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ABSTRACT: Worldwide use and disposal of plastics have reached a dramatic saturation
point, polluting lands, oceans, and air across the globe. Responding to such a challenge
requires, among other environmental remediation measures, the manufacture of alternative
sustainable plastics. Recent studies in the area have enabled the development of degradable
plastics; however, the rate and conditions required for the degradation of such materials
remains under scrutiny. Here, we introduce a new class of fully plant-based, rapidly degradable
lignin and zein composite blend that can be transformed into macroscopic structures using
extrusion three-dimensional (3D) printing. Corn-derived zein forms the polymeric solution,
while insoluble lignin granules act as a binder for enhanced printability and facile degradation.
The blend showcases a shear-thinning behavior that is ideal for rapid extrusion printing into
desired 3D structures, from cuvette caps to circuit boards. Biodegradation studies show that
common bacteria readily found in soil and compost are able to decompose structures made
with the lignin—zein composite in shorter time frames compared to a known biodegradable
plastic, viz., polylactic acid. The rapid biodegradability and enhanced processability highlight the potential of lignin—zein composites
to decrease our dependence on petroleum oil-based plastics.
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B INTRODUCTION with specific microbial characteristics for complete degrada-
tion.'” To address the challenge of material sustainability,
alternatives should be derived from naturally occurring
precursors that can be produced inexpensively at a large
scale with low carbon impact.”® Concurrently, these materials
must rapidly decompose upon release into the environment.
Here, we introduce a new class of a lignin—zein composite
(LZC) that can be processed into macroscopic materials using
three-dimensional (3D) printing and shows rapid degradation
by commonly found bacteria under ambient conditions.

The eco-sustainability of the 3D printable LZC is based on
the principle of benign by design.”*” The precursors of the
LZC blend are plant-based polymers that degrade into their
molecular subunits when released into the environment.”> We
combine lignin and zein to produce a composite ink that can
be used to 3D print materials via nozzle extrusion. Zein is a
protein present in corn and is widely available as a waste
product from the biofuel industry. It is an excellent candidate
to replace synthetic thermoplastics in film casting and

Plastics are the backbone of modern manufacturing with 8300
million metric tons produced worldwide from 1950 to 2015."
However, only 9% of plastic in the world is recycled, and the
vast majority is simply discarded into the environment after
use."”” Most plastics are synthesized using petroleum oil and,
when discarded in nature, do not decompose readily and are
expected to persist even at geological timescales.’” Recent
studies have found that synthetic plastics released into the
environment can break up into microscopic fragments called
microplastics.” These microplastics seem to be omnipresent
and undesirably integrated into the food chain, thus posing
great danger to living organisms.’”® Thus, there is an
immediate need for sustainable alternatives to eliminate our
reliance on traditional plastics.”

Recent trends in the development of sustainable manufactur-
ing have pointed toward plant-based, biodegradable materials
as precursors to move society toward a more circular
economy.'®™"? Such materials should be designed to be
sourced with biomass that is renewable and decentralized and

to be destined for biodegradatlon into small molecules at the Received:  October 28, 2020 §3§I?L£!ah'%
end of their lifecycle."”"> For example, polylactic acid (PLA) Revised:  December 13, 2020 VD
has garnered considerable attentlon as a biodegradable Published: January 16, 2021 @
alternative in the packaging industry.'® Despite its reputation, A ‘
PLA shows no significant degradation in artificial sea and fresh

water.'”'® PLA-based materials require bio-augmented soils
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Figure 1. Scheme representing the synthesis, printing, and degradation of the LZC. Zein is dissolved in an ethanol—water (4:1) mixture at its
saturation concentration. Dealkaline lignin is then dispersed in a zein solution at a concentration higher than its solubility limit to ensure lignin
exists in a granular state. This LZC blend is printed into desired 3D structures using extrusion printing. After printing, solvent evaporation drives a
spontaneous phase separation causing zein molecules to precipitate on the surface of lignin granules. This phase separation of zein under ambient
conditions leads to the hardening of the printed structure. The LZC can be fully degraded upon exposure to the model bacteria under ambient

conditions.

extrusion printing.””*> However, the lack of processability

using 3D printers, brittle nature, and low tensile strength of the
isolated zein protein 11m1ts its applicability as a viable
alternative to thermoplastics.”® We overcome these limitations
by using granular lignin as a binder, which not only enhances
the strength of the LZC but also enables its 3D printability.
Lignin is a naturally occurring bio-polymer and is a major
structural component of terrestrial plants, providing rigidity
and strength to their cell walls.”’~*° It is regarded as one of the
most abundant organlc materials and available as a byproduct
of the paper industry.’!

