POSTPRINT VERSION. The final version is published here: Khatri, V., Jafari, M., Gaudreault, R., Beauregard, M., Siaj, M., Archambault, D., Loranger, E., & Bourgault, S. (2023). Bionanocomposites with Enhanced Physical Properties
from Curli Amyloid Assemblies and Cellulose Nanofibrils. Biomacromolecules, 24(11), 5290-5302. https://doi.org/10.1021/acs.biomac.3c00786

Bionanocomposites with Enhanced Physical Properties from Curli

Amyloid Assemblies and Cellulose Nanofibrils

Vinay Khatri'?3+, Maziar Jafari!t, Marc Beauregard*>, Mohamed Siaj', Denis Archambault®*,
Eric Loranger>®*, and Steve Bourgault'-*

!Department of Chemistry, Université du Québec a Montréal, C.P. 8888, Succursale Centre-Ville,
Montreal, Quebec H3C 3P8, Canada

’Department of Biological Sciences, Université du Québec a Montréal, C.P. 8888, Succursale
Centre-Ville, Montreal, Quebec H3C 3PS, Canada

3Québec Network for Research on Protein Function, Engineering and Applications, PROTEO,
Montreal, Quebec H3C 3P8, Canada

“Department of Chemistry, Biochemistry and Physics, Université du Québec a Trois-Riviéres,
3351 Des Forges, Trois-Rivieres, Quebec G8Z 4M3, Canada

JInnovations Institute in Ecomatériaux, Ecoproduits et Ecoenergies (I2E3), Université du Québec
a Trois-Rivieres, 3351 Des Forges, Trois-Rivieres, Quéebec G8Z 4M3, Canada

SDepartment of Mechanical Engineering, Université du Québec a Trois-Rivieres, 3351 Des
Forges, Trois-Rivieres, Quebec G8Z 4M3, Canada

7These authors contributed equally

*Corresponding authors

Denis Archambault, C.P. 8888, Succursale Centre-Ville, Montréal, H3C 3P8, Canada;
e-mail address: archambault.denis@ugam.ca

Eric Loranger, 3351 Des Forges, Trois-Rivieres, Quebec, Canada
e-mail address: eric.lorangerl (@ugtr.ca

Steve Bourgault, C.P. 8888, Succursale Centre-Ville, Montréal, H3C 3P8, Canada;
e-mail address: bourgault.steve@ugam.ca



mailto:archambault.denis@uqam.ca
mailto:eric.loranger1@uqtr.ca
mailto:bourgault.steve@uqam.ca

ABSTRACT: Proteinaceous amyloid fibrils are one of the stiffest biopolymers owing to their
extensive cross-f-sheet quaternary structure whereas cellulose nanofibrils (CNFs) exhibit
interesting properties associated with their nanoscale size, morphology, large surface area, and
biodegradability. Herein, CNFs were supplemented with amyloid fibrils assembled from the Curli-
specific gene A (CsgA) protein, the main component of bacterial biofilms. The resulting
composites showed superior mechanical properties, up to 7-fold increase compared to unmodified
CNF films. Wettability and thermogravimetry analyses demonstrated high surface hydrophobicity
and robust thermal tolerance. Bulk spectroscopic characterization of CNF-CsgA films revealed
key insights into the molecular organization within the bionanocomposites. Atomic force
microscopy and photo-induced force microscopy revealed the high-resolution location of curli
assemblies into the CNF films. This novel sustainable and cost-effective CNF-based
bionanocomposites supplemented with intertwined bacterial amyloid fibrils opens novel directions
for environmentally friendly applications demanding high mechanical, water-repelling properties,

and thermal resistance.

KEYWORDS: Biocomposites, amyloid fibrils, nanocellulose, curli, curli-specific gene A;
protein filaments
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INTRODUCTION

Due to increasing environmental concerns associated with the widespread accumulation of non-
biodegradable synthetic polymers, composites based on biological materials have received
increased interest for numerous applications owing to their sustainability and renewability'.
Among constituents that could be used for the fabrication of renewable biocomposites, materials
assembled from polysaccharides and proteins have shown interesting chemical, physical and
mechanical properties®. Notably, proteins are well-known for their unique ability to self-associate
into supramolecular structures and the resulting organized nanomaterials have remarkable
characteristics that are exploited by all living organisms®. For instance, insect silks and collagen
originated from vertebrates have been an important source of inspiration for the fabrication of
proteinaceous materials than can be integrated into composites. Interestingly, discoveries of the
last two decades revealing that amyloid fibrils perform vital biological activities in host organisms
have prompted their usage as biomaterials®. While amyloid structures have been historically
associated with diseases®, today, functional amyloids have been identified in almost all species,
from bacteria to humans®. Amyloid fibrils are linear and unbranched proteinaceous filaments of 3
to 10 nm in diameter and 0.1-10 um in length, characterized with a cross-f-sheet quaternary
organization in which the p-strands are oriented perpendicularly to the fibril axis’. This
supramolecular organization involving an extensive network of hydrogen bonds between f-strands
confers to the filaments high elastic moduli in the order of 3-20 GPa?®, identifying them as one of
the stiffest protein biopolymers’. Additionally, in contrast to soluble proteins, amyloid fibrils are
resistant to thermal denaturation and proteolytic degradation'. Amyloids originating from
biological sources are also cost-effective, eco-friendly and easy to access and to scale-up'!. These

properties indicate that amyloid fibrils could be a promising renewable constituent material for



biocomposites, as recently exemplified with their combination with polysaccharides to generate
reinforced materials'? 13,

