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ABSTRACT: Engineered living materials (ELMs) are materials that derive i g 4

their functionality from living and nonliving components. This study investigates 7 7 7

the use of ELMs, specifically living yeast encapsulated in hydrogel substrates, as B —

an approach to grow and transfigure 3D electronics. We developed three- °§f§§3,ﬁ"‘ bexfef::i':ltfdtzides Cutand grow
dimensional (3D), transient electronic devices by integrating conductive metal BT

inks, made of printable silver and liquid metal, onto ELMs. The ELMs undergo

programmable growth based on induced environmental stimuli and transform 3D

from flat substrates into various programmed 3D shapes of various curvature, Growth

such as stretchable helices with a tunable pitch from 14.7 + 3.05 to 65 + 6 —_—

°/mm. These ELM substrates were found to be fully degradable over the course \Con diictive

of 48 h in accelerated hydrolytic conditions, leaving behind only the conductive Ink

traces. Our findings indicate that yeast-based ELMs can effectively support
electronic functionalities while being fully degradable, offering a promising
alternative for growing 3D electronics and advancing sustainable electronics.
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Bl INTRODUCTION techniques for 3D substrates or reshape flat substrates into
3D structures after processing. Processes such as stamp
printing,"”*’ and additive deposition’' have demonstrated
some ability to pattern directly onto 3D surfaces. However,
such methods would necessitate a paradigm shift from the
planar patterning approaches currently in use. Thus, many 3D
electronic systems utilize planar processing techniques on a
flexible substrate which may be wrapped onto a target 3D
surface. Such is the case with current electronic systems
designed for transient applications. Transient electronics are
unique in their ability to partially or fully degrade when no
longer needed. However, the functionality of transient
electronics, like traditional electronics, is constrained by an
inability to manufacture nonplanar electronic devices.”> While
degradable elastomers have been developed to enable
stretchable electronics for interfacing with complex-shaped
surfaces, a transient substrate which can be patterned in planar
form then actuated into an user-defined 3D shape, as seen in
alternative nontransient polymer systems, has yet to be
developed.">**** Thus, we propose a system for the

Engineered living materials (ELMs) integrate living and
nonliving components to achieve functional composites with
properties that cannot be achieved with either component
alone. Frequently, ELMs consist of living microorganisms
encapsulated within synthetic materials.' > ELMs can leverage
cellular activity to self-repair damage and sense and respond to
environmental changes.” For example, by embedding load-
bearing cement with bacteria, microbially induced mineraliza-
tion can be used for in situ crack repair. Some livin
infrastructure could also be used for bioremediation.””
Hydrogels that encapsulate engineered bacteria can sense
and report the presence of biomolecules or produce drugs on
demand.” ELMs also enable the manufacturing of materials
through biological processes.”'’ Our previous studies have
shown that proliferating microorganisms within a synthetic
matrix can cause a material to grow into a programmed
form."' ™" Ultimately, these materials are comprised of over
95% biomass and, therefore, can be designed to readily
degrade.””™"* Using these properties in engineering devices
may require ELMs to be interfaced with other functional
materials, such as electronic conductors.

Traditional electronics fabrication is comprised of two—
dimensional (2D) processes; however, three-dimensional (3D)
electronics have applications in a variety of fields from
antennas'”'® to biomedical devices.'”'® To make 3D
electronics, it is necessary to either adjust patterning
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Figure 1. (A) Engineered living materials can grow in volume via proliferation of embedded yeast cells. (B) Patterned conductive ink may be
transferred onto the hydrogel surface during cross-linking. (C) Strain-guided growth of yeast ELMs by using a stiff polymer coating on one side of
the hydrogel. (D) The initially flat film (top) will grow to the desired shape, after 48 h (bottom) (scale bar = 3 mm).

fabrication of transient substrates for 3D electronics using a
biodegradable ELM substrate, on which conductive coatings
may be transferred onto the substrate in a planar state prior to
programmed actuation into 3D form.

Here, we describe the fabrication and characterization of 3D
transient electronic substrates from ELMs. Conductive metal
inks can be transferred onto the surface of the ELM during
cross-linking to fabricate a conductive, largely degradable
device (Figure 1A). We compare two different conductive inks
on the grown ELM hydrogel and compare the mechanical and
electrical properties to inks deposited onto a nonliving
substrate. Encapsulated yeast cells proliferate within the
hydrogel matrix causing volumetric expansion of the material
(Figure 1B). Growth is directed via the use of bilayer
mechanics to enable the fabrication of tunable 3D forms
(Figure 1C,D). Finally, we demonstrate the degradation of the
ELM substrates.

