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Petrochemical-based plastics have not only contaminated all parts of the globe, but are also causing potentially irreversible
damage to our ecosystem because of their non-biodegradability. As bioplastics are limited in number, there is an urgent need
to design and develop more biodegradable alternatives to mitigate the plastic menace. In this regard, we report aquaplastic,
a new class of microbial biofilm-based biodegradable bioplastic that is water-processable, robust, templatable and coatable.
Here, Escherichia coli was genetically engineered to produce protein-based hydrogels, which are cast and dried under ambient
conditions to produce aquaplastic, which can withstand strong acid/base and organic solvents. In addition, aquaplastic can be
healed and welded to form three-dimensional architectures using water. The combination of straightforward microbial fabrica-
tion, water processability and biodegradability makes aquaplastic a unique material worthy of further exploration for packaging

and coating applications.

molecules, materials and minerals from abundantly available

benign components under ambient conditions. With advances
in biomanufacturing and synthetic biology, living cells are being
engineered to manufacture a wide range of chemicals, drugs and
fuels'. This microbially based biomanufacturing strategy extends
into polymers, which are an attractive way to make biodegradable
bioplastics. In the past few years, the concept of living factories has
extended to include not just molecular biosynthesis, but also bio-
logically directed materials fabrication, leading to the emergence of
a new field entitled engineered living materials (ELMs)**. So far,
ELMs that can bind to synthetic surfaces, catalyze reactions, seques-
ter chemicals and be used for many other applications have been
demonstrated®’. In this Article, we present a report of microbial
biofilms engineered to produce a new class of bioplastic, which we
have termed aquaplastic, as an alternate composition and approach
to biodegradable bioplastics fabrication.

Plastic pollution is a worsening environmental problem that
stems from the inherent non-degradability of most conventional
plastics, leading to their accumulation in landfills, oceans and
waterways"’. Several approaches have been proposed to address
this global challenge, including the development of next-generation
recycling technologies and biodegradable bioplastics. A niche
approach involves the use of water-soluble or water-dispersible
plastics in applications where water resistance is not a main require-
ment, for example in primary packaging. Polyvinyl alcohol (PVA)
is the most prevalent water-soluble plastic used in a wide range of
applications related to packaging and coatings'. Although bulk
materials composed of PVA can dissolve in water, the polymer is

|_iving cells have a remarkable capability to make complex

synthesized from petrochemically derived ethylene by free-radical
polymerization. Moreover, PVA has consistently been found to have
limited biodegradation (several months to years) in natural-solid
matrices such as soil and compost, as well as in water bodies that
lack PVA-degrading microbes'*. Plastics that can be produced from
biological components in water offer greener fabrication method-
ologies than those obtained from synthetic and non-biodegradable
components in non-aqueous media. Moreover, microbially derived
biodegradable bioplastics are attractive alternates to conventional
plastics as they offer a more holistically sustainable life cycle.

Here, we demonstrate aquaplastic as a new water-processable
bioplastic that is fabricated directly from bacterial culture with mini-
mal purification and can be processed easily from a hydrogel state to
form bulk materials (Fig. 1a—c). The mechanical properties of aqua-
plastic are comparable to petrochemical plastics and other bioplas-
tics. Additionally, aquaplastic possesses unique water-processable
characteristics that we term aqua-molding, aqua-welding and
aqua-healing.

Results

Fabrication of aquaplastic. Aquaplastic is composed of recombi-
nantly produced biofilm matrix proteins. Biofilms are communities
of microbial cells embedded in an extracellular matrix that provides
them with adhesion capabilities and protection from the surround-
ing environment”. We leverage the curli system of Escherichia
coli, which is the primary proteinaceous component of its biofilm
matrix, formed by the secretion and extracellular self-assembly of
CsgA protein monomers into a fibrous mesh'’. In previous work,
we have demonstrated that a refactored curli expression system can
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Fig. 1| Fabrication of aquaplastic directly from engineered microbial biofilms. a-c, Schematics of aquaplastic fabrication from genetically engineered
bacteria programmed to produce a functional curli fiber-based aquagel that can be molded into two- (2D) and three-dimensional (3D) architectures (a),
and aqua-welding (b) and aqua-healing (c) of aquaplastics. SDS, sodium dodecyl sulfate; GdmCI, guanidinium chloride. d, Images of biofilm aquaplastic
(left), curli aquaplastic (middle) and the flexibility of biofilm aquaplastic (right). Scale bars, 0.5cm. e, Images of 3D-molded aquaplastic: bowl, cone,

sphere and cylinder. Scale bars, 1cm.