Amongst polysaccharides used for the fabrication of biocomposites, cellulose nanomaterials
(CNMs) exhibit interesting properties associated with their nanoscale size, fibril morphology, large
surface area, mechanical strength, biocompatibility and biodegradability'®. In fact, CNMs are
currently being evaluated as constituents of composites and polymer reinforcements for
applications in electronics, textiles, and health!* 1> 16, CNMs encompass a large array of nanoscale
cellulose-based particles having various shapes, sizes, and surface chemistries. Among CNMs,
cellulose nanofibrils (CNFs), also known as nanofibrillated cellulose (NFC), are of particular
interest for their straightforward and cost-effective production, sustainability, ease of
functionalization and strength resulting from extensive hydrogen bonding'®. While individual
CNFs demonstrate elastic moduli values in the hundreds of GPa'”, the mechanical robustness of
CNFs is not the determining factor defining the strength of resulting macroscopic materials. In
fact, in addition to physical contributions of individual CNFs, interactions between fibrils

constitute a critical factor determining the overall strength of the material'®

, as exemplified with
the 100-fold more fragile CNF films, compared to the unitary CNF constituents'®?°. Thus, having
a constituent additive to increase the mechanical properties of CNF-based thin films remains
important in the context of engineering renewable biocomposites?'.

Recently, CNMs and proteinaceous amyloid fibrils have been combined to generate
biocomposites in the form of films and hydrogels?® > 23, For instance, bio-sorbent films prepared
from CNFs and lysozyme amyloid fibrils were shown to be highly efficient to remove mercury

from water, in addition to a noticeable physical reinforcement of the CNF films 2*. Moreover, CNC

(Cellulose NanoCrystal) or CNF films supplemented with hen egg lysozyme protein, under the



monomeric and fibrillated states, showed improved mechanical properties (tensile strength,
toughness), albeit the improvement remains somewhat moderate?”-23. While these reports highlight
that the addition of cross-f-fibrils into CNM-based composites could be beneficial to improve
mechanical properties, the protein used in these studies, i.e., lysozyme, bovine serum albumin
(BSA) and p-lactoglobulin, are not amyloidogenic per see and need to be subjected to harsh
conditions (7°, extreme pH) to denature the native structure and to force aggregation. Using
naturally occurring amyloidogenic proteins with robust self-assembling properties and high
propensity to form intertwined fibril networks could lead to enhanced improvement of the overall
mechanical performance of the resulting biocomposites. Herein, we investigated the incorporation
of amyloid fibrils assembled from a highly amyloidogenic-prone protein originating from bacterial
curli fibrils®* into CNFs to generate nanocomposites. CNFs were mixed with curli amyloids to
fabricate thin films, leading to materials with improved mechanical properties, thermal stability,
and surface water-repelling features. Advanced spectroscopic and optical characterization revealed
the distribution and the organization of curli amyloid fibrils within the CNF films. Overall, this
study revealed that curli amyloid fibrils originating from bacterial biofilms could be exploited as

potent reinforcing constituent for cellulose-based films.



EXPERIMENTAL SECTION

Fabrication of CNFs. CNFs were produced using a commercial never-dried bleached kraft
hardwood pulp through 4-acetamido-2, 2, 6, 6-tetramethyl-1-piperidinyloxy (TEMPO) oxidation
and mechanical dispersion, as previously described?.

Peptide Synthesis, Purification, and Characterization. Peptides were synthesized on a solid
support using Fmoc-chemistry and 2-(6-chloro-1-H-benzotriazole-1-yl)-1, 1, 3, 3-
tetramethylaminium hexafluorophosphate (HCTU) coupling strategy with the incorporation of
oxazolidine pseudoproline derivatives to facilitate synthesis, as previously described?®. After
acidic cleavage, purification by reverse phase HPLC and characterization by mass spectroscopy,
peptides were filtered through a 0.22 um hydrophilic filter and lyophilized. Peptides were kept
dried at -80 °C until used. Peptide concentrations were validated by measuring absorbance at
280 nm using theoretical molar extinction coefficients and by measuring the area under the curve
at 229 nm obtained by reverse phase HPLC.

Expression and  Purification of CsgA.  His-tagged CsgA  (GenBank
Accession WP _124055573) was expressed in NiCo21 (DE3) competent Escherichia coli, as
recently described?’. After 1h induction with IPTG, cells were harvested by centrifugation and
kept at -80 °C until lysis and purification. All purification steps were performed under denaturing
conditions (8 M GdnHCI) to prevent any undesired aggregation, until initiation of self-assembly
by exchanging buffer to 1x PBS pH 7.4 buffer. CsgA was purified by affinity chromatography
over a Profinity™ IMAC Ni-Charged equilibrated in 1x PBS pH 7.2, 8 M GdnHCI. CsgA was
eluted using 250 mM imidazole in 1x PBS pH 7.4 buffer. A final desalting step was performed

using a Sephadex G-25 fine 20-80 um mesh in a spin desalting column in 1x PBS pH 7.4 buffer.



Purified protein solutions were sterilized using 0.22 pm filters. Purity was assessed by SDS-PAGE
and concentration was quantified by the micro BCA™,

Self-assembly into Amyloid Fibrils. For IAPP and Iip assembly, peptide solutions were
incubated in 20 mM Tris-HCI buffer (pH 7.4) for up to 5 days at room temperature without
agitation®® and under circular agitation at 40 rpm?®’, respectively. CsgA protein was assembled at
0.6 mg/mL in 1x PBS buffer (pH 7.4) without any tumbling at RT for up to 48 h?’. During the self-
assembly process, mixtures were periodically analyzed by circular dichroism, fluorescence
spectroscopy, as well as atomic force and transmission electron microscopy.