B RESULTS AND DISCUSSION
Yeast-Induced Growth of ELM Hydrogel. In this work,

our goal is to integrate electronic conductors on ELMs that
grow into 3D forms after planar electronics processing.
Saccharomyces cerevisiae, more commonly known as Baker’s
yeast, has been shown to proliferate when embedded in a
hydrogel matrix and cultured in a nutrient-rich media
containing yeast extract, peptone, and dextrose (YI’D).12’13’25
ELM samples were made by dispersing commercially available
Baker’s yeast and then polymerizing hydroxyethyl acrylate
(HEA) and cross-linkers to form a hydrogel matrix as
previously described.”® As the yeast cells proliferate within
the hydrogel matrix, an overall increase in volume is
observed'” as the expanding yeast colonies grow in the

cross-linked gel matrix and push outward.”> During this
process, microscale fractures are expected to form in the matrix
releasing cells into the surrounding media.”® We note that the
chosen yeast strain is commonly used as a food ingredient, and
therefore, there is no need for biocontainment. Prior studies
using yeast-free hydrogel controls have demonstrated that this
process is entirely driven by biological growth, where the
magnitude of expansion is a function of initial cell loading and
nutrient environment.'”"> As the biomass content of these
ELM substrates increases, changes in mechanical properties
such as storage modulus, elastic modulus and glass transition
temperature can be observed.'” These time and composition-
dependent properties provide the potential for ELM substrates
to be used as a responsive, tunable material system.

In order to make an electronic device that utilizes the
physical responsiveness of ELMs, the ELM must be interfaced
with conductors and insulators. However, for proliferation to
occur, the chosen materials must allow for sufficient nutrient
diffusion into the underlying ELM structure. Furthermore, the
chosen materials must have low practical cytotoxicity from the
electronic materials themselves or from the processing
conditions. For this reason, thermally cured inks were avoided
to avoid killing the yeast cells. For conductive materials, two
types of conductive inks were used. One ink was a particle-free
silver ink that can be used to print conductive traces through
metal—organic decomposition (MOD). MOD silver ink
enables the printing of thin, flexible metal films onto a variety
of substrates. MOD inks are being widely explored for
electronics processing and fabrication due to their facile
processing and potential cost reduction compared to tradi-
tional sputtering techniques, such as physical or chemical vapor
deposition.””* A second ink utilized was a liquid metal-based
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Figure 2. (A) Yeast ELM hydrogels grown up to 48 h without coatings (scale bar = 6 mm). (B) Yeast ELMs grown up to 48 h with poly-LMN ink
coated on both sides (scale bar = 6 mm). (C) Yeast ELM hydrogels grown for up to 48 h with polymer film on both sides (scale bar = 6 mm). (D)
Change in area of ELMs after growth for 24 and 48 h (n = 3, error bars denote standard deviation). The samples are representative images and do

not show the same ELM disk over time.

ink comprised of core—shell liquid metal particles. The liquid
metal ink was synthesized with an acrylate-functionalized shell
to enhance adhesion between particles and with our acrylate-
based substrates, which has been previously termed a
Polymerized Liquid Metal Network (poly-LMN) ink.>’ The
poly-LMN ink was selected for its retention of electrical
conductivity under high strains.”” By using a functionalized
polymer shell the poly-LMN particles may be cross-linked to
form a cohesive layer upon deposition. This cohesion enables
rupturing of the polymer layer under strain, creating an
induced conductive network from the liquid metal core. The
importance of cross-linking the poly-LMN particles will be
further discussed below.

Uncoated ELM discs, ELM discs coated with a stiff polymer
film adhered to both sides, or a conductive metal ink coating
adhered to both sides were fabricated. For the polymer coating,
a glassy, cross-linked film was synthesized using thiol—ene click
chemistry.’”® For each of the three coatings, the coating
material was first deposited on glass. The ELM was then
polymerized in a mold using the coated glass as one of the
sides of the mold. The ELM was then dried and removed from
the mold. In all cases, the coatings preferentially adhered to the
ELM over the glass, transferring the material to the ELM. The
adhesion of poly-LMN and EI-1207 silver inks were tested on
both the dried yeast-loaded ELM hydrogel and a control non-
ELM transient acrylate-based elastomer substrate using ASTM
standard D3359. The poly-LMN ink appears to fail a
traditional tape test; however, the particulate-based ink does
not delaminate as a solid, and instead, a conductive film
remains (Figure S1A,B). Thus, the standard adhesion tape test
was determined to be inappropriate for comparison in the
context of liquid ink. Meanwhile, the silver ink exhibited 4B
and 2B adhesion with the ELM and non-ELM substrates,
respectively (Figure SIC,D). A rating of 4B indicates good
adhesion with less than 5% of the overall surface affected by
detachment of the coating.”" A rating of 2B indicates marginal
adhesion to the substrate, with delamination of up to 35%.