LZCs have been synthesized previously and used as
insulators and fire retardant materials.”****> However,
previous methods require high-energy processing of the
composite using a hot press, and the material is not
transformable/processable by conventional extrusion 3D
printers. In this article, we overcome these limitations by
developing a new method for in-solution processing of the
composite using the spontaneous change in solubility of zein in
an ethanol—water mixture and its corresponding phase
separation and condensation on granular lignin. We demon-
strate the formation of a 3D printable ink obtained by directing
the solubility and co-precipitation of lignin and zein in an
ethanol—water mixture. We describe the molecular interaction
between zein and lignin that leads to the condensation of zein
molecules on lignin granules, which drives the change in
rtheological properties of the LZC ink during the drying
process. We investigate the effect of relative concentration of
the zein and lignin on the viscoelastic properties of the LZC
and discuss the molecular origin of the enhanced mechanical
strength and processability of the composite. We demonstrate
the versatility of the LZC as a 3D printable ink by
manufacturing various model macroscopic structures. Fur-
thermore, we quantify the degradation of the LZC in the
presence of Sphingomonas paucimobilis and Stenotrophomonas
ma t(;phllla, commonly found bacteria at waste disposal
sites.

B MATERIALS AND METHODS

LZC Ink Preparation and 3D Printing. Zein powder (Acros
Organics) was dissolved in a 4:1 mixture of absolute ethanol and
water by sonication. Then, granular dealkaline lignin (Tokyo
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Chemical Industry Co., Ltd.) was dispersed in zein solution by
mixing with a spatula. The ink was sonicated for ~1 h, and the
uniform distribution of lignin granules in the zein matrix was
confirmed with fluorescence microscopy imaging. The concentration
of dealkaline lignin was higher than its solubility limit in the aqueous
mixture and thus the mixture is oversaturated with lignin. With an
optimized concentration of lignin, the paste can be transformed from
a honey-like zein solution to a clay-like lignin—zein composite, which
is preferred in extrusion 3D printing. The composite ink was then
transferred to a commercial printer (Culture 3D Tissue Scribe) to 3D
print desired structures. The 3D printing was performed through a
410 pm inner diameter nozzle and printing speed of 1.0 mm s~ at 25
°C and 42 % relative humidity. The printing speed was selected to
achieve practical ink density for printing. At a lower speed, the dried
ink was found to clog the nozzle, while at a higher speed, the extruded
ink formed a discontinuous structure. All experiments were performed
with ultrapure water of resistivity 18.2 MQ cm.

Material Characterization. A Leica DM6 upright microscope
equipped with a Leica DFC9000 GTC camera and a Leica EL 6000
fluorescence light source was used for imaging the dried filamentous
structures in brightfield and fluorescence modes. The drying process
and the zein shell formation on lignin were visualized at 25 °C on the
light microscope. Scanning electron microscopy (SEM) (JEOL JSM-
6610LV, S kV operating voltage) was used to visualize the
microstructure of the printed lignin—zein composite at higher
resolution. All the samples for SEM were dried at 25 °C and coated
with platinum to minimize charging effects during the imaging.

Rheometry. Composite paste samples for oscillating rheometry
with a fixed concentration of lignin or zein were prepared as described
above. The TA Discovery HR-2 rheometer was used for oscillating
rheometry with 25 mm parallel plates. Sample heights were in the
range of 900—1000 ym. Storage (G’) and loss (G”) moduli and tan &
of composite samples were recorded by time sweeping from 0 to 30
min immediately after mixing to demonstrate the drying process of
each sample. Oscillating frequency was fixed at 1 Hz, and strain was at
10%.

Tensile Strength. A dog-bone shape was used on a tensile tester
(Instron Mechanical Test System 5696) equipped with a SO N load
cell to evaluate the tensile strength of the printed structure. Maximum
stress, tensile modulus, and elongation at break were measured at a
strain rate of 0.50 mm min~".