serve as a platform for the biological fabrication of numerous func-
tional materials®”®'""". In one specific example, fusions of the curli
fiber monomer, CsgA, to a human cytokine, trefoil factor 2 (TFF2),
enabled us to harvest hydrogels simply by filtering bacterial cultures,
using sodium dodecyl sulfate (SDS) as a gelator (Supplementary
Table 1 and Supplementary Fig. 1)'*". In this work, we denote these
hydrogels as either biofilm aquagels, which contain viable bacterial
cells, or curli aquagels, which are inert gels from which the cells
have been removed. Here, we show that both types of gel can be cast
onto surfaces or molds to create plastic films, which we call biofilm
aquaplastic and curli aquaplastic, respectively.

Unlike traditional thermoplastics and thermoset plastics, which
are melted at high temperatures to form semi-solids that are then
molded into desired shapes, aquaplastics are made by casting the
aquagels on a template with the desired shape and drying them under
ambient conditions to mold their form. When the biofilm/curli
aquagels are cast on a flexible or soft flat surface, they form plastic
films that can be easily peeled off to form free-standing structures
(Fig. 1d and Supplementary Fig. 1). For the biofilm aquaplastics,
these films were flexible enough to be twisted repeatedly into heli-

cal shapes without wrinkling or cracking (Supplementary Fig. 2).
Because of the remarkable robustness of the constituent curli fibers,
the biofilm aquaplastics can also be molded into three-dimensional
(3D) architectures, such as cones, bowls, tubes and hollow spheres,
by casting them on a sacrificial polystyrene foam mold, followed by
selective dissolution of the mold (Fig. e and Supplementary Fig. 3).

Physical and chemical properties of aquaplastic.
Thermogravimetric analysis (TGA) showed that both the biofilm
aquaplastic and curli aquaplastic start to degrade above 200°C
(Fig. 2a and Supplementary Fig. 4). Differential scanning calori-
metric (DSC) analysis of the aquaplastics revealed glass transitions
for biofilm aquaplastic and curli aquaplastic at 150°C and 145°C,
respectively, during the cooling cycles (Fig. 2b and Supplementary
Fig. 5). Wide-angle X-ray scattering analysis (WAXS) on both
biofilm aquaplastic and curli aquaplastic revealed the characteristic
signatures of a cross-f secondary structure of CsgA with d-spacing
(interplanar spacing) values of 0.98nm and 0.46nm (Fig. 2c
and Supplementary Fig. 6), corresponding to the inter- and
intra-B-sheet distances, respectively, and indicating that the curli
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Fig. 2 | Physical and chemical properties of aquaplastics. a-¢, TGA thermograms (a), DSC thermograms (b; heating cycle, solid lines; cooling cycle,
dashed lines) and WAXS intensity profiles (¢) of biofilm aquaplastic and curli aquaplastic. d-g, Mechanical properties of biofilm aquaplastic and

curli aquaplastic obtained by nanoindentation tests: load-displacement curves under a maximum indentation load of TmN in a single indentation

cycle (d), Young's modulus (e), hardness (f) and yield strength (g). n=128 for biofilm aquaplastic and n=282 for curli aquaplastic. h-j, Mechanical
properties of biofilm aquaplastic and curli aquaplastic obtained by tensile tests: stress-strain curves (h), Young's modulus (i) and ultimate tensile
strength (j). k, Biodegradation analysis of biofilm aquaplastic and curli aquaplastic, compared to nanocellulose, based on mass loss after exposure to a
wastewater-derived microbial consortium. The patterned bars correspond to mass loss of biofilm aquaplastic and curli aquaplastic due to dissolution of
water-soluble sub-components in water. The bar graphs represent mean values, and the error bars are standard deviation.