Fabrication of CNF-amyloid Bionanocomposites. A 50 mL CNF suspension at a
concentration of 0.5% (w/v) was mixed, or not, with different amounts of peptide and protein. The
CNF:protein mass ratio and wt% values are indicated in Table S1. The mixture was stirred for 30
minutes at room temperature at a low speed to prevent air bubble formation in the solution. The
solution was then poured into a 90 mm diameter aluminum dish followed by air drying at
controlled humidity of 50% for 4 days®>-3%3!. The produced CNFs, without protein, had a carboxyl
content of 1 700 mmol.kg™!'. To prevent variability caused by acidic/basic pH, all film formation
solutions were close to neutral (pH = 7.4). At this pH, CNF (pKa ~ 4) is negatively charged. The
theoretical pl of BSA and CsgA are respectively ~ 4.7 and ~ 4.9, making them also negatively
charged at pH 7.4. The ionic strength of the dispersion was determined to be 56 mM*.

Circular Dichroism Spectroscopy. A Jasco J-815 CD spectrometer was used to record Far-
UV CD spectra from 190 to 260 nm at RT. The wavelength step was set at 0.5 nm with a scan rate
of 20 nm.min"'. Spectra were background subtracted with buffer (1x PBS pH 7.4). The spectra

and raw data were converted to mean residue ellipticity (MRE).



Fluorescence Spectroscopy. A PTI QuantaMaster spectrofluorometer was used for
fluorescence measurements. IAPP, 110 and CsgA solutions were diluted to reach a concentration
of 50 uM, in presence of 40 uM ThT. Emission from 450 nm to 550 nm was recorded with an
excitation wavelength of 440 nm. For 8-anilino-1-naphthalenesulfonic acid (ANS), 50 uM of ANS
was used and the fluorescence emission was measured between 385 nm and 550 nm with constant
excitation at 370 nm. Fluorescence was measured in quartz ultra-micro cells of 10 mm in length.
Data are the average of at least 3 different individual experiments.

Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy. ATR-FTIR
spectra were recorded at RT using a Nicolet 6700/Smart iTR spectrometer equipped with a DTGS-
KBr detector in the range of 4000-650 cm™ . Each spectrum was an average of 64 scans recorded
at a resolution of 2 cm ! using a Happ—Genzel apodization.

Mechanical Properties. A tensile instrument (Instron 4201™) equipped with a 500 N load cell
was used to measure Young’s modulus (stiffness), tensile stress (tensile strength), strain at a
maximum load (strain-to-failure) and strain energy (toughness) of CNF films, as described
elsewhere®> !, Briefly, rectangular sections of 8 cm x 1 cm of dry CNF films were stretched at a
rate of 10 mm/min. All the stress-strain curves were recorded at 25 °C and 50% relative humidity.
The thickness of the samples was measured with a Lhomargy™ micrometer.

Contact Angle Analysis. Contact angle measurements (FTA4000, First Ten Angstroms) were
carried out to evaluate the hydrophobicity of the film surface. At least 5 drops (0.8 pL £ 0.07) of
water were deposited onto each substrate and a total of 300 images were captured within 5 s for
each drop. The contact angle reported was for the second image, therefore at 6.7 ms. The contact
angle was determined by measuring the angle between the sample surface and the tangent at the

droplet solid-liquid-air point using a contact angle system OCA20, as described®.



Atomic Force Microscopy. Peptide and CsgA assemblies were respectively diluted in 1%
acetic acid and immediately applied to freshly cleaved mica. The mica was washed twice with
deionized water and air-dried for 24 h. Samples were analyzed using a Veeco/Bruker Multimode8
AFM. For bionanocomposites, a 1 cm % 1 ¢cm section of dry CNF films was cut and mounted on a
magnetic sample holder via double-sided carbon tape. The Multimode8 scanning probe

t™ program, optimizing non-contact (NC) and contact (C)

microscope (SPM) running ScanAssys
modes, was used to capture topographic information of the sample surfaces. The scan frames were
I um x 1 um and the images were recorded at 1 line/s for a total resolution of 512 lines/scan. The
probe was a silicon nitride (Si3N4) cantilevered tip with a 2-12 nm nominal radius. AFM images
were treated using the open-access SPM software WSxM.

Transmission Electron Microscopy. Peptide and CsgA assemblies were diluted in Tris-HCI
before being applied to glow-discharged carbon films on 400 um mesh copper grids. After
adsorption, samples were negatively stained with 1.5% uranyl formate for 1 min and air-dried for
15 min. Images were recorded using a FEI Tecnai 12 BioTwin microscope. For the CNF mixture,
the samples were prepared by depositing drops of 0.001% CNF suspensions on carbon-coated
electron microscope grids and negatively stained with 1.5% uranyl formate. Following this, the
grids were air-dried and observed with a Philips EM208S transmission electron microscope.

X-ray Photoelectron Spectroscopy (XPS). CNF dry films were cut into 2 cm x 2 ¢cm pieces
for XPS analyses. The Escalab250Xi XPS instrument was used to conduct elemental
characterization on the first 10-20 nm of the CNF and CNF-protein blended films. The pressure in
the chamber was 1.0 x 107 Torr. The X-ray source was a monospectral Al Ko 1486.68 eV powered

at218.8 W (14.7 kV and 14.9 mA). The electron emission angle was 0 degrees. Survey maps were

recorded from 0 to 1351 eV (= 1.0 eV) and high-resolution spectra of Cis from 278.7 to 296.7 eV,



O1s from 526.7 to 543.7 eV and Nis from 391.7 to 411.7 eV (£ 0.1 eV) were collected on areas of
650 um?.

Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDXS).
SEM and EDXS of CNF bionanocomposites were taken with JSM-7600-F (JEOL) and a Silicon
Drift Detector (SDD) (Oxford Instruments) X-MAX 80 mm?, respectively. The measurements
were done with a beam acceleration voltage of 12 keV under low current conditions in a 10 Torr
vacuum. The EM detector was a lower, or in-chamber, secondary electron detector. A 1 cm x 1 cm
section of dry CNF films was cut and mounted on a magnetic sample holder via double-sided
carbon tape and placed in the SEM at a working distance of 7.1 mm. A semi-quantitative elemental
characterization 500 nm — 2 pm deep into the sample was performed on a 0.1 mm? area scan of
each sample by EDXS to assess the nitrogen element content.

Photo-Induced Force Microscopy (PiFM). Topography, chemical contrast PIFM images, and
point-spectral information were obtained by the VistaScope scanning probe microscope. The probe
was a 30-40 nm diameter Au-coated cantilever tip. A 1 cm x 1 cm section of dry CNF films was
cut and mounted on a magnetic sample holder. For the topography images, a 1 pum X 1 pum scan
frame was scanned at 1 line/s with a resolution of 256 lines/scan. PiFM chemical contrast images
were recorded by scanning the sample at wavelengths of interest, determined by the peaks in the
point spectra. The same scan rate, scan size and resolution were retained for the PiFM
measurements. Each 1 um x 1 um scan frame was probed at 5 points separated equidistantly on a
diagonal line for the point spectra. The spectra were taken in 30 seconds with a resolution
bandwidth of ~0.5 cm™ and ranged in the mid-infrared spectrum from 770 to 1910 cm™'. They were
then averaged for the chemical signature of each film. To highlight compositional differences

between the CNF/amyloid composite films, a pair of point spectra were targeted in an area of clear
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chemical contrast and the differences in intensities were observed. Images were processed with
the open-access SPM software WSxM?>?,

Thermal Gravimetric Analysis. For thermal stability analyses and hydration properties, the
Q5000 (TA instruments) was operated to heat ~4 to 6 mg of each CNF film from 30°C to 960°C
at a rate of 20°C/min. The film dehydration experiments were conducted isothermally at 110°C for
20 min, with a temperature ramp of 20°C/min starting from 30°C. Both experiments were
performed under normal pressure and in an inert atmosphere through a constant influx of Ar.

Statistical Analysis. Statistical analyses were performed using unpaired Student’s parametric
t-test with a 95% confidence level and a significant statistical difference was established at
p<0.033 (*); p<0.002 (**); p<0.001 (***). Statistical analyses were carried out using GraphPad

Prism 8.0 software.
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RESULTS AND DISCUSSION

Design of CNF-based films Supplemented with Amyloid Fibrils. To investigate the effects
of the addition of amyloid fibrils derived from bacterial biofilms on the mechanical and
physicochemical properties of the resulting cellulose-based biocomposite, CNF films
supplemented with filaments assembled from the recombinant curli protein were prepared. Owing
to its strong self-assembling properties and the mechanical robustness of the resulting fibrils, the
protein Curli-specific gene A (CsgA)** was targeted. CsgA is the primary protein component of
enteric bacteria biofilms** and its filaments offer structural support for the colonization of tissues
and inert surfaces®. Recombinant CsgA monomers readily self-assemble into long, unbranched
and intertwined fibrils with comparable (supra)structural architecture to their bacterial
counterparts*®. The extensive intermolecular hydrogen bond ladders involving Asn/Gln and
backbone amide groups confer high stability to the supramolecular organization®*. Interestingly, it
has been observed that CsgA conferred substantial mechanical improvements over alginate-based
hydrogels!®. To evaluate the importance of the intertwined organization of CsgA filaments and
their known capacity to adhere to inert surfaces on the properties of the resulting
bionanocomposites, we also prepared CNF films supplemented with amyloid fibrils assembled
from synthetic peptides, i.e. from the aggregation-prone peptide hormone amylin (islet amyloid
polypeptide (IAPP))*” and a 10-mer peptide derived from IAPP (I;0; SNNFGAILSS)?. IAPP is a
37-residue peptide hormone whose tissue deposition in the pancreatic islets of Langerhans is
associated with type II diabetes®®. The peptide I1o consists of the 20-29 segment of IAPP and has

a high propensity to self-assemble into twisted fibrils rich in cross-f-sheet quaternary structure’®

3. BSA and milk protein were used as non-assembled protein control in the fabrication of the
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bionanocomposites. A schematic representation of the experimental workflow is summarized in
Figure S1.