Biodegradation. Sheet samples printed from acrylonitrile
butadiene styrene (ABS), PLA, and LZC (¢, = 1.0 g mL™" and
Clignin = 0.6 g mL™") were used in biodegradation tests. The printed
sheets with a dimension of 30 mm X 15 mm X 1 mm were kept in 15
mL of minimal media solution (composition of media solution:

https://dx.doi.org/10.1021/acssuschemeng.0c07915
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Figure 2. Extrudability and structural characteristics of LZC. (a) Complex viscosity of the zein solution and LZC blend at an increasing
concentration of lignin. The blend transitions from a Newtonian fluid at low lignin concentrations to a non-Newtonian shear-thinning fluid upon
adding lignin granules (b, ¢) Images showing extrudability of LZC paste with lignin granules. c,;, is fixed at 1.0 g mL™" while cjgnis is 0.0 g mL™"

(b) and 0.6 g mL™*

in (c). (d—g) Images showing improved structural preservation with added lignin granules. (h—k) Fluorescence mlcroscopy

images showing a printed filament of zein and LZC with increasing ¢y, from 0.0 to 1.0 g mL™" at fixed o, = 1.0 g mL™". Here, zein is labeled with
FITC and appears green in fluorescent images. The lignin granules can be distinguished as dark aggregates within the filament. As the lignin
concentration in the LZC blend increases, lignin granules are more evenly distributed in the composite. The inset SEM images in (j) and (k) show

the appearance of microvoids upon increasing cjgn;, to 1.0 g mL™},

driving an increase in surface roughness shown in (g).

K,HPO, (2.34 g L"), KH,PO, (1.33 g L"), MgSO,-7H,0 (0.20 g
L), (NH,),S0, (1.00 g L"), NaCl (0.50 g L™"), CoCl, (0.0019 mg

L™, Nic12 (0.0118 mg L™"), CrCl, (0.0063 mg L™"), CuSO, (0.0157
mg L"), FeCl, (0.9700 mg L™"), CaCl, (0.7800 mg L"), and MnCl,
(0.0100 mg L") dissolved in deionized water at pH = 7). 3% After
autoclaving the sheet samples, S. paucimobilis (ATCC 29837) and S.
maltophilia (ATCC 13636) (MicroBioLogics) were inoculated
respectively to the samples to test their biodegradability in the
presence of selected microorganisms. The inoculum was grown in a
nutrient broth for 24 h before inoculation to ensure that the
microorganism was in the log phase of growth, and an inoculum (0.1
mL) was placed in each vial except the controls of each composite.
Printed ABS, PLA, and LZC sheets were prepared in the same manner
to serve as comparison in this experiment. Triplicates of all
composites and bacteria were prepared. A 90-day biodegradation
test was performed after inoculation at 30 °C under ambient pressure.
Images were taken using a digital camera to visualize the degradation
process of each sample. At the end of 90 days, the samples were
filtered through a Buchner funnel fitted with a filter paper to collect
residue of the composite. The remaining structures were allowed to
dry to obtain the final weight of each sample.

B RESULTS AND DISCUSSION

Effect of Lignin Concentration on Viscoelasticity of
the LZC. Programming the solubility of zein and lignin in the
water—ethanol mixture enables the formation of a composite
blend that can be processed using extrusion 3D printing. The
schematic representation from the preparation of 3D printable
paste to bacterial degradation of the product is summarized in
Figure 1. First, zein is dissolved in a 4:1 volume ratio of the
ethanol—water mixture such that the final concentration of
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zein is at 1ts solubility limit (c;,=~1.0 g mL™!).*’ Then, 0.1—
1.0 g mL™" of dealkaline lignin (average diameter = 30 um,
Figure S1) is added to the zein solution, and a homogeneous
blend is obtained by mixing. Note that the solubility limit of
dealkaline hgmn in the ethanol—water 4:1 mixture is low (chgnm
= 0.04 g mL™"), thus most of the added lignin in the solution
exists in an undissolved granular state (Figure S2).

