supplementary Figs. S9 and S10. CsgA samples were excited at 338,
375 and 550 nm, while CsgB samples were excited at 339, 413 and
550 nm. We excited protein polymers at varying wavelengths and
collected the emission spectrum for each wavelength. Moreover,
fluorescence intensity was determined for mixed solutions that
were prepared by mixing CsgA and CsgB in equimolar concentra-
tions. The highest fluorescence emission was detected at 340 nm
excitation. As shown in Fig. 6, samples were visualized under a flu-
orescent microscope with proper filters. In order to understand if
the emission spectrum is enabled through the buffer–protein poly-



Fig. 5. SEM images of CsgA polymers (A), CsgB polymers (B), freshly purified CsgB added to CsgA polymers (C) and freshly purified CsgA added to CsgB polymers (D) grown on
gold-coated QCM-D sensors. In all cases, the same monomer concentrations were used.

Fig. 6. Bright field and fluorescent images of nine-day-old samples. Fluorescent spectra of samples are shown in the right panel. (A) 5 lM CsgA biofilm protein polymer
excited at 338, 375 and 550 nm. (B) 5 lM CsgB polymer excited at 339, 413 and 550 nm. (C) CsgA and CsgB equimolar mixture polymer intensity is obtained with excitation at
340, 414 nm and 550 nm. Lines represent 100 lM scale bar, and each of the fluorescent spectra belongs to the protein polymer on the same row.
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mer interaction, we suspended the protein polymers in the organic
solvent chloroform and measured the emission spectra for the
CsgA polymer in Fig. 7. We observed broad emission spectra for
CsgA in chloroform, which is not very typical for proteins. The elec-
tron microscopy investigation of the CsgA suspended in chloroform
revealed an undamaged fibril network of the self-assembled pro-



Fig. 7. (A) Fluorescence emission spectra of the CsgA polymer dissolved in chloroform at four different excitation wavelengths (330 nm, 338 nm, 375 nm and 418 nm). (B)
SEM image of the CsgA polymer suspended and incubated in chloroform, with protein fiber networks intact.
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tein structure. In general, biofilm protein polymers are optically
active, can be excited at varying wavelengths, and corresponding
emissions can be gathered. Similar to their assembly characteris-
tics, the route of assembly results in different optical properties
in polymerized biofilm proteins.
4. Conclusions

Here, we demonstrated the formation of self-assembled materi-
als of pure biofilm proteins of E. coli. Highly ordered protein mate-
rials of CsgA and CsgB proteins can form large polymeric structures
with defined fluorescent emissions. Fluorescent biofilm protein
materials can be used for a number of applications. The possibility
of utilization of amyloids as a part of light-emitting diodes was
studied previously [62]. It has been demonstrated that the conju-
gation of amyloid fibrils to LEDs yields a 10-fold increase in exter-
nal quantum efficiency. Solin et al. and Wei et al. have discussed
these applications in detail. Similarly, self-fluorescent curli amy-
loids can be used in optoelectronic device settings in combination
with fluorescent nanoparticles for templating them on solid sur-
faces and for facilitating a FRET-based energy transfer by playing
a role as a donor/acceptor. Curli fibers have a distinct intrinsic flu-
orescent property that may enable them to be used within such
FRET-based applications for bio-LEDs. Curli nanowires can also be
programmed to form quantum dot-like structures for nanotechnol-
ogy applications due to their morphology-dependent optical prop-
erties. Biomolecule-based materials are of great importance in
biomedical applications as they have tunable mechanical proper-
ties. In the literature, there are lots of studies dealing with the fab-
rication of protein/peptide (elastin, resilin, silk, callgen, capsid,
amyloids)-based smart biomaterials (Bracalello, Zhang, Woolfson).
Among them, amyloidogenic peptides and proteins have great
potential for use in various fields such as tissue regeneration,
three-dimensional scaffold formation, cage formation for con-
trolled drug release, coating materials, conductive wires, biosen-
sors and bioswitches (Cherny, Chung, Knowles). Natural amyloids
with adhesive properties function by attaching to various surfaces.
Amyloidogenic proteins have been used in biofunctionalization of
surfaces in different studies. Hydrophobins have been used with
the help of their amphipathic nature to modify the chemical prop-
erties of surfaces to improve biocompatibility and have been
shown to serve as scaffolds for tissue engineering (Gebbing
et al.). Amphiphilic peptides that are artificially produced and
can undergo ordered assembly in a liquid medium may support
cell proliferation and have great potential in tissue engineering
(Zhao). Amyloid peptides are designed to increase the carbon diox-
ide capture capacity and gene transfer efficiency (Li). In addition, a
protein film was formed from the hierarchically assembled amy-
loid fibers (Knowles). Recombinant production of protein/peptide
ingredients allows biomaterials to be tuned and modified geneti-
cally. By covering all of this background, biofilm proteins can be
engineered to extend their spectrum of applications using protein
engineering approaches. They are capable of forming self-
assembled hierarchical structures that can be tuned with different
functionalities by the fusion of bioactive peptides or enzymes or
other functional proteins using recombinant DNA techniques.
These polymers are not only soluble and active in an aqueous envi-
ronment but in solvent conditions as well. Combining the self-
assembly capability of biofilm proteins with additional functional-
ities, they can be programmed for nanomaterial synthesis and
assembly. With the addition of enzymes through protein engineer-
ing, they can form biocatalytic ordered networks, and with the
fusion of signaling peptides, they can be used for regenerative
medicine. However, there is still a gap in understanding how to
design a well-regulated system to control nanofiber networks with
desired physical and biological characteristics. This challenge can
be achieved with the help of fundamental research combining nan-
otechnology and genetic engineering approaches.
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