amyloid structure is maintained through the aquaplastic process-
ing steps®. The mechanical properties of the aquaplastics were first
investigated by nanoindentation, which showed Young’s modulus
values (E) of 2.2+0.7 GPa (biofilm aquaplastic) and 4.3+0.9 GPa
(curli aquaplastic), respectively (Fig. 2d-g)*'. The correspond-
ing hardness (H) values at maximum load were found to be
167 +£109MPa and 252+ 140 MPa, while the yield strength (o)
values (estimated using the relation ¢,=H/3) were 55+36MPa
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and 84 +47 MPa, respectively”’. Tensile tests performed on aqua-
plastic films clearly showed the plastic deformation of the material
(Fig. 2h). The biofilm aquaplastic exhibited E=14+0.2 GPa (Fig. 2i),
an ultimate tensile strength (o) of 18 +5MPa (Fig. 2j) and tensile
toughness (Uy) of 102 + 57 MJ m~* (Supplementary Fig. 7). The curli
aquaplastic was found to have E, o and U; values of 1.2+0.2 GPa,
29+5MPa and 261+77MJm™, respectively. Supplementary
Table 2 compares the mechanical properties of biofilm aquaplastic
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Fig. 3 | Chemically resistant aquaplastic and its templated surface structure properties. a, Images showing the stability of a 1-cm? sample of aquaplastic
in organic solvents (n-hexane, chloroform), strong acid (98% sulfuric acid) and strong base (18 M sodium hydroxide) after 2min or 24 h of exposure. Scale
bars, Tcm. b, Field-emission scanning electron microscopy (FESEM) images showing the patterns transferred (bottom row) on biofilm aquaplastic by
templating biofilm aquagel on various surfaces (top row) by ambient drying. Scale bars, 20 pm. Insets in the first three columns show higher magnifications
of surface features. Scale bars, 2 um. Insets in the rightmost column are water contact angles for non-templated (top) and templated aquaplastic surfaces

(bottom), showing increased hydrophobicity.

and curli aquaplastic with those of petrochemical plastics and other
bioplastics.

The biodegradability of the aquaplastic was investigated under
aerobic conditions by incubating them for 45 days in the presence of
a mixed culture of microorganisms obtained from the primary efflu-
ent of a wastewater treatment plant”. Microorganisms in the mixed
culture media metabolize samples into biogas and water-soluble
species (that is, ions or simple protein/sugars), resulting in mass
loss for each sample. The aquaplastics were compared to nanocel-
lulose, which is known to undergo rapid and complete biodegra-
dation. Both biofilm aquaplastic and curli aquaplastic were found
to lose 94% and 89% of their initial masses, respectively, over the
course of 45 days, while the positive control—nanocellulose—lost
85% mass over the same time span (Fig. 2k). As negative controls,
biofilm aquaplastic and curli aquaplastic were incubated in milliQ
water without the degrading microorganisms, leading to nearly 59%
and 45% mass loss, respectively, that could be attributed to dissolu-
tion of SDS and other water-soluble cellular components. Indeed,
square sheets of biofilm aquaplastic and curli aquaplastic, when
immersed in water, swell to 324% and 225% in terms of their lat-
eral dimensions, respectively (Supplementary Fig. 8). After several
water washes, both aquaplastic films shrink back to their original
dimensions, leaving behind transparent and water-insoluble films
of curli nanofibers. Therefore, the mass losses observed in the bio-
degradation experiments (Fig. 2k) reflect a composite of dissolution
and biodegradation of the remaining protein-enriched material.