The printability of an ink is governed by a complex interplay
among printing parameters and rheological properties of the
ink."” For effective extrusion printing, an ink must exhibit
shear-thinning properties such that it can be extruded as a
liquid at high shear rates yet be self-standing after
extrusion.*”** The viscoelasticity of the LZC blend is tuned
by the amount of added granular lignin. We investigated the
effect of lignin granules on the printability of the ink by
measuring the change in viscosity of the blend with an
increasing lignin concentration (Cignin) from 0.0 to 1.0 g mL™
and a fixed concentration of zein (c,.,) at 1.0 g mL™" (Figure
2a). In general, the viscosity of the blend increases upon
adding lignin granules into the zein solution. In the absence of
lignin, the viscosity of the zein solution is lower than the LZC
blend and remains almost constant with the increasing shear
AS Cjgyin increases, the
viscosity at low shear rates increases, and the ink shows a
shear-thinning (or pseudoplastic) behavior."* This transition
from a near-Newtonian to a shear-thinning fluid upon adding
lignin granules is attributed to the viscous force affecting the
suspension structure at a high shear rate.”> At a low shear rate,
lignin granules are irregularly ordered and form aggregated

rate in traditional Newtonian fashion.*

https://dx.doi.org/10.1021/acssuschemeng.0c07915
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structures. As the shear rate increases, the aggregated
structures break down into the dispersed lignin granules,
which decreases the particle—particle interactions in the blend,
resulting in free space between lignin granules and a decrease
in viscosity.” Such shear-thinning behavior of the blend
enables easy extrusion but prevents the collapse of printed
objects, thus enhancing structural fidelity.”*” The improved
extrudability and printability of zein upon adding lignin
granules are visualized by comparing the extrusion of the
zein solution and LZC blend from a nozzle (Figure 2b,c and
Movie S1). The zein solution flows freely due to its low-
viscosity liquid-like Newtonian response, but the LZC blend
behaves as a high-viscosity liquid upon extrusion, i.e., shearing
and shows solid-like non-Newtonian response after extrusion,
which enables layer-by-layer printing (Figure S3).

To demonstrate the role of lignin in enhancing viscoelas-
ticity, we compare LZC filaments printed using a nozzle of
diameter 1.6 mm. Here, the c,;, was kept constant at 1.0 g
mL™}, and the Clignin Was gradually increased from 0.0 to 1.0 g
mL™". In the absence of lignin, the zein solution spreads on the
glass substrate, which highlights its fluid nature.*® The
spreading of the paste on the substrate decreases with the
addition of lignin granules, and filaments extruded by cjgy;, =
0.6 g mL™" retain their “filamentous” form (Figure 2d—g).
Note that gy, > 0.6 g mL™" leads to sintering of lignin
granules, which clog the nozzle (at a fixed extrusion pressure),
making the LZC impractical for 3D printing purposes. The
bulk configuration of the filament is visualized by fluorescence
microscopy where the zein is labeled with fluorescein
isothiocyanate (FITC) and appears green, and lignins are
non-fluorescent and appear black. The fluorescence images
show that micron-sized lignin granules are homogeneously
distributed in the zein matrix at ¢jgy, > 0.6 g mL™" (Figure
2h—k). Scanning electron microscopy (SEM) images (Figure
2j—k) show a smooth surface of LZC filaments with no
significant irregularities, except for g, = 1.0 g mL™! where
microvoids are observed. Based on SEM image analysis, we
find that the void density on the LZC surface is ~400 voids per
mm? with an average diameter of ~10 ym (Figure S4). These
voids can be attributed to the decrease in the relative amount
of zein in the composite, which drives the coagulation of lignin
granules in a printed LZC structure® and deteriorates its
tensile strength (discussed later).