Cyclical deformation testing on ink-coated substrates proved
both inks are flexible but somewhat susceptible to cracking
over 5000 deformation cycles as noted by an increase in
normalized resistance after deformation (Figures S2 and S3).
Detailed results on cyclical deformation testing are available in
the Supporting Information.

ELMs partially coated with conductive coatings can still
undergo proliferation-induced shape change. Uncoated ELMs
exhibited an increased area due to growth of 80 + 16 and 224
+ 25% following 24 and 48 h of incubation, respectively
(Figure 2A). ELMs coated with the silver ink showed that
while the ink initially formed a conductive film on the surface
of the ELM, the film quickly fragmented upon growth of the
substrate (Figure S4). Fragmentation caused a loss of
conductivity from a modest 30% increase in area after 12h of
growth. Surprisingly, the cross-linked Poly-LMN ink-coated
samples, however, exhibited an area growth nearly identical to
that of the uncoated samples, with the area increasing by 96.02
+ 10.6% after 24 h and 233.14 + 20.7% after 48 h (Figure 2B).
This coating also does not fragment over the 48 h of
incubation in growth media. From these data, it is evident that
the poly-LMN ink is, at least initially, permeable to the nutrient
media, allowing for cell growth to occur underneath the
coating (Figure SSA,B). Poly-LMNs have been demonstrated
to initially form a porous network of functionalized particles.
As will be discussed below, the growth-induced strain in the
material causes the liquid metal droplets to rupture and form a
conductive coating, similar to applied strain in elastomer
networks initiates this rupture elsewhere.”” We do not rule out
that the ink coatings may cause death of the embedded living
material under some conditions. However, we note that the
apparent permeability of the poly-LMN coating is encouraging
for use in further studies involving conductive living material
systems. The polymer coated samples, in contrast, were limited
to just 21.9 + 2.1 and 47.98 + 4.56% area growth after 24 and
48 h (Figure 2C,D). This may be explained by the limited
permeability of the hydrophobic polymer film to the nutrient
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Figure 3. (A) Activation of un-cross-linked poly-LMN ink via strain. Red region with X indicates lack of conduction (n = 3, error bars denote
standard deviation). (B) Growing the ELM without partially cross-linking the poly-LMN film prior to transfer does not activate the poly-LMN ink.
(C) During growth, an un-cross-linked poly-LMN film fragments and does not allow for strain-induced activation (scale bar = S mm) (D) Growing
hydrogel with a cross-linked Poly-LM layer bends the sample with the ink in compression, limiting activation of the ink. (E) Bending of sample
coated with a cross-linked functionalized poly-LMN film (scale bar = S mm). (F) Integration of a stiff polymer film redirects bending with the ink
layer in tension. (G) A stiff polymer film was cross-linked to the reverse side of the hydrogel, redirecting the bending direction and setting the poly-

LMN ink in tension for activation (scale bar = 5 mm).

media necessary for yeast proliferation. In previous studies on
yeast metabolism during growth deactivation of yeast cells, or a
lack of critical nutrients such as glucose, arrested proliferation
and prevented volumetric expansion.'” This is further
evidenced by the uneven growth in the ELM at the edges of
the disc, where free diffusion of media enabled rapid growth
outward and over the edges of the polymer film (Figure S6).
Due to fragmentation of the silver ink during growth, we
elected to move forward with the poly-LMN ink for further
testing using the ELM substrate, while maintaining the silver
ink for use as a control.

The poly-LMN ink is initially nonconductive until activated
by deforming of the poly-LMN particles via a process such as
stretching, bending, or abrasion. To test the stretch-activation
of the poly-LMN ink under applied strain, functionalized
particles were partially cross-linked under ultraviolet (UV)
light then painted directly onto a predried ELM substrate for
mechanical testing. As the initially nonconductive coated

substrates were stretched to 30% strain, the poly-LMN particle
film was deformed enough to form a conductive network of
liquid metal ink, providing a resistance measurement of 1.29 +
0.15 MQ. The surface became more conductive as strain
increased, with a resistance of 19.4 + 2.49 Q at 80% strain
(Figure 3A). At strains greater than 80% the dried ELM
substrate tended to fracture. These results indicate the
adhesion between the ELM substrate and the poly-LMN ink
provides the potential for activation during growth where the
particles are cross-linked into a cohesive film.

