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ABSTRACT: Graphene oxide (GO) has recently been highlighted as a promising 5300 — GO/PGA/Ca™
multipurpose two-dimensional material. However, free-standing graphene oxide films = =
suffer from poor strength and flexibility, which limits scaling-up of production and =

lifetime structural robustness in applications. Inspired by the relationship between the g 2001

organic and inorganic components of the hierarchical structure of nacre found in g

mollusk shells, we have fabricated self-assembled, layered graphene-based composite @ 44,

films. The organic phase of our composite is produced via environmentally friendly and 2

economical methods based on bacterial production of y-poly(glutamic acid) (PGA). 2

Composite films made of GO, PGA, and divalent cations (Ca>") were prepared through 0 .

a slow solvent evaporation method at ambient temperature, resulting in a nacre-like 0.0 0.5

layered structure. These biobased nanocomposite films showed impressive mechanical Strain (%)

properties, which resulted from a synergistic combination of hydrogen bonding with the

bacterially produced PGA and ionic bonding with calcium ions (Ca®>"). The GO/PGA/Ca’* composite films possessed a high
strength of 150 + 51.9 MPa and a high Young’s modulus of 21.4 + 8.7 GPa, which represents an increase of 120% and over
70% with respect to pure GO films. We provide rational design strategies for the production of graphene-based films with
improved mechanical performance, which can be applied in filtration purification of wastewater in the paper, food, beverage,
pigment, and pharmaceuticals industries, as well as for manufacturing of functional membranes and surface coatings.

KEYWORDS: composite film, graphene oxides, bacterial-produced y-poly(glutamic acid), ionic bonding, mechanical properties

Nacre, the layer lining the inside of many mollusk layers that approached the tensile strength of nacre.” More

shells, exhibits high mechanical performance that recently, Finnemore et al. and Spiesz et al. have both reported

combines remarkable toughness and tensile strength nacre-simulating materials composed of layer-by-layer struc-
due to its unique “brick and mortar” layered structure. Natural tures of CaCO; and polymers.”® These promising techniques
nacre is a composite of brittle inorganic CaCOj; and biological have not yet been used for large-scale materials production due
macromolecules (including p-chitin and silk fibroin-like to constraints including complex processing,’ rigorous
proteins).” In recent years, a range of structural materials fabrication conditions,” or costly waste treatment.'’ Despite
and synthetic methods have been successfully explored for the the active development of nacre-inspired materials, it still

production of nacre-like hierarchical composites that show
high stiffness without sacrificing toughness. While these two
properties are often mutually exclusive, both are necessary for
many load-bearing composite applications.””* These techni-
ques produced layer-by-layer (LBL) and/or self-assembled
structures with excellent mechanical properties, exceeding
those predicted by the rule of mixtures for composite material
behavior. For example, more than 20 years ago, an eflicient
assembly process to fabricate an LBL structure was reported
based on a simple dip-coating method, producing a silica/
poly(dodecyl methacrylate) composite material.” Thereafter, a
material closely replicating the mechanical strength of natural
biocomposites was produced from clay—polyelectrolyte multi-

remains a challenge to identify practical routes of producing
robust nacre-like materials for wide usage and large-scale
applications.

Graphene oxide (GO) is an advantageous material for
fabricating nacre-inspired composites due to its natural ability
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Figure 1. Schematic illustration of the preparation process for GO/PGA/Ca®* composite films.

to self-assemble into ordered and layered structures.''

Graphene is a two-dimensional (2D) and single-atom-thick
material consisting of a lattice of sp>-bonded carbon, which has
attracted interest in areas including biosensing,12 catalysis,13
electrochemistry,14 energy,15 and decontamination.'® Gra-
phene oxide, the oxidized state of graphene, not only possesses
excellent mechanical strength,17 but the various functional
groups anchored on the edges of GO sheets make them
beneficial for the preparation of carbon-based functional
materials.'®'® GO films are often applied as water purification
membranes, but their life span, and therefore cost-efficiency, is
limited by the membrane robustness.”’ Free-standing graphene
oxide films suffer from poor strength, toughness, and flexibility
that limit their use because GO sheets typically form networks
only via weak van der Waals forces.”’ Therefore, the
preparation of graphene oxide films with robust mechanical
performance has not yet been accomplished. Several polymers
have been su§§ested to improve the mechanical properties of
GO films.”*>** However, these previous studies use chemically
produced polymers, which are costly and generate toxic waste.
In our study, we report a GO-based material that is
mechanically improved through the use of a bacterially
produced polymer, which is environmentally friendly and
cost-effective.