Although the aquaplastics are biodegradable, their constitu-
ent curli fibers are also known to be resistant to disassembly in the
presence of solvents, harsh pH values and detergents®. We found
that both aquaplastics were stable in non-polar solvents like
n-hexane, even after 24h of incubation (Fig. 3a and Supplementary
Figs. 9 and 10). Aquaplastics were also stable in chloroform, which
is known to dissolve coatings, rubber and many plastics such as
polystyrene and polyvinyl chloride (Fig. 3a and Supplementary
Fig. 9). The weight of aquaplastics did not change appreciably
after incubation in the organic solvents (Supplementary Fig. 9).
Surprisingly, both aquaplastics remained intact and unchanged
after 24h in 18 M sodium hydroxide (Fig. 3a and Supplementary
Fig. 11). On the other hand, upon incubation in concentrated sul-
furic acid (98%), both aquaplastics formed gelatinous films with
double the original film dimensions within a few minutes (Fig. 3a
and Supplementary Fig. 11). The biofilm aquaplastic disintegrated
into smaller fragments, while the curli aquaplastic lost ~45% of its
mass in concentrated sulfuric acid (Supplementary Fig. 9). Similar
exposures to concentrated nitric acid (70%) and concentrated
hydrochloric acid (35%) led to a slight yellow coloration and degra-
dation of both aquaplastics within a couple of hours (Supplementary
Figs. 11 and 12). Thus, it might be that the Na* and sulfate groups
of SDS, in association with the curli fibers and other components
of the aquaplastic, provide a protective barrier in acidic and basic
conditions. Aquaplastic films incubated in sodium hydroxide
had salts precipitated on their surface, which we could not remove
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Fig. 4 | Aqua-healing and aqua-welding of aquaplastic. a, Scratches and cuts of biofilm aquaplastic were aqua-healed by adding water at the site of
abrasion. Scale bars, 20 pm. b, Aqua-welding of two biofilm aquaplastic panels in parallel and perpendicular orientations. Scale bars, 5mm (optical images)
and 20 pm (FESEM images). ¢, Stress-strain curve of aqua-welded biofilm aquaplastic. d, Young's modulus obtained by tensile tests of aqua-welded biofilm
aquaplastic (n=5). The bar graph shows mean values. Error bars represent standard deviation. e, A 3D architecture, an aquaplastic house, constructed by

aqua-welding 2D panels. Scale bars, 1cm.

completely, and accurate weight values could not be determined for
mass loss analysis.

Templated and coatable aquaplastic. The chemical resistance of
aquaplastics and the known adhesive properties of curli fibers fur-
ther inspired us to fabricate protective coatings, which are currently
made with non-biodegradable plastics’. Unlike traditional plastic
powder-based coating strategies”, aquaplastic coatings were formed
by casting aquagels onto various surfaces followed by air-drying
under ambient conditions. Aquaplastics could be applied easily
to create strongly adhered coatings on convoluted surfaces, like
leather or plywood, or on flat surfaces, such as mobile phone touch
screens, aluminum automobile exterior body parts and copper wire
(Extended Data Fig. 1). The results not only demonstrate the versa-
tility of aquaplastics to conform to different shapes (1D wires and
2D surfaces), but also their ability to firmly adhere to materials with
a range of roughnesses and compositions (for example, biomateri-
als, electronics and metals).