Preparation and Characterization of Amyloid Fibrils. Recombinant CsgA was expressed in
E. coli and purified by affinity and size exclusion chromatography, leading to a highly pure
solution, as observed by SDS-PAGE analysis showing a single band at a molecular weight of ~15
kD (Figure S2). IAPP and 10 were obtained by solid-phase synthesis, purified by reverse-phase
chromatography and identity/purity was confirmed by ESI-LC-MS (Figures S3 and S4). CsgA
was assembled at 0.6 mg/mL in 1x PBS buffer (pH 7.4) at RT for 48 h. IAPP was assembled at 50
uM in 20 mM Tris-HCI buffer (pH 7.4), whereas 1o fibrils were formed under the same conditions,
but with continuous circular tumbling at 40 rpm. The self-assembly process was periodically
analyzed by CD spectroscopy, ThT fluorescence, AFM and TEM. CD spectra indicated that
immediately after purification, CsgA was largely unstructured. However, after quiescent
incubation, CD spectra of CsgA displayed a characteristic minimum at ~218 nm and maximum at
~197 nm, corresponding to a f-sheet-rich secondary structure (Figure 1a). CsgA conformational
transition to cross-f-sheet was probed by measuring ThT fluorescence, an amyloid-specific dye
commonly used to assay fibril formation**. ThT emission increased over incubation time,
indicative of the self-assembly of CsgA from an unstructured soluble protein into a cross-f
quaternary structure (Figure 1b). As observed by AFM and TEM, CsgA assembled into a dense
network of intertwined fibrils after 24 h of incubation, with fibrils having a diameter in the order
of 1.5 - 5nm (Figures 1¢ and d). Similarly, upon incubation in aqueous buffer, IAPP and Iio
underwent a conformational transition associated with amyloid formation, as shown with the
characteristic f-sheet secondary structure and the positive ThT signal (Figures 1e, f, i and j). [APP

and Iio assembled into polymorphic amyloid fibrils with the coexistence of twisted and helical
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a)

ribbon morphology with heights in the vicinity of 3 to 6 nm (Figures 1g, h, k and 1). These

observations agree with the typical morphological heterogeneities of filaments assembled with

these polypeptides?® 3741,
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Figure 1. Self-assembly into cross-f-sheet amyloid fibrils. CD spectroscopy, ThT fluorescence,
AFM and TEM characterization of CsgA (a-d), IAPP (e-h) and I (i-I) over incubation time. Scale
bars are 500 nm and 250 nm for the AFM images and insets, respectively. Scale bars are 300 nm
and 100 nm for the TEM images and insets, respectively.

Supplementing CNF Films with CsgA Fibrils Enhances Mechanical Strength. Firstly,
CNFs were fabricated using 4-acetamido-TEMPO oxidation combined with mechanical
dispersion®> 3% 3!, TEM analysis of CNF materials revealed an average length of 176.8 = 62.7 nm

and an average diameter of 18 £ 9.5 nm for the nanofibrils (Figure S5). These measurements are
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within range of the typical dimensions of TEMPO-treated CNFs*’, considering pulp sources
alike®’. Next, we fabricated CNF-based films supplemented with different proteinaceous materials,
as described in the experimental section, and evaluated their mechanical properties using a typical
stress-strain protocol. Each measurement generated a force-distance curve plotting the stress-strain
curve (Figure 2a and S6a) to derive Young’s modulus (stiffness) (Figure 2b and S6b), tensile
stress (tensile strength) (Figure 2¢ and S6c¢), and strain energy (toughness) (Figure 2d and Sé6d).
CNF films prepared in absence of protein additives showed comparable mechanical properties to
other films reported in the literature, using similar sources of cellulose, but with different treatment
methods (Figure 2 and Table S2). BSA and milk proteins were used as control of proteinaceous
additives in the fabrication of the CNF-based films. Results revealed no significant differences in
the mechanical properties of BSA- and milk-supplemented CNF films compared to the CNF-only
film (Figure 2, S6 and S7). Similarly, in attempts to synchronize the process of amyloid assembly
with CNF film formation during the drying process, recombinant CsgA and synthetic peptides
were respectively added to CNF before their self-assembly, i.e., under their monomeric and/or pre-
fibrillar states. No significant improvements in the mechanical properties of the resulting CNF
films were observed when non-assembled (monomeric and/or pre-fibrillar states) proteins were
used (Figure S7).

In sharp contrast, when pre-assembled CsgA amyloid fibrils were introduced into the CNF
matrix, substantial changes were observed (Figures 2 and S6). The stress-strain curves of the
CsgA-CNF bionanocomposites revealed that Young’s modulus, tensile stress, strain-to-failure and
strain energy were significantly higher than CNF control films (unmodified, BSA, milk protein)
and these effects were dependent on the amount of CsgA loaded into the CNF films. For instance,

when 0.4 wt % of CsgA was loaded into CNF films, the mean value of Young’s modulus, tensile
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stress at maximum load and strain energy showed prominent increases of 163%, 58% and 80%,
respectively, compared to that of CNF alone (Figure 2d). When the CsgA loading was increased
to 5 and 10 mg, i.e. 2 wt % and 4 wt %, the mean moduli were enhanced by 289% and 499%,
respectively (Figure 2). It is also important to note that the negative charged CsgA (pl ~ 4.8)
during film preparation at neutral pH most likely precluded its electrostatic-induced aggregation
with the negatively charges CNFs (pKa of carboxylic acid ~ 4.0) during film formation. In contrast,
bionanocomposites supplemented with amyloid fibrils derived from the short 1o peptide did not
exhibit any significant changes in their mechanical properties (Figures 2 and S6). For full length
IAPP, CNF films supplemented with 0.4 wt % and 2 wt % of assembled peptide did not exhibit
any significant change in mechanical properties (Figure S6), whereas the addition of 10 mg IAPP
fibrils, 4 wt %, improved significantly Young’s modulus tensile stress, and strain energy. These
data indicating that CsgA fibrils, in contrast to amyloid fibrils assembled with peptides, improve
mechanical properties up to 7-fold are likely associated with the web-like and high intertwined
morphology of curli fibrils, which confer high capacity to adhere to surfaces and mechanical
resistance to bacterial biofilm. Similarly, it has been recently reported for CNMs, that the addition
of proteinaceous amyloid fibrils derived from lysozyme led to a negligible, or slight, improvement
of mechanical properties of the composites, further indicating the unique properties of CsgA fibrils
as reinforcing agent>® 2223, Overall, these results revealed that low amounts, i.e. 0.4 wt%, or 3.49
mg.cm>, of curli fibrils significantly increased the mechanical properties of CNF
bionanocomposites. This observation correlates with a recent study reporting that the incorporation
of CsgA fibrils within alginate nanocomposite hydrogels results in improved Young’s
modulus/stiffness (up to 4-fold), without altering the alginate support film’s appearance and