One promising strategy to improve the mechanical proper-
ties of GO films is to introduce a polymer with appropriate
functional groups that can form bridges between GO sheets,
such as poly(acrylic acid), carboxyl methyl cellulose, or
chitosan.”*™*” In this work, we apply a bacterially produced
polymer that shows potential as a candidate to strengthen GO
films: y-poly(glutamic acid) acid (PGA). PGA exhibits
numerous useful physicochemical and biological properties
because of its nontoxicity, hydrophilicity, and biodegrad-
ability.”>*” Interestingly, PGA is a naturally occurring polymer
and can be easily and efficiently produced by bacteria in large
amounts, and thanks to its economic and environmentally
friendly nature, PGA has found versatile applications.”® In
contrast to other environmentally friendly polymers, PGA can
be easily and efliciently produced in large scale by bacteria,
providing an economic and sustainable nature that has allowed
PGA to be useful in versatile applications. Since PGA contains
multiple functional groups (including —COOH and —NH,), it
can interact with surface-modified GO nanosheets, making
them more electronegative and hydrophilic via electrostatic
forces and polar effects.”’ Our biological manufacturing
approach is unique to the field of GO-based composites
production and will guide advanced, sustainable directions to
prepare bioinspired nacre-mimetic materials.

In this work, we show that PGA polymers and GO
nanosheets will self-assemble with each other into thin films
that are robust and mechanically stable. To further improve the
mechanical properties of GO films, we combined GO, PGA,
and Ca®' ions for the preparation of nacre-inspired multi-
layered composite films. Incorporation of metal ions such as
Ca® or Zn*" into the internal structure of GO-based films is
proposed to form ionic bonds with the negatively charged
functional groups on the PGA polymers, leading to significant
improvement of the mechanical properties and higher stability
of nacre-like composite materials.””** Characterization of our
GO/PGA/Ca* films indicated that the introduction of PGA
and Ca* significantly enhanced the mechanical properties of
the GO films due to synergistic interface interactions of
hydrogen bonding with PGA and ionic bonding with Ca?t,
resulting in a reinforced nacre-like multilayered structure. The
tensile strength of the bioinspired films exhibited high ultimate
stress (150 = 51.9 MPa) and an outstanding Young’s modulus
(21.4 + 8.7 GPa), which represents a 120% and 70% increase
with respect to pure GO films. Our approach for fabricating a
self-assembled layered composite is a low-effort and inex-
pensive process for preparing large-scale, highly ordered
multilayer films with industrial applications such as filtration
of wastewater, functional membranes,*° fabrics,>* or coatings.35

RESULTS AND DISCUSSION

In order to produce a mechanically robust, nacre-inspired
biobased material via a rapid, practical method, we developed a
technique for producing self-assembled, layered materials
based on cross-linked GO thin films. First, y-poly(glutamic
acid) polymer was produced with Bacillus licheniformis bacteria.
Next, GO/PGA hybrid films were prepared by mixing an
aqueous suspension solution of GO and PGA, in which PGA
molecules adsorbed onto exfoliated GO nanosheets via
hydrogen bonding.36 GO/PGA/Ca** films were then obtained
by immersing the GO/PGA films into a calcium chloride
solution (Figure 1). Our hypothesis was that the Ca** ions
would interlink the PGA polymer chains and the GO
nanosheets via complexing with their oxygen-containing
functional groups, which in turn would improve the
mechanical properties of the GO-based composites.