Another feature of aquaplastic fabrication is the ability to tem-
plate patterns onto its surface during the drying process. For
aquaplastics of either type, drying of the gel precursors on nylon
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meshes composed of 30- to 35-um-wide fibers led to transfer of
the mesh pattern onto the dried film with high fidelity (Fig. 3b
and Supplementary Fig. 13). More irregular patterns could also
be templated onto aquaplastics this way. Leaves of Colocasia escu-
lenta (taro) are known to be hydrophobic on their dorsal side due
in part to their surface nanotopography. After casting aquaplastics
on the leaf and peeling them off to form self-standing films, we
observed pockets formed on the film surface by the 10- to 15-pm
mushroom-like structures on the leaf surface (Fig. 3b), along with
other features down to ~1 um. We tested the size resolution lim-
its of this templating by casting aquaplastics on the dorsal surface
of a Nelumbo nucifera (lotus) leaf. In addition to the characteris-
tic papillae structures (pillars with diameters of 5-10 pm) from the
leaf surface, the aquaplastics successfully captured leaf surface fea-
tures as small as ~30nm, originating from waxy crystalline aggre-
gates (Fig. 3b and Supplementary Figs. 13 and 14). This templating
capability could also be leveraged to alter surface wettability, with
aquaplastics cast on the ventral surface of the hydrophobic taro leaf
being imparted with hydrophobic characteristics (contact angle of
117°+4.3°) that result from the leaf nanotopography, compared to
non-templated surfaces (contact angle of 58.6° + 1.7°; Fig. 3b)*.
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Water-processable aquaplastic. Although the tendency of aqua-
plastics to rehydrate upon exposure to water hinders their direct
comparison to petrochemical plastics for certain applications®-*, it
does lead to unusual and possibly beneficial material performance
characteristics. We exploited the water-responsiveness of the aqua-
plastics to demonstrate their ability to self-heal. Scratches made on
the surface of a biofilm aquaplastic could be removed completely
by spraying a few microliters of water onto the scratch and allowing
it to air-dry for 2min (Fig. 4a). Full-thickness cuts in the biofilm
aquaplastic could be healed in a similar manner. Curli aquaplastic
could also heal but slightly less efficiently, showing ‘scars’ after the
aqua-healing process when analyzed by field-emission scanning
electron microscopy (FESEM; Supplementary Fig. 15). Using a
similar protocol, independently fabricated aquaplastic films could
be ‘aqua-welded’ together using only water to trigger their adhesive
properties. Rectangular aquaplastic films could be attached to one
another in perpendicular and parallel (overlapping) orientations
just by spraying water at the interface and allowing for 2min of
drying (Fig. 4b and Supplementary Fig. 16). Tensile tests on later-
ally aqua-welded films exhibited E =605 206 MPa, indicating that
aquaplastic can be welded effectively with water (Fig. 4c,d). This
strategy could be leveraged to create self-standing 3D structures,
such as a miniature house with a footprint of 4 cm X 4 cm, composed
of 10 aqua-welded panels (Fig. 4¢). Notably, the aqua-welded house
was strong enough to support its own weight for at least 18 months
after its original construction.

Discussion

None of the properties described for the aquaplastics above applies
to the wild-type CsgA protein, despite its ability to self-assemble
into fibrous structures. We found that both the fused TFF2 (or other
protein) domains and the presence of SDS in the washes was neces-
sary to arrive at a hydrogel, which, when dried, exhibited moldable
properties. Our preliminary data support the conclusion that both
factors contribute to the formation of a hydrated network of curli
fiber polymers that adopts a plastic state upon drying, whereas in
the absence of either feature (CsgA fusion or SDS-induced gela-
tion), the protocol leads to brittle films that crack upon drying
(Supplementary Fig. 17). These observations are also consistent
with SDS’s known role as a gelator, although this is the first report of
its role as a plasticizer.

In general, solvent-cast biopolymer films often form amorphous
(soft) or crystalline (rigid) structures upon drying, hindering their
utility as plastics that can hold a 3D shape”~*’. However, several
proteins (for example, silk and suckerein), polysaccharides (for
example, chitin and starch) and their blends have been shown to
form bioplastics**~*%. Aquaplastic technology provides an opportu-
nity to fabricate 3D structures without having to carry out rigor-
ous purification or material processing. It combines the features of
moldability into arbitrary 3D shapes, complete water processability,
ambient fabrication, microbial production and genetic programma-
bility. These properties result in a biomaterial fabrication platform
with considerably more versatility in material properties than other
microbially derived bioplastics, such as polylactides and polyhy-
droxyalkanoates. Ongoing work will focus on increasing the yield
and production scale of the curli fiber-based bioplastics (currently
at 100 mg of aquaplastic per liter of bacterial culture) and explor-
ing the use of engineered curli fibers with various fused domains in
conjunction with other materials to form composite materials with
an even wider range of properties relevant for plastics. By employ-
ing an optimized chassis with advanced pathways in bioreactors, the
production yields can be increased further by one to two orders of
magnitude. These efforts, in addition to advances in biomanufac-
turing technology and synthetic biology, will provide opportuni-
ties for the production of biodegradable plastics from sustainably
derived molecular components and energy sources.
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Methods

Cell strains and plasmids. TFF2 was fused to the C terminus of CsgA with an
intervening 36-amino-acid flexible linker. The gene encoding the trefoil factor
(cTFF2) was synthesized (Integrated DNA Technologies) and cloned by overlap
extension into pET21d vector. The plasmids also contained genes encoding for
other proteins necessary for curli biosynthesis, including csgC, csgE, csgF and
csgG. All experiments used cell strain PQN4, an E. coli strain derived from LSR10
(MC4100, AcsgA, M(DE3), Cam®).