Phase Separation of Zein and Self-Curing of the LZC.
The extruded LZC object requires drying under ambient
conditions, which results in the self-curing of the material by
precipitation of the zein polymer onto the lignin granules. This
enables interlinking of lignin granules and turns the printed
viscoelastic material into a rigid structure. The solubility of zein
is strongly dependent on the fraction of ethanol present in the
solvent. While pure water is a poor solvent for zein, the
ethanol—water mixture (4:1) dissolves zein.”’ We take
advantage of this characteristic property of zein to translate a
printed material into rigid objects. After the initial extrusion,
the printed structure is allowed to dry for 30 min at room
temperature. During this drying period, the ethanol selectively
evaporates because of its higher vapor pressure, and zein
precipitates to form a shell on the surface of lignin granules as
shown in Figure 3a—d and Figure S5. The shell formation is
the result of hydrogen bonding between hydroxyl groups on
lignin and amino acids on the zein molecule.”””” The
experiments shown in Figure 3b,c were performed at ¢, =
0.2 g mL™", which is insufficient to form a continuous matrix in
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Figure 3. Condensation of zein on lignin granules and self-curing of
the LZC. (a) Schematic representation of the drying process of lignin
granules in a zein polymer solution. Initially, zein polymer binds to a
lignin granule due to the hydrogen bonding between lignin and zein.
As the drying continues, the evaporation of solvent drives the
precipitation of zein and leads to the formation of a zein shell around
a lignin granule. (b—d) Optical microscopy images of a lignin granule
in ¢, = 0.2 g mL™" after 0, 15, and 30 min of the drying process at 25
°C. As the mixture of zein solution and lignin granules dries, phase
separation and precipitation of zein on lignin granules drive the
formation of a rigid LZC structure. (e) Change in storage (G’) and
loss (G”) moduli of LZC paste over time with increasing Clignin 3t Crein
= 1.0 g mL™". The increase in both G’ and G” demonstrates the
enhancement in viscoelastic properties of the composite with the
increasing concentration of lignin. (f) Change in tan § of LZC paste
over time. The decrease in tan & upon increasing the lignin
concentration indicates a solid-like behavior of the LZC in the
presence of large amount of lignin granules.

the solvent bulk. As the drying proceeds at c,;, = 0.2 g mL™},
the zein forms a continuous matrix around the lignin granules,
which “solidifies” the printed structure.* Note that the initial
zein shell formation on lignin granules is pre-bulk phase
separation of zein on the high-energy lignin—solvent interface,
which is followed by the bulk phase separation of zein and
corresponding matrix formation.”> We acknowledge that a
small fraction of solubilized lignin in the bulk phase may
interact with zein and lignin granules, thus altering the
interfacial interactions. A separate study would be necessary to
quantify the impact of soluble lignin on the interaction
between lignin granules and zein polymer.

The drying of LZC induces a gradual increase in the
“rigidity” of the printed structure. The novelty of applying the
lignin—zein composite is attributed to shear thinning and the
long-term stability of the composite with the evaporation of
solvent, which conferred enough in-service stiffness. We
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b

LZC sheet 150 °C

vacuum

Packing peanut

inflated

o

Figure 4. Examples of 3D printed structures using LZC. (a) Model 3D structures printed using the LZC demonstrating the versatility of the ink.
The LZC blend used for the printing contained c,;, = 1.0 g mL™" and Clignin = 0.6 g mL™" in an ethanol—water mixture. (b) Packing peanut prepared
by an inflating an LZC sheet at the glass transition temperature of zein (~150 °C) in vacuum. The sheet structure shown in (b) is used as a model
structure in biodegradability tests. (c) Light-emitting diode embedded in the LZC. (d, e) Circuit board with embedded electronic components for
lighting in an external power OFF and ON state. All structures were printed through a 410 ym inner diameter nozzle and printing speed of 1.0 mm

s~1. Scale bars = 1 cm.

quantify the change in properties of the LZC by performing
oscillatory time-sweep rheometry at 25 °C for 30 min. The
change in storage (G’) and loss (G”) moduli of the LZC over
time for ¢,;;, = 1.0 g mL™" and increasing Clignin 18 shown in
Figure 3e. We find that for all lignin concentrations, G’ is
higher than G”, indicating that all of the composites behave as
solid-like viscoelastic materials.”* All formulations exhibited a
gradual increase in both storage and loss moduli over time and
reached a plateau after 30 min, indicating the hardening of the
LZC during the drying process. This was further quantified by
determining tan 6, which is defined as the ratio of the loss-to-
storage moduli, ie, tan § = G”/G'. tan 0 is a measure of
viscoelasticity of the material where tan 6 >> 1 represents
viscous behavior and tan 6 < 0.1 represents elastic behavior.
At all tested lignin concentrations, tan 6 shows a steady
decrease from ~1 as the drying proceeds, highlighting the
transition of the LZC from a fluid-like state to an elastic solid-
like material (Figure 3f). The tan & values of LZC with ¢,y
1.0 g mL™! in the nearly dried state after 30 min show a
decrease with increasing cjgy;,- Note that increasing ¢,y at cjgnin
= 0.6 g mL™" also changes the property of the LZC blend from
a liquid to a solid-like viscoelastic material (Figure S6).
However, increasing c,.;, over 1.0 g mL™" impedes the nozzle
extrusion process by requiring significantly higher pressures,
which is undesirable for practical reasons.