To determine the influence of PGA on the mechanical
properties of Ca**-linked GO/PGA nanocomposite films and
optimize the PGA content for best mechanical performance,
we prepared ternary nanocomposites of GO/PGA/Ca** with
varying mass fractions of GO and PGA, including GO:PGA
ratios of 100:0, 100:3 100:5, 100:8, and 100:10. Tensile
strength testing of these materials showed that the GO/PGA/

14732 https://dx.doi.org/10.1021/acsnano.0c00913

ACS Nano 2020, 14, 14731-14739


https://pubs.acs.org/doi/10.1021/acsnano.0c00913?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00913?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00913?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00913?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00913?ref=pdf

www.acsnano.org

ACS Nano

©

iy 300

=5

S

o 2001

c

(]

=]

n

@ 1001

®

S * p<0.05
= *4p < 0.01

0
100:0 100:3 100:5 100:8100:10
Mass Ratio (GO:PGA)

IS
o

[
[3,]

-
o

Young‘s modulus (GPa)
N
o

**p < 0.01

100:0 100:3 100:5 100:8100:10
Mass Ratio (GO:PGA)

Figure 2. Mechanical properties of GO/PGA/Ca®>" nanocomposites containing different ratios of GO to PGA: 100:0 (no PGA), 100:3;
100:5; 100:8, and 100:10. (a) Tensile strength and (b) Young’s modulus of the nanocomposites. GO/PGA/Ca** composite films with a
GO:PGA ratio of 100:5 possessed the highest tensile strength of 150.1 + 51.9 MPa. The nanocomposite film with a GO:PGA ratio of 100:3
achieved the highest Young’s modulus of 27.8 + 3.8 GPa. * represents significant differences with a p-value of <0.0S, and ** represents
significant differences with a p-value of <0.01. The GO:PGA ratio of 100:5 was chosen for all subsequent experiments.

Ca® composite film with a GO:PGA ratio of 100:5 possessed
the highest tensile strength of 150.1 + 51.9 MPa (Figure 2a).
This trend is consistent with toughness properties of our
materials; the GO/PGA/Ca** composite film with a GO:PGA
ratio of 100:5 reached a toughness of 1.32 + 0.34 (MJ m™),
superior to the films with other ratios (Figure S1). The
nanocomposite film with a GO:PGA ratio of 100:3 achieved
the highest Young’s modulus of 27.8 + 3.8 GPa (Figure 2b),
which is far higher than other graphene-based composite films
reported in the literature.”” " Materials with GO:PGA ratios
of 100:3 and 100:5 were significantly stronger and stiffer than
all other tested ratios (p < 0.0, Figure 2); their strength and
stiffness were not significantly different from each other (p >
0.05). The significant improvement of tensile strength and
stiffness upon the addition of intermediate amounts of PGA is
likely related to generation of additional ionic bonds formed
with Ca?*, while higher amounts of polymer are detrimental to
tensile strength and stiffness, as observed in GO:PVA
composites.”* We chose the GO:PGA ratio of 100:5 for all
subsequent experiments, therefore the general names
“GO:PGA” and “GO/PGA/Ca* composite films” refer to
100:5 GO:PGA ratios throughout the rest of this work.

The morphologies of cross sections of GO, GO/ Ca*, GO/
PGA, and GO/PGA/Ca** composite films were examined with
scanning electron microscopy (SEM) to assess the effect of
PGA and/or Ca>* on the structure of the GO-based films. The
pure GO films (Figure 3a) exhibited a wavy layered structure
with abundant interlayer gaps, which were likely caused by
weak hydrogen-bonding interactions between adjacent GO
nanosheets. Upon introducing either PGA or Ca*" ions, the
gaps between the GO nanolayers appeared to decrease (Figure
3b—d), suggesting improved interfacial interactions due to the
polymer or metal ions. Compared with pure GO or GO/PGA,
the amount of space within GO/Ca* films or GO/PGA/Ca*"
film was further decreased, and the layers were stacked closer
together (details of the interlayer space quantification are
shown in Table S1 and Figure S2), indicating that a stronger
integration occurred within the film. The samples containing
calcium ions (GO/Ca*" and GO/PGA/Ca*") contained layers
that appeared flatter and more densely packed after the
treatment with Ca?*. The insertion of calcium ions thus
seemed to successfully lead to the formation of ionic bonds
between Ca** and the carboxyl groups in GO and/or PGA.