Preparation of biofilm aquagel. Bacterial cultures were incubated at 37°C for
48h to express engineered curli fibers, which were concentrated using vacuum
filtration through a 47-mm-diameter polycarbonate membrane with 11-pm pores
(EMD Millipore). The concentrated biofilm (engineered fibers) was washed with
25ml of sterile deionized (DI) water on the filter membrane. Next, the biofilm was
incubated with 5ml of gelator/plasticizer comprising 5% (mass/vol) SDS in water
for 5 min, followed by vacuum filtration of the liquid, which was then washed
with 25 ml of DI water. Biofilm aquagel that formed on the filter membrane was
collected and stored at 4°C.

Preparation of curli aquagel. Functional curli fibers were expressed in bacterial
cultures for 48 h, then treated with guanidinium chloride (GdmCl) to a final
concentration of 0.8 M and kept at 4 °C for 1h. Treated cultures were concentrated
by filtration, as described for the biofilm aquagel. Next, the curli fibers were
treated with 5ml of 8 M GdmCl for 5 min, followed by vacuum filtration of the
liquid with 25 ml of sterile DI water wash to remove bacteria, cellular proteins and
other components. The remaining biomass was treated with 5ml of an aqueous
solution (2 pM MgCl,) of nuclease (Benzonase, Sigma-Aldrich, 1.5Uml™") for

10 min to remove DNA/RNA bound to the curli fibers. Finally, the curli fibers were
incubated with 5ml of gelator/plasticizer, 5% (mass/vol) SDS in water for 5min,
followed by vacuum filtration of the liquid and a wash with 25ml of DI water. The
curli aquagel was collected and stored at 4°C.

Fabrication of aquaplastic. For fabrication of 2D aquaplastic sheets, aquagel
(biofilm aquagel/curli aquagel) was cast on a flat flexible substrate (plastic wrap,
aluminum foil), which, upon overnight drying under ambient conditions, formed
aquaplastic (biofilm aquaplastic/curli aquaplastic). Completely dried aquaplastic
was carefully peeled off from the surface and stored under ambient conditions.

For fabrication of 3D aquaplastic architectures, various shapes of polystyrene
molds (cone, bowl, cylinder and sphere) were cast with biofilm aquagels/curli
aquagels and left to dry overnight under ambient conditions. The polystyrene molds
were selectively removed by dissolving in chloroform to obtain 3D aquaplastic.

Thermal gravimetric analysis and differential scanning calorimetry. TGA
experiments were performed using a Mettler Toledo TGA/DSC 3+ STARe System.
Samples (2.6-4.4 mg dry weight) were run at 4°Cmin~" under N, purging at
50mlmin~ in alumina crucibles. DSC measurements were carried out using a
Mettler Toledo DSC 1 STARe System. Measurements were run under N, purging
at 30mlmin~" and at 4°Cmin~" with 1.8-4.9 mg of sample. Each measurement
consisted of a heat-cool-heat cycle in the range of 10-200 °C and was performed
in perforated aluminum crucibles. Three experiments were performed for each
sample condition and a representative curve is reported.

Wide-angle X-ray scattering. WAXS experiments were performed using a Rigaku
MicroMax-002+ equipped with a microfocused beam (40 W, 45kV, 0.88 mA)

with A¢,x,=0.15418 nm radiation collimated by three pinhole collimators (0.4, 0.3
and 0.8 mm) to obtain direct information on the scattering patterns. The WAXS
intensity was collected by a 2D Fujifilm BAS-MS 2025 imaging plate system
(15.2Xx15.2 cm?, resolution of 50 pm). An effective scattering vector range of
Inm~'<g<25nm™" was obtained, where q is the scattering wavevector defined as
q=4nsind/ A, with a scattering angle of 26. Three experiments were performed
for each sample condition and a representative curve is reported.