chemical properties'>.
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Figure 2. Mechanical characterization of CNF films supplemented with proteins. Typical stress-
strain curves (a, b) and derived mechanical properties (¢, d) (Young’s modulus/stiffness, tensile
stress at maximum load/strength, strain energy density/toughness) of CNF films where the proteins
were incorporated into CNF matrix as pre-assembled amyloid fibrils. Effects of different proteins
nanostructures (a, ¢) and (b, d) of different amount of CsgA loaded into the CNF films.

Supplementing CNF Films with CsgA Fibrils Increases Surface Hydrophobicity and
Thermal Stability. Nanocellulose-based materials show considerable hydrophilicity, limiting
their potential when water-repellent properties are required**. Methods employed to enhance the
hydrophobicity of CNF include esterification, carbanilation, and silylation that required chemicals,

hazardous organic solvents and specialized equipment, which result in high processing costs and

17



raise environmental concerns®. The addition of hydrophobic proteinaceous nanostructures such
as curli fibrils could be a sustainable strategy to increase the hydrophobicity of CNFs. Accordingly,
we investigated how supplementing CNF films with CsgA fibrils affects the hydrophobicity of
resulting bionanocomposites by evaluating surface wettability through water contact angle
measurement. A low contact angle (< 90°) with water indicates hygroscopic and hydrophilic film
properties, whereas hydrophobic surfaces have contact angle values over 90°*°. CNFs are oxidized
cellulose and consist of carboxylated f-D-glucopyranose units with hydroxyl and carboxyl groups,
accounting for its hydrophilicity. As expected, CNF exhibited a typical high-water affinity
associated with a contact angle of 58.99 ° (Figure 3a), in agreement with previous studies
suggesting that CNF-based films are vulnerable to water>>4’. The addition of 4 wt % CsgA fibrils
to CNFs significantly decreased the hydrophilic character of the film surface, as observed with a
water contact angle of 116.32°. A slightly significant increment (~12%) in the water contact angle
for the film supplemented with 4 wt % BSA was present in comparison to CNF film (Figure 2a).
This effect could be associated with potential hydrogen bonding between the CNF and BSA that
modify the surface porosity, and thus decrease the surface free energy, which slightly increases
the hydrophobicity*® *8. Nonetheless, the water contact angle measured for the CNF-CsgA film
was significantly higher than that measured for CNF films supplemented with BSA. In this view,
CsgA assemblies were more hydrophobic than soluble BSA, as observed by measuring the
fluorescence of ANS, whose fluorescence quantum yield increases upon binding to hydrophobic

patches (Figure S8).
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Figure 3. Physical properties of CNF films supplemented with CsgA fibrils. (a) Water contact
angle characterization of CNF, CNF-BSA-10 and CNF-CsgA-10 films. (b) Thermal stability
experiments by TGA and DTG from 30 °C to 960 °C enclosing the thermal decomposition process
of CNF, CNF-BSA-10 and CNF-CsgA-10 films. (¢) Dehydration profiles of the films are shown
through the DTG of a 110 °C isothermal experiment. Both experiments were conducted under
normal pressure and in an inert atmosphere under Ar (g). Inset in (¢) highlights the peak maximum
of CNF-CsgA-10 film at 5.5 min, while those of CNF and CNF-BSA-10 were at 5.3 min.

Next, we evaluated the impact of supplementing CNF film with CsgA fibrils on the
biocomposite thermal stability. Thermogravimetric analyses from a near ambient temperature of
30 °C to a high heat zone of 960 °C produced TGA curves and derivative thermal gravimetry
(DTG) plots to identify the mass loss proportions at peak temperatures (Figure 3b). The addition
of CsgA had significant effect on the thermal decomposition process from 30 °C to 250 °C, where
dehydration is between 30 °C to 110 °C and the pyrolysis onset is at 156°C*3°. From 250 °C to
575 °C, the pyrolysis of CNF (~8%) and CNF-BSA (~9%) films led to a larger mass loss compared
to CNF-CsgA (~6.8%). At the end of pyrolysis, i.e. between 575 °C and 960 °C, the CNF-CsgA

films showed a single intense peak at around 940 °C. These observations indicated that the CNF-

19



CsgA film experienced a lower gradual mass loss compared to CNF and CNF-BSA films,
suggestive of improved resistance to heat, as previously reported >!. On the isothermal DTG at
110 °C for 20 minutes, the curves peaked at 5 - 6 min (Figure 3¢). The CNF and CNF-BSA-10
film dehydration profiles were completely superimposable, but that of the CNF-CsgA-10 film was
not. The CNF-CsgA-10 film percent weight loss maximum was delayed to 5.5 min (Figure 3 c-

inset).