The stacked layers visible by SEM imaging represent GO
assemblies, each of which is made up of many GO nanosheets.

14733

Figure 3. SEM images of the cross sections of nacre-inspired films:
(a) GO, (b) GO/Ca**, (c) GO/PGA, and (d) GO/PGA/Ca** films.
The layered structures became increasingly dense after treatment
with Ca®* solution.

To investigate the morphological changes in the density of the
nanosheet stacking in our GO materials, X-ray diffraction
(XRD) was employed for crystallographic and structural
analysis of the GO, GO/PGA, and GO/PGA/Ca** layered
materials (Figure 4a). A strong peak was observed in the XRD
pattern for each sample at approximately 10.8°, which is
characteristic of GO.* The position of this peak was used to
determine the interlayer distance (d-spacing) of the GO
nanosheet layers according to Bragg’s law. The introduction of
PGA or PGA together with calcium ions caused the GO peak
to shift toward smaller angles, indicating larger spacing of GO
nanosheet layers. The d-spacing of the pure GO film was
determined to be 0.82 nm, which increased to 0.84 nm for the
GO/PGA composite, indicating that the PGA molecules were
successfully intercalated into the GO nanosheets. The d-
spacing value further increased to 0.89 nm after treatment with
calcium ions to produce GO/PGA/ Ca**, which is evidence
that Ca** was also successfully introduced into the interlayers
of GO/PGA. The presence of Ca** ions within the GO layers
was directly verified by energy dispersive X-ray spectrometry
(EDS) analysis (Figure S3). Our composite materials thus
display hierarchical internal structuring, whereby the intro-
duction of PGA and Ca** swells the thickness of each lower-
order GO nanosheet but results in closer packing of higher-
order GO assemblies. The added PGA and Ca?* is likely bound
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Figure 4. (a) XRD patterns of the GO (black), GO/PGA (blue), and GO/PGA/Ca>* (red) composite films. The inset displays a magnified
view of the XRD peak at 10.8°, characteristic of GO. The shift of this peak reflects changing d-spacing values, indicating the insertion of PGA
molecules and Ca®" ions into the GO nanolayers. (b) FTIR analysis of GO (black), GO/PGA (blue), and GO/PGA/Ca** (red) films. The
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Figure S. (a) Representative stress—strain curves of GO, GO/PGA, and GO/PGA/ Ca** composite films from uniaxial tensile tests. The right
image shows the grips used in the tests. The maximal tensile strength obtained for a given film type is indicated next to the curve. (b) Tensile
strength and Young’s modulus properties of GO (black), GO/PGA (blue), and GO/PGA/Ca** (red) films. Data are shown as mean with
standard deviation. * represents significant differences with a p-value of <0.0S, and ** represents significant differences with a p-value of

<0.01.

not only between nanosheets but also between assemblies of
nanosheets, resulting in additional reinforcement.

The interfacial interactions among GO, PGA, and Ca*
components were analyzed using Fourier transform infrared
(FTIR) spectroscopy (Figure 4b), X-ray photoelectron
spectroscopy (XPS) (Figure S4), and Raman spectroscopy
(Figure SS). The FTIR curve of GO displayed a strong —OH
peak at 3350 cm ™!, C—H asymmetric stretching at 2971 cm ™,
C=C bonds at 1620 cm™!, C=0 bonds at 1726 cm™, and
C—0—-C bonds at 1047 cm™.*""** Similar peaks were observed
in GO/PGA and GO/PGA/Ca*". Interestingly, the peak of the
C=O0 stretching vibration band in carboxyl groups was
enhanced after the introduction of PGA, implying that PGA
molecules were hydrogen-bonded onto the GO sheets. That
peak was diminished after the introduction of Ca** ions, which
can be explained by complexation between Ca®>* and GO
carboxylic groups causing an increased spacing between GO
nanosheets (Figure 4b) that weakened hydrogen-bonding
interactions.*”** Next, from XPS spectroscopy, the C Is
spectra (Figure S4a—c) revealed that the addition of PGA into
the GO film resulted in a significant decrease of the C—O—C
component (287.0 eV) and an increase of the C—OH
component (285.9 eV), which could be caused by the ring-
opening reaction of epoxides, which generates alcohol
groups.” Meanwhile, the percentage of oxygen-containing
functional groups dramatically decreased in GO/PGA/Ca*,
suggesting chemical cross-linking with Ca®* ions (Figure S4d).