Nanoindentation. Biofilm aquagels and curli aquagels were cast on glass cover
slips to obtain a topographical thickness of ~50-100 pm. Nanoindentation studies
were performed on the samples using an Agilent Technologies G200 nanoindenter.
The machine continuously monitored the load (P) and the depth of the penetration
(h) of the indenter with resolutions of 1 nN and 0.2 nm, respectively. A Berkovich
diamond tip indenter with tip radius of ~100 nm was used for the indentation. A
peak load (P,,,) of 1 mN with loading and unloading rates of 0.2 mNs~' and a hold
time (at P,,,,) of 5s was employed. A minimum of 80 indentations were performed
in each case and the average is reported. The P-h curves were analyzed using the
Oliver-Pharr method to extract the elastic modulus (E) and the hardness (H) of the
samples. The yield strength (o,) was estimated using the relation 6, = H/3. n=128
for the biofilm aquaplastic and n=_82 for the curli aquaplastic.

Tensile tests. Tensile measurements were made using a DHR-3 rheometer (TA
Instruments), configured with tensile grips. Testing was performed under ambient
laboratory conditions. Film specimens were clamped to an initial gauge length

of 6mm. A constant linear deformation of 1 ums~" was applied (1% strain per

minute). The surfaces of the grips were modified with tape at the contact area, to
avoid damage to the film specimens during loading. Biofilm aquaplastic and curli
aquaplastic films of 3cm X 1 cm were utilized for tensile tests. For aqua-welding,
two biofilm aquaplastic films of 1.5cm X 1 cm were used and 0.5cm X 1 cm of the
contact area was aqua-welded with water. A minimum of five tests for biofilm
aquaplastic and curli aquaplastic were obtained, and the average is reported.

Biodegradation assay. Aerobic biodegradability was determined by measuring
the mass loss after exposure to an aerobic mixed culture of microorganisms
obtained from the primary effluent of a wastewater treatment plant (Back River
Wastewater Treatment Plant). Bacterial medium was made in MilliQ water, and
consisted of 10% vol/vol primary effluent, 200 mgl™" sodium acetate trihydrate as a
carbon source, and 10% vol/vol of salt stock (7.18 mM K,HPO,, 2.79 mM KH,PO,,
0.757mM (NH,),SO,, 0.0406 mM MgSO,.7H,0) as well as trace elements necessary
for bacterial growth. Samples were run alongside a nanocellulose positive control,
which is known to readily biodegrade in mixed cultures of microorganisms”.
Approximately 50 mg of each sample was added to 36 ml of blank medium (that

is, no cells added yet) in a 50-ml conical vial. n=3 for the biofilm aquaplastic and
curli aquaplastic. Samples were pelletized via centrifuge (4,300 r.p.m., 5min) to
minimize dispersion in the supernatant, and then 4 ml of primary effluent bacteria
was introduced to each vial. Samples were shaken (for aeration) at 125 r.p.m. and
28°C to encourage aerobic bacterial growth. After 45 days of exposure, bacterial
supernatant was carefully removed via pipette to avoid disturbing the pellet in

the bottom of the vials. This was crucial to avoid the pelletization of biomass

and natural organic matter (NOM) into the residual bioplastic samples after
biodegradation. At this point, the large majority of NOM and biomass from the
vial was removed, allowing for washing of the pellet with 3 X 30 ml of milliQ water,
re-centrifuging between each wash without adding artificial mass to the pellet.
After washing, the pellets were recovered and dried before massing. Samples were
dried first on a hot plate, and then in a vacuum oven. Biodegradation was reported
as the percentage of mass lost after 45 days of biodegradation compared to the
initial sample mass. Freeze-dried cellulose nanofibrils (CNFs) derived from wood
pulp were purchased from the University of Maine Process Development Center.
The CNFs were milled to a powder before biodegradation with a FlackTek speed
mixer (DAC 150) using 2-mm yttrium-stabilized zirconium milling beads.

Field-emission scanning electron microscopy. FESEM samples were prepared by
sputtering a 10- to 20-nm layer of Pt/Pd/Au. Images were acquired using a Zeiss
Ultra55/Supra55VP FESEM equipped with a field-emission gun operating at 5-10kV.