We find that the mechanical strength of the printed LZC can
be further improved by increasing the concentration of lignin
in the composite. After the composite is printed and ethanol is
completely evaporated beyond 1800 s, solid-like materials can
be assessed better with a tensile method than rheometry. Thus,
we quantify the change in mechanical properties of a
completely dried LZC upon increasing the lignin concentration
by measuring the stress—strain relationship using the Instron
Mechanical Test System 5696. We print a dog-bone shape
using the LZC and measure the stress versus strain relationship
for LZCs with increasing cjyp,, from 0.0 to 1.0 g mL™ at ¢y, =
1.0 g mL™" (Figure S7). We find that the maximum tensile
strength increases from 3.1 to 3.9 MPa as ¢jgy;, increases from
0.0 to 0.6 g mL™', which is similar to the reported tensile
strength of a thermoplastic zein and alkaline lignin-based
nanocomposite.” The tensile modulus monotonically in-
creases for Cjg,, from 0.0 to 0.6 g mL™" of lignin and
decreases upon further increasing ¢jigp;, (Table S1). At Clignin >
06 g mL™!, the aggregated lignin granules form microvoids,
which deteriorate the mechanical rigidity of the LZCs.>> We
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acknowledge that the tensile strength of the printed material is
lower than that of traditional petroleum-oil based plastics.*®
Here, our aim is to present a new design principle for an
inexpensive, degradable, and 3D printable bio-based plastic,
and further studies are necessary for improving its mechanical
properties.

Extrusion Printing of the LZC. The applicability of LZC
as an ink was demonstrated by printing 3D objects using its
optimized composition of ¢,.;, = 1.0 g mL™" and Clignin = 0.6 g
mL™" in an ethanol—water mixture (weight percent of lignin in
the ink = 25%) at a printing speed of 1.0 mm s™'. A few
examples of printed structures are shown in Figure 4a. The
sample structures include a multicore cube, pyramid, multi-well
vial holder, cuvette cap, tree, flower, sheet, and circuit boards
with embedded electronic components such as light emitting
diodes and resistors (Figure 4b—d). The resolution of the
printed structure is governed by the diameter of the nozzle
used in the printing process. The applicability of the printed
shapes and objects hinges on the physical properties of the
printed material. Above the glass transition temperature of zein
(Tg ~ 150 °C), the LZC is easily inflated in vacaum. At T, the
precipitated zein on lignin granules is softened, and a pressure
differential rapidly expands 3D-printed objects into hollow
structures.”” For example, the LZC sheet above T, in vacuum
transforms its shape into a low-density pillow-like structure,
which can be used as a packing filler (Figure 4b). We also find
that the printed LZC is an insulator and is stable at elevated
temperatures up to 120 °C (Figure S8 and Movie S2);
therefore, we anticipate that LZCs can be an alternative to
non-degradable thermoplastics for manufacturing biodegrad-
able circuit boards.*®

Biodegradability of the LZC. The primary advantage of
LZC is its rapid degradability under ambient conditions,
showing its excellent environmental compatibility. Here, we
perform a 90-day microbial degradation study on the LZC and
two commercially used plastics, ABS and PLA. The
comparative degradation was performed on a model sheet
structure of identical dimension 30 mm X 15 mm X 1 mm
printed using ABS, PLA, and LZC (Figure 4b). Two model
bacteria capable of degrading commercial hydrocarbons were
chosen for the biodegradation studies: S. paucimobilis and S.
maltophilia. S. paucimobilis is fairly ubiquitous, routinely found
in soil and water.””® Tt can degrade a number of organic
compounds including polyaromatic hydrocarbons,®’ polyhalo-
genated hydrocarbons,”> and organic chloride salts.”® S.
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maltophilia can be isolated from soil, water, and human
environments (e.g, hospitals).’*®* S. maltophilia has been
shown to degrade various hydrocarbons including PLA.**%
The degradation of LZC in S. maltophilia can be identified
visually from the decomposition of the printed sheets in 90
days (Figure Sa—c), while ABS and PLA sheets retain their
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Figure S. Biodegradation of LZC, ABS, and PLA. (a—e) Photographs
from a 90-day microbial degradation study of a model sheet structure
printed using (a—c) LZC, (d) ABS, and (e) PLA in aqueous media
containing S. maltophilia under ambient conditions. The residual
structures after 90 days indicate the rapid biodegradability of LZC. (f)
Percentage residual weight of ABS, PLA, and LZC after 90 days of
microbial degradation with bacterial culture media (control), S.
paucimobilis (S.P.), and S. maltophilia (S.M.). While ABS and PLA do
not exhibit any weight loss during the 90-day exposure, the LZC
under S. maltophilia shows a significant loss of residual weight
compared to culture media and S. paucimobilis.