14734

In addition, a slight shift of the O 1s peak from 532.5 eV in GO
to 532.3 €V in GO/PGA and GO/PGA/Ca* samples and a
massive decrease in intensity of the O 1s peak after treatment
in the Ca** solution could be ascribed to the linkage occurring
between Ca?*, PGA, and GO. Furthermore, in the Raman
spectra (Figure SS), the intensity ratios of I,/I; for GO, GO/
PGA, and GO/PGA/Ca*" were found to be 0.941, 0.951 and
0.959, respectively. This increase in Ij,/I; value upon addition
of PGA and Ca® is due to an increase in the number of sp
domains, further confirming interaction between the compo-
nents in the composite film.*

The mechanical performance of our GO-based layered
materials was evaluated through tensile testing (Table S2).
Typical stress—strain curves of GO, GO/PGA, and GO/PGA/
Ca®" films are shown in Figure Sa. The tensile strength of pure
GO films was 68.2 & 16.6 MPa, and the Young’s modulus was
12.5 + 3.6 GPa (Figure 5b), consistent with previous reports.*
After incorporating bacteria-derived PGA, the modified GO/
PGA film exhibited a tensile strength of 83.7 + 16.3 MPa
(22.7% increase compared to pure GO, p = 0.63) and a
Young’s modulus of 17.4 + 4.8 GPa (39.2% increase compared
to pure GO, p = 0.28). Only after incorporating Ca>* ions into
the composite did the Young’s modulus increase significantly
to 21.4 + 8.7 GPa (p < 0.05, see Figure 4), and the tensile
strength was dramatically increased to 150.1 + 51.9 MPa (p <
0.01), which is comparable to natural nacre (tensile strength of
170 MPa)” and 120% higher than pure GO.
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Figure 6. (a) Comparison of the mechanical properties of the layered GO/PGA/Ca’>* nanocomposites with natural nacre and other GO-
based films: GO,"" GO/PAH,*” GO/CS,**** GO/CF,*° GO/CA,*" GO/AL,0,/PVA,** GO/FGS,** GO/Mg*,** GO/PAA,** GO/GA,** GO/
Ca”,* GO/DOPA,* and GO/PMMA.*’ Our bioinspired GO/PGA/Ca>* nanocomposites show greatly improved mechanical properties
compared to other GO-based films. See Figure S6 for a comparison of tensile strength versus toughness. (b) Schematic illustrations of the
synergistic interactions of hydrogen bond cross-linking and ionic bonds established between GO, PGA, and Ca®* in our composite material
and (c) the fracture mechanisms proposed for the pristine GO and GO/PGA/Ca>" composite films.