Chemical resistance of aquaplastic. Biofilm aquaplastic and curli aquaplastic

(1 cm?) were fully immersed in the organic solvent (n-hexane, chloroform) and
strong acid (98% sulfuric acid) and strong base (18 M sodium hydroxide) for 24h.
The optical images of aquaplastic were taken after 2min and 24 h of immersion.
After 24 h of incubation, the aquaplastic immersed in n-hexane, chloroform, 18 M
sodium hydroxide and 98% sulfuric acid was removed and air-dried for 24h. The
weight of aquaplastic before and after the treatment was noted. After the 24h

of incubation, the biofilm aquaplastic disintegrated into smaller fragments in
98% sulfuric acid, while both biofilm aquaplastic and curli aquaplastic had salts
precipitated on their surfaces in 18 M sodium hydroxide, which we could not
remove completely, and the accurate weight of the aquaplastic films could not be
determined. n =3 for biofilm aquaplastic and curli aquaplastic.

Coating of aquaplastic. Curli aquagel was cast on various surfaces (cow leather,
plywood, mobile phone touch screen, automobile exterior aluminum body part
and copper wire), which, upon drying under ambient conditions, resulted in
aquaplastic-coated surfaces. All surfaces in their coated and uncoated states were
imaged by FESEM. n > 3 for biofilm aquaplastic and curli aquaplastic.

Templating aquaplastic. Biofilm aquagel and curli aquagel were cast on various
patterned surfaces: nylon, taro leaf (Colocasia esculenta) and lotus leaf (Nelumbo
nucifera). Upon overnight drying under ambient conditions, the aquaplastic was
peeled off from the surface and imaged using FESEM. n> 3 for biofilm aquaplastic
and curli aquaplastic.

Rehydration of aquaplastic. Biofilm aquaplastic and curli aquaplastic (1 cm?)
were incubated in MilliQ water and, within 2 min, the aquaplastic swelled to its
maximum capacity. After 2 min, the excess water was wicked off. The aquaplastic
films retained their swollen dimensions if dried after rehydrating. The weight and
lateral dimensions of the aquaplastic were recorded before and after rehydration.
n=3 for biofilm aquaplastic and curli aquaplastic.

Aqua-healing. Surface scratches and cuts were made to the biofilm aquaplastic
and curli aquaplastic. Water (~10 pl) was added at the place of abrasion and, upon
air-drying, the aquaplastic was healed. n >3 for biofilm aquaplastic and curli
aquaplastic.

Aqua-welding. Water was employed as a glue to weld two pieces of biofilm
aquaplastic or curli aquaplastic. It was found that 10-20 pl of water line spanning
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1 cm was enough to weld two aquaplastics with dimensions of 1 cm® n >3 for
biofilm aquaplastic and curli aquaplastic.

Water-resistant aquaplastic (aquaplastic washed). Washing both biofilm
aquaplastic and curli aquaplastic with excess water removed all water-soluble
components, such as SDS, and other cellular components, giving rise to a
transparent water-insoluble film. Both biofilm aquaplastic and curli aquaplastic
initially swell, but with excessive water washing they ultimately shrank to their
original lateral dimensions. The water-washed biofilm aquaplastic and curli
aquaplastic samples exhibit resistance to water and do not wet. n>5 for biofilm
aquaplastic and curli aquaplastic.

Statistics and reproducibility. All experiments presented in this Article were
repeated at least three times (n > 3) on distinct samples, as clearly specified in

the figure legends or the relevant Methods sections. In all cases, data are presented
as the mean and standard deviation. GraphPad Prism 8 software was used for
plotting and analyzing data. For micrographs and optical images, we present
representative images.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

All relevant data supporting the findings of this study and the plasmids and strains
used are available within the Article and its Supplementary Information or from
the corresponding authors upon request. Source data are provided with this paper.
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Extended Data Fig. 1| Coating of curli aquaplastic on various surfaces. Coating of curli aquaplastic on various surfaces. Optical images of a. Cow leather,

b. Plywood ¢. Mobile phone touch screen, d. Aluminum automobile exterior body part and e. Copper wire coated with curli aquaplastic. FESEM images of
coated and uncoated surfaces are shown below.
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