Organization of Curli Fibrils within CNF Films. FITR spectroscopy was first used to probe
the incorporation of the protein constituents within CNF films. ATR-FTIR spectra of unmodified
CNF film exhibited several characteristic bands attributed to oxidized cellulose macromolecules
such as ~3300 cm™, ~2900 cm™ and ~1025 cm™! for stretching vibration of O-H, C-H, or -CH; and
C-O of secondary alcohols, respectively>>>* (Figure 4a). The peak at ~1350 cm™! corresponded to

5234 while the peak at ~1615 cm™! represented

bending vibrations of C-H bonds of glucose rings
the carbonyl stretching, resulting from surface sodium carboxylate groups obtained after TEMPO
oxidation®*. CsgA and BSA alone exhibited distinguishable amide peaks at ~1650 cm™ and
~1525 cm™!, which were attributed to the amide I band (C=0) and amide II band (C-N),
respectively. The appearance of both amide peaks in the CNF-CsgA films confirmed the
incorporation of the proteinaceous constituent within the CNF matrix. Intriguingly, peaks
corresponding to the amide group were poorly distinguishable by FTIR for the CNF-BSA films.
To further confirm the presence of proteins within the film and to understand why the amide bands
were not observed by FTIR for the CNF-BSA sample, we conducted elemental analysis of the first

10 to 20 nm depth of the surface by XPS. Apart from variable salt content (Na", CI') and a

difference in the nitrogen signal, the acquired surveys were similar (Figure 4b). High-resolution
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spectra of Cis, Nis and O further confirmed protein inclusion in both protein-supplemented films,
although weaker signals were observed for CNF-BSA film (Figure S9 and Table S3). The CNF
film Cis peak was specific for the bond signals found in CNF. The Cjs signals from CNF-BSA-10
and CNF-CsgA-10 differed with the addition of two bonds, C-N at 286.0 eV and O=C-N at
288.2 eV ascribed to the added protein. These variability in the intensities recorded likely indicate
the surface localization of CsgA versus the probably deeper, or more uniform, distribution of BSA.
Additionally, for the Ois signal, the intensification of the O-C=N at 531.5 eV signal for CNF-
CsgA-10 was noteworthy, compared to CNF-BSA-10, further suggesting an increase of surface

content of CsgA protein on CNF-CsgA-10, compared to BSA on the CNF-BSA-10 film.
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Figure 4. Attenuated total reflectance Fourier-transform infrared spectroscopy spectra of proteins
and CNF bionanocomposites (a). XPS survey of CNF, CNF-BSA-10, and CNF-CsgA-10 films.
Oxygen (O), nitrogen (N) and carbon (C) signals are highlighted in red, dark-yellow and green,
respectively (b). SEM images and EDXS spectra of CNF, CNF-BSA-10 and CNF-CsgA-10 film
surfaces (¢). The scale bars are 100 um. Inset spectra in (a) is a magnification of the amide I and
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II regions of the FTIR spectrum and in (c¢) is a magnification of the nitrogen (N) element detected
signal.

Continuing our investigation regarding the protein localization within the CNF films, EDXS
analysis was conducted on representative areas of the films (Figure 4¢). EDXS is an elemental
characterization approach that detect elemental nitrogen in films. Knowing that the depth of
analysis by EDXS is 500 nm - 2 pm, we could evaluate whether BSA was buried into the film
depths and if CsgA was preferentially located on the surface. The acquired spectra showed that the
nitrogen content was similar for both CNF and CNF-BSA (Figure 4c). In contrast, the N signal
from CNF-CsgA film was ~9-fold higher than from the control films. Such results not only confirm
XPS analysis, but further suggest that CsgA is detectable up to 2 um from the surface. Besides,
the detection of nitrogen in XPS and the absence of detection of nitrogen in the EDXS spectrum
of CNF-BSA is due to the comparably higher sensitivity of the XPS instrument®. When 10 times
more mass loading of BSA was incorporated in the CNF film (i.e. 40 wt %), the signals were
detected by both XPS and EDXS (Figure S10). This suggests that BSA was below the detection
limit of EDXS in the CNF-BSA-10 film. BSA’s solubility and mobility within CNF film led to a
homogenous blend throughout the ~50 um thickness, thus diluting its signal within the bulk. FTIR
and EDXS are classified as bulk characterization techniques and are therefore indifferent to the
amide resonant bands and nitrogen element emitted X-rays of BSA traces in the film*. On the
other hand, XPS reports exclusively on the surface elemental composition and is more sensitive to
subtle BSA concentrations®’. CsgA is a hydrophobic molecule (Figure S8), supporting its surface
distribution on the hydrophilic CNF film (Figure S11). Surface assembled CsgA likely contributes
to the adhesive forces of the CNF film, making the film increasingly tensile when compared to

those made with BSA. This model correlates well the dehydration results presented above.
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Although the CNF film is hydrophilic favoring water displacement, when covered by hydrophobic
sheets of CsgA, water vapor found itself obstructed and effectively trapped in the CNF film matrix,
sandwiched between two repelling layers of CsgA at each facet of the film.

CsgA Fibrils Modulate Surface Topology of CNF Films. The CNF and CNF-protein films
were further characterized by AFM to examine their surface morphology. CNFs observed on the
film were individual fibers randomly oriented with variable lengths (Figure 5a). Their thickness
systematically ranged between 12 to 27 nm and their heights measured between 3 to 7 nm. On a 1
um? scan frame, the roughness was evaluated at 6.3 nm. The topography of the CNF-BSA film
did not present any visible differences compared to CNF alone, and the fiber-like morphology was
retained (Figure 5b). In sharp contrast, it was apparent that CsgA partially covered and filled the
gaps between the CNFs (Figure 5c¢). Surface morphology showed brushstroke patterns irregularly
oriented in all three axes. Therefore, the calculated roughness increased to 7.8 nm and the
maximum recorded height increased to 65 nm. These observations further support the preferential

location on the CNF film surface.
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Figure 5. AFM 2D and 3D representations of (a) CNF, (b) CNF-BSA-10 and (¢) CNF-CsgA-10
films. The scale bars on the 2D topography images are 200 nm and the insets above the 3D
representations are the height profiles measured by the line traces. (d) CNF, (e) CNF-BSA-10 and
(f) CNF-CsgA-10 film PiFM topography 2D images. (g) Corresponding point PiF-IR spectra and
averaged PiF-IR spectra in the inset. (h) Chemical contrast images scanned at the wavelengths
highlighted in blue and in shades of red on the average spectra, annotated by 1, 2, 3 and 4. The
scale bars on the PiFM topography and chemical contrast images are 200 nm.