The synergistic effect of adding both intermolecular
hydrogen and ionic bonding together in the same material
provides our bioinspired nanocomposites with mechanical
properties that approximate natural nacre and are superior to
those of other GO-based nanocomposites (Figure 6a). For
example, GO/poly(allylamine) hydrochloride (PAH)*" shows
a tensile strength of 128.22 + 19.15 MPa, but its Young’s
modulus is only 18.31 + 1.27 GPa. A lower stiffness is also
observed in GO/chitosan (CS),**** GO/carbon fiber (CF),*°
GO/CA,! GO/A12Q3/PVA,52 and polyimide/functionalized
graphene (PI/FGS).>” The tensile strength of our GO/PGA/
Ca®" is more than 1.6 times higher than that of GO/poly
allylamine (PAA)** and GO/glutaraldehyde (GA).>> While the
Young’s modulus of our material is close to that of GO/Ca®**
(28.1 + 1.2 GPa) and GO/Mg** (27.9 + 1.8 GPa),” which
are also cross-linked via ionic bonds, the tensile strength of
these materials is significantly lower than in our PGA-
containing materials. Compared with GO/dopamine
(DOPA) composites,™ the tensile strength and stiffness of
the GO/PGA/Ca®" nanocomposite are 6.5 and 2.3 times
higher, respectively. The tensile strength of the GO/PGA/Ca**
nanocomposite is comparable to GO/hydrophobic poly-
(methyl methacrylate) (PMMA) (148 MPa),>’ and the
stiffness is 4.3 times higher than that (7.5 GPa). Overall, our
GO/PGA/Ca** composite exhibits a combination of high
strength and excellent stiffness, outperforming other GO-based
films.

The high mechanical performance of our self-assembled,
nacre-inspired GO/PGA/Ca’* composite films can be
attributed to several factors. First, the solvent evaporation
self-assembly of graphene oxide sheets led to the formation of
two-dimensional, highly ordered layered nacre-like films. This
structure, with abundant gaps between the layers, acted as a
matrix that could be filled by PGA polymer and Ca’* ions, thus
improving the mechanical performance of the nanocomposite
films. Next, the XRD results (Figure 4a) demonstrated that
PGA molecules were well-intercalated within the GO films.

14735

The abundant oxygen-containing functional groups on both
GO and PGA provided the basis for the formation of hydrogen
bonds, which increased the tensile strength of the films. Finally,
Ca™ is re?orted to have a strong ability to chelate with anionic
polymers™® and was thus likely able to interlink the PGA
polymer chains within the GO nanosheets via complexing with
these oxygen-containing functional groups. As a result, we
conclude that our materials formed a cross-linked structure
with strong intercalations between PGA, GO, and Ca®" ions
(Figure 6b). These modifications to GO films resulted in
substantially improved mechanical performance in terms of
both strength and stiffness, enabling various potential
applications that require robust materials without losing the
benefits inherent to GO-based materials such as their low cost
and light weight.

We propose a possible fracture mechanism for the pristine
GO and GO/PGA/Ca*" composite films (Figure 6¢c). When
tensile stress is applied to the films, adjacent sheets can slip
relative to one another, resulting in the formation of cracks and
leading to failure under high strains. Owing to the weak
interactions between the adjacent sheets, GO sheets in non-
cross-linked GO films are easily pulled out; hence, the pristine
GO film exhibits a comparatively rough fracture edge.’*"’
After Ca** and PGA cross-linking, the enhanced interlayer
interactions ensure only moderate sheet slippage, resulting in a
smooth fracture edge of the GO/PGA/Ca®** film. Our
structurally stabilized, cross-linked GO/PGA/Ca** composite
structure may help overcome the challenge of the instability of
the interlayer spacing between adjacent GO nanosheets, which
currently prevents the usage of GO membranes as separation
barriers.”’

Stability in different environments, such as high-temperature
or moist conditions, is an important aspect for evaluating the
suitability of a material for specific applications. We conducted
thermogravimetric analysis (TGA) to reveal the thermal
stability of the composite films. The GO/PGA/Ca*" samples
started to decompose when the temperature rose above 200
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Figure 7. (a) Bending angle of the GO/PGA/Ca®* composite film measured at different relative humidity (RH) values. The inset shows a
schematic depiction of the bending angle. (b) Ultraviolet—visible spectra of the MB solution (100 ppm, black) and the filtrate (red); the
inset image shows the MB solution (100 ppm) before filtration (left) and the filtrate (right).