original shape and size (Figure Sd,e). For quantitative analysis
of the biodegradation process, each sample was filtered and
dried after 90 days to determine the net percentage of the
weight change of each sheet (Figure Sf).

The residual weight of sheets printed using ABS and PLA
after a 90-day equilibration with S. paucimobilis or S.
maltophilia is nearly 100%, indicating no degradation (Figure
Sf). However, residual weight of the sheet structure printed
using the LZC blend is ~20% in the presence of S. maltophilia.
For the LZC sheet in media without bacteria (control) and in
the presence of S. paucimobilis, ~75% of weight remains after
90 days (Figures S9 and S10). The observed change in weight
of the LZC in media and S. paucimobilis is attributed to the
increase in solubility of lignin in electrolyte solutions (culture
media) due to the proton-donating ability of salts.’”®” As a
result, the lignin granules are dissolved in the bacterial culture
media, which leaves the undissolved zein structure. Therefore,
we find that S. paucimobilis is not capable of degrading zein
under tested conditions. S. maltophilia, on the other hand,
demonstrated robust LZC degradation capability under
described conditions. The degradation appears to occur via
two simultaneously occurring processes: (1) lignin granules in
the zein matrix dissolve in the high ionic strength media, and
(2) S. maltophilia degrades the zein structure into simple
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. L1 64,68
molecules such as carbon dioxide, water, and peptides.””

During microbial degradation of zein by S. maltophilia, the
quaternary and tertiary structures of the zein protein expose
ionizable polar amino acids containing NH** and COO™ such
as glutamate.69 Thus, the enhanced water—protein interaction
and electrostatic repulsion between peptides increase the water
solubility of the LZC.%” The superior biodegradability of LZC
over other synthetic plastics in ambient condition demon-
strates its potential in serving as an eco-friendly replacement of
synthetic plastics in the manufacturing industry. At the end of
their lifecycle, the structures printed from the LZC can be
discarded in the environment to be naturally degraded.

B CONCLUSIONS

In this work, we presented a strategy to synthesize a new class
of 3D printable, bio-based LZC, which degrades in the
presence of model bacteria commonly found at waste sites. An
interplay of the solubility of lignin and zein in an ethanol—
water mixture allows 3D printing of complex shapes using an
extrusion process. We demonstrate that in the LZC blend,
lignin exists in its granular state, which imparts a shear-thinning
behavior that enables extrusion 3D printing of the LZC. After
extrusion, controlled evaporation of solvent drives a sponta-
neous phase separation and precipitation of zein on the surface
of lignin granules. Here, the role of zein is to interlink the
lignin granules and transform the printed structure from a
viscoelastic fluid to a solid. We demonstrated the versatility of
the ink to print complex 3D structures including holders, caps,
and circuit boards with attached electronic components. We
find that the structures printed using the LZC can be degraded
to ~20% of their initial weight within 90 days of exposure to
model bacteria under ambient conditions, which is not the case
for PLA and ABS. The LZC developed in this work has three
advantages: (1) use of inexpensive industrial byproducts lignin
and zein as precursors and benign solvents, viz., ethanol and
water; (2) nozzle-extrusion properties for robust 3D
printability; and (3) rapid degradability under ambient
conditions. We believe that because of these advantages, the
LZC provides a unique platform for developing materials
requiring minimal waste treatment and recycling and thus
assists in addressing the global challenge of plastic pollution.
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