Next, high-resolution surface chemical characterization was performed to gain further

information on the organization of the bionanocomposites (Figure S12). PiFM can chemically
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identify topographical features, and therefore resolve the constituents of the bionanocomposites.
The spatial resolution of each PiFM spectrum is known to be < 10 nm. In sideband mode, its
chemical sensitivity extends up to 10-20 nm below the sample surface®®. This implies that PiFM
returns the same information as FTIR, but at a scale, one billion times more precisely confined on
the sample surface. Spectra recorded in the mid-infrared between 770-1910 cm™ on the topography
scans (Figures 5 d-f) of CNF, CNF-BSA-10 and CNF-CsgA-10 had distinct peaks (Figure 5g).
The substrate signals ascribed to the CNF were strong peaks within 1000-1175 cm™! arising from
either C-O stretching, C-C stretching, C-OH bending, or C-O-C pyranose ring stretching
vibrations***. Some less intense signals were seen at 1250-1500 cm™!, caused by CH, scissoring,
C-H bending, CH, wagging, and at 1550-1675 cm™ from O-H bending of adsorbed water or -C=0
stretching of the surface carboxylic groups’. As with the FTIR spectrum (Figure 4a), CNF-BSA-
10 showed a intense peak at aorund 1550-1675 cm™' due to amide absorption in the protein
backbone structure®®, indicating that BSA was present in the films. On CNF-CsgA-10, the high
wavenumber region was intensified compared to the control films. The CNF-CsgA-10 film showed
a broader peak at 1550-1675 cm™!, with two maxima, characteristic of amide II at ~1520-1550 cm”
' and amide I at ~1637 cm’!. Raw average spectra peak assignment also confirmed
protein identity®® (Figure S12a). However, the CNF-CsgA-10 spectra displayed a more intense
protein signal (1550-1675 cm™") than those of CNF-BSA-10, suggesting that more CsgA was
localized on the surface of the film. Chemical contrast images at a low wavenumber region
(depicted as blue) and at several high region wavenumbers (depicted as red) illustrated the
distribution of the protein on the films’ surface (Figure Sh). The CNF maps had no differences in
the PiFM signal, as intensity distributions at every scan (low and high wavenumbers) were

identical. For CNF-BSA-10, intense spots of BSA signals contrasted with the CNF, suggesting
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that BSA was homogeneously distributed within the film. This is supported by the XPS and EDXS
findings that BSA was well distributed in the film volume, making its concentration per unit
volume dilute. Similarly, when adding 10 times more BSA in the bionanocomposite, i.e. CNF-
BSA-100, BSA retained the uniform and homogeneous distribution (Figure S12b). For CNF-
CsgA-10, large and gathered domains of CsgA occupied at least half of the scanned surface. The
topological correspondence of CNF-CsgA-10 and CNF-BSA-10 with their PiFM maps show that
the CNF fibrils were covered by CsgA in the former, while they were more spaced out in the latter.
This suggests that CsgA first filled between the individual CNF fibrils, forming anchors for
additional CsgA fibers, leading to vast surface domains. On the contrary, BSA protein filed
between or passed through the CNF fibrils to migrate toward the film’s core and disperse during
film drying. Point-spectral acquisition atop a high PiFM intensity zone in comparison to a low
PiFM intensity zone confirmed that the peaks at higher wavenumbers were accurate markers of
CsgA (Figure S12¢). In the PiFM-intense regions, the protein signals contributed ~70% in

intensity compared to CNF in low-intense regions.

26



CONCLUSIONS

In conclusion, the present study underlines the use of amyloids derived from bacterial biofilms to
increase the mechanical and physical properties of CNF nanoassemblies, expanding the
possibilities for their use in applications where CNFs are convenient but need additional stiffness,
strength, toughness, and/or hydrophobicity. Inspired by previous work showing an increase of
CsgA-alginate hydrogel physical properties, we prepared and evaluated the CNF analogous
bionanocomposite supplemented with nanofilaments prepared from recombinant CsgA. In contrast
to fibrils assembled from synthetic peptides, addition of CsgA fibrils into CNF film improved the
mechanical properties up to 7-fold, with only 4% wt of protein. The observed mechanical
enhancement with CsgA fibrils was substantially more than those previously reported using other
amyloid fibrils derived from naturally non-aggregating proteins. CsgA-CNF bionanocomposites
also exhibited interesting wettability and thermal tolerance. Bulk spectroscopic characterization of
CNF films using FTIR, XPS and EDXS confirmed CsgA amyloid embodiment in the CNF films.
AFM and PiFM locally, optically, and chemically described surface amyloid-CNF morphology in

13,61 it is likely that favorable interactions

high resolution. As is the case for other composites
between CsgA fibrils and the CNF matrix, combined with the high rigidity of bacterial amyloids,
led to the observed increase in mechanical (stiffness, strength and toughness) and functional
characteristics (hydrophobicity and thermal tolerance) of resulting bionanocomposites. Taken
together, this study supports the development of novel bionanocomposites from interconnecting

necessary properties of both amyloid fibrils derived from bacterial biofilm and cellulosic materials

for future miscellaneous applications.
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