°C, indicating that the composite film remains thermally stable
up to 200 °C (Figure S7). Also, the GO/PGA and GO/PGA/
Ca®* composite films showed good stability and remained
intact when immersed in water for 25 days, while pure GO
films showed poor tolerance to water and fractured into pieces
(Figure S8). Additionally, the response of the GO/PGA/Ca*
composite film to humidity was tested to demonstrate its
structural stability when exposed to humid environments.
Upon increasing the relative humidity from 30% to 80%, the
composite became increasingly bent, reaching an angle of only
42.7° at 80% relative humidity. This result demonstrates
excellent shape stability (Figure 7a). Moreover, the hydro-
philicity of the GO/PGA/Ca** composite film was charac-
terized by a sessile drop experiment. A contact angle of 37.1 +
2.8° was obtained for a drop of water on the surface of the
composite film, showing high hydrophilicity (Figure $9).°'
Furthermore, we used the GO/PGA/Ca* composite film to
filter an organic dye commonly present in wastewater from
dye-related industries. Methyl blue (MB), a dye commonly
used in the textile industry, could be filtered through our GO/
PGA/Ca*" film with over 99% filtering efficiency (Figure 7b).

CONCLUSIONS

Composite films of PGA and graphene oxide were successfully
prepared and mechanically reinforced with Ca®* ions. The
GO/PGA/Ca** nanocomposites can be fabricated using a
simple, low cost, easily scaled-up, and environmentally friendly
method using water as the processing solvent. The obtained
GO/PGA/Ca** composite films have a nacre-like layered
structure, achieving greatly enhanced mechanical performance.
The cross-linking of GO with bacteria-produced PGA polymer
in the presence of Ca®" improved the mechanical properties of
the composites as compared to unmodified GO films. The
maximum tensile strength and Young’s modulus values of the
GO/PGA/Ca®" composite films measured here reached up to
150.1 #+ 51.9 MPa and 21.4 + 8.7 GPa, respectively, which are
similar to natural nacre in terms of strength and stiffness. The
excellent mechanical performance and environmental stability
of our composite films make them promising for applications
in water purification (e.g, drinking water purification, waste
treatment, food and beverage industry applications), functional
membrane manufacturing (for membrane-based separation
technologies), surface coatings, and other industries that
require low-cost raw materials, simple synthesis technology,
energy-efficiency, easy scale-up, and environmental friend-
liness, all combined with excellent mechanical properties.

METHODS

Materials. All chemical reagents used in this work were obtained
from VWR Netherlands.

PGA was produced with bacteria (Bacillus licheniformis) using a
microorganism-induced method, as explained in detail previously.®
Briefly, B. licheniformis (NBRC12107, NBRC, Japan) was grown in
medium E (20 g/L r-glutamic acid, 13.6 g/L monosodium citrate, 80
g/L glycerol, 7 g/L NH,C], 0.5 g/L KH,PO,, 0.244 g/L MgSO,, 0.04
g/L FeCl;-6H,0, 0.15 g/L CaCl,-2H,0, 0.1 g/L MnSO,-H,0, pH
7.5 with NaOH, sterilized by autoclaving).” PGA was isolated from
the growth medium by adding CuSO, to a concentration of 0.4 M.
The precipitated PGA was isolated by centrifugation (30000g for 30
min) and redissolved in 0.5 M ethylenediaminetetraacetic acid
(EDTA) solution. Cu-EDTA complexes were removed by dialysis
against water, after which the PGA was lyophilized (Christ Alpha 1-2
LD Plus lyophilizer) and stored dry at room temperature until use.

Graphene oxide nanosheets were synthesized from natural graphite
powder according to a modified Hummer and Offeman method.®®
Briefly, 1.5 g of natural graphite flakes was added to a mixture of
concentrated H,SO, (97%) and H,P0,(85%) (180 mL:20 mL) in a
conical flask. Nine grams of well-ground KMnO, powder was slowly
added to the mixture while the temperature was maintained at 35 °C
in a water bath. The reaction was then heated to 50 °C and stirred for
12 h. When the reaction had completed, the mixture was poured into
200 mL of water chilled by ice, followed by immediate addition of
H,0, (5 mL). The product was obtained by centrifugation at 3000
rpm for S min and washed with 5% HCI solution to remove the
remaining metal ions, then washed with deionized water (DI). Finally,
the dense GO solution was lyophilized.

Preparation of GO/PGA/Ca%* Composite Film. GO/PGA films
were prepared by a spontaneous mixing method. To prepare a GO
dispersion, prepared GO was diluted with DI water to a concentration
of § g/L and sonicated for S h, then centrifuged at 4000 rpm for 30
min to remove the unreacted graphite and multilayered graphene
oxide. The supernatant was collected and dialyzed for a week in DI
water that was exchanged daily. Next, various amounts of PGA were
dissolved in the GO dispersion in a 240W Emmi-D30 sonication bath.
Films with different weight ratios of GO to PGA (100:3, 100:S, 100:8,
and 100:10) were prepared and evaluated to determine an optimal
ratio for mechanical performance. The mixture was transferred to a
Petri dish, and composite films were formed by drying for 4 days at
room temperature. The prepared films were cut by a razor blade into
strips with a width of S mm and a length of approximately 150 mm (a
format required for mechanical testing, according to ASTM standard
D-882-02) before further treatment (Figure S10a). GO/PGA/Ca*
composite films were prepared by immersing the precut GO/PGA
strips in a 0.5 M CaCl, solution overnight at room temperature. The
strips were removed from solution, washed with DI water three times,
and finally dried in air at room temperature (Figure S10b).

Structural and Mechanical Characterization. Films were
characterized by SEM with EDS, XRD, FTIR, and uniaxial tension
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tests. For SEM analysis, samples were spin-coated with an 8 nm layer
of gold and imaged with a Nova NanoSEM under 5—15 kV voltage.
XPS analysis was conducted using a PerkinElmer RBD upgraded PHI-
5000C ESCA system. The Raman spectrum was collected on a Raman
microscope (Renishaw) with a $14.5 nm excitation source operating
on a LabRAM HR Evolution Raman microscope. Quantitative
analyses of the cross sections of composite samples were performed
to measure the change in thickness before and after Ca>* treatment
with the same batch of GO or GO/PGA films using Image] software.
At least 10 sites were analyzed in SEM images of the same
magnification to measure average thickness of the films and calculate
the associated interlayer spacing. To calculate interlayer distances and
determine crystal polymorphs, XRD patterns of the films were
recorded on a Bruker D8 Advance diffractometer with Cu Ka
radiation (4 = 1.541 78 A), with the operation voltage and current set
at 40 kV and 40 mA, respectively. Film samples were ground into fine
powder before performing XPS using a PerkinElmer RBD upgraded
PHI-S000C ESCA system. Mechanical properties were measured on
an Instron tester with a gauge length of 100 mm, according to ASTM
standard D-882-02. Sample width was 5 mm. The testing rate was 2
mm/min, and samples that broke in the vicinity of the grips (within
10 mm, or 10% of full specimen length) were excluded. At least five
samples per condition were tested to ensure reproducibility.

The response behaviors of the composite film to moisture were
tested in a sealed transparent box equipped with a hygrometer, and a
humidistat was applied to record and monitor the relative humidity.
The hydrophilicity of the GO/PGA/Ca* composite film was assessed
with a sessile drop experiment by depositing a 5.7 uL droplet of water
onto a GO/PGA/Ca*" film, and the contact angle of the drop was
measured five times to calculate the average value using a contact
angle goniometer (INNUO CA100D). Methyl blue was chosen as an
example to visualize the efficiency of our composite’s filtering
capabilities. A vacuum filtration system equipped with our GO/
PGA/Ca’* composite film as the filter was built (Figure S11) and
used to filter an MB solution with a concentration of 100 ppm in
water. After filtering, the filtering efficiency was determined with an
ultraviolet—visible spectrophotometer.

Statistics. Statistical analyses were performed with Gnumeric
software (v. 1.10.16). Sample normality was tested using Anderson—
Darling tests and qq plots. Normally distributed samples are presented
as means + standard deviations. Samples for which normality could
not be ensured are presented as medians =+ interquartile range.
Samples were compared using one-way (single factor) ANOVA tests
and posthoc Tukey’s HSD (honest significant difference) tests, with a
significance level of a = 0.0S.
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