Cross-linking of the poly-LMN particles couples ELM shape
with electrical conductivity. The ink was transfer-printed onto
the yeast-loaded hydrogels by cross-linking of the ELM
substrate. Importantly, we first prepared a coated ELM
where the poly-LMN particles are not partially cross-linked
prior to transfer printing. The coated ELMs were then placed
in growth media. Due to practical limitations, continuous
monitoring of electrical properties was unable to be performed
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during the growth process. Thus, resistance measurements
were collected immediately after each stage in the fabrication
process; transfer of the coatings onto the ELM surface, after 48
h of growth in YPD media, and after drying. Fragmentation of
the poly-LMN coating occurred during growth, resulting in a
lack of conductivity (Figure 3B,C). This was hypothesized to
be a result of the poly-LMN particles not being cross-linked
together prior to transfer, resulting in a noncohesive coating
which was unable to transfer the strain generated during
growth into the particles during surface expansion. As a result,
the poly-LMN particles apparently do not rupture or create a
contiguous conductive pathway. By cross-linking the poly-
LMN particles together under UV light prior to transfer, a film
could be produced to allow for shear-strain activation. In this
case, the ink-coated ELM behaves as a bilayer.
Strain-Guided Shape Change of ELM Substrates.
Bilayers and trilayers comprised of ELMs and coatings undergo
programmed growth from 2D to 3D. In bilayers and trilayers
with shape-changing layers and passive layers, shape change in
one layer causes bending that is controlled by the mechanics of
the passive layers.””*> Hydrogel bilayer actuators have been
studied for use in soft robotics and biomedical devices.”*™*® In
ELMs coated with the cross-linked poly-LMN coated on one
side, yeast proliferation induces volumetric expansion in the
hydrogel layer; and the poly-LMN coating constrains

expansion of the adjacent surface. This shape change induces
bending with the poly-LMN coating on the inside. As a result,
the poly-LMN is in compression (Figure 3D,E). The poly-
LMN film requires a minimum amount of strain in tension to
create a conductive liquid metal network. To place the poly-
LMN coating in tension after growth, we fabricated devices
where a polymer film was transferred onto the opposite surface
of the ELM as compared to the poly-LMN coating (Figure
3F). This polymer film is stiffer than the poly-LMN coating.
During growth of the ELM, this trilayer bends and places the
poly-LMN in tension (Figure 3G). This results in electrical
conductivity of the poly-LMN film as a result of the growth
process that forms the 3D electronic device.

Growth of ELMs can be translated into devices with
dynamic electrical conductivity. A S0 mm X 25 mm trilayer
ELM substrate was created with polymer film backing and 1/2
coated with silver ink and 1/2 poly-LMN ink on the hydrogel
layer via transfer printing (Figure 4A). Two-point resistance
measurements were taken using probes spaced at 25 mm
across the diagonal of the coated side. After transfer, the silver
ink was conductive with a two-point resistance of 35 + 5.4 Q.
The poly-LMN ink was initially not conductive. Following 48 h
growth, the polymer-backed sample was flattened by hand
from its curled state that resulted from the growth. The silver
ink was found to be fragmented and nonconducting while the
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mass fraction remaining for silver-coated non-ELM samples over 48 h in 0.1 M NaOH (n = 3, error bars denote standard deviation). (E) Dry mass
fraction remaining for poly-LMN coated non-ELM samples over 48 h in 0.1 M NaOH (n = 3, error bars denote standard deviation).

poly-LMN ink was conductive with a resistance of 435 + $3.9
€, demonstrating activation via growth of the ELM substrate.
After drying overnight at 75 °C, the poly-LMN ink layer
demonstrated an 86% decrease in resistance, with the
decreased resistance likely due to the shrinkage of the
substrate on drying. Shrinkage of the hydrogel due to drying
also caused some conductive pathways to be formed in the
silver ink layer. The measured resistance after drying was
significantly higher than the initial value post-transfer, however
(Figure 4B). Fragmentation of the silver ink during growth
may enable functionality as a nonreversible on—off switch for
environments where yeast growth is activated. Strain activation
of the poly-LMN ink by growth, however, enables the potential
for activation of the conductive layer during programmed
growth into a 3D form.

3D Characterization and Deformation Testing of
Metallized Substrates. Controlling the aspect ratio of the
trilayer ELMs enables fabrication of predictable and tunable
3D forms through growth. In rectangular trilayer systems, a
variety of bent forms can be reached based on the aspect ratio
of the sample.””*® ELMs coated with poly-LMN ink and a stiff
polymer film on opposite sides can be cut into rectangular
strips of various aspect ratios and grown to form helical
structures with tunable pitch (Figure 4C). As the aspect ratio
of the sample is decreased by cutting the film into narrow
samples of constant length, the pitch of the resulting ELM is
increased after growth. ELMs cut with a 3:25 mm aspect ratio
exhibited a pitch of 14.7 + 3.05 °/mm after 48 h of growth and
drying. The resulting pitch increases as the aspect ratio is
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reduced, with 2:25 mm and 1:25 mm films exhibiting pitches
of 54 + 4 and 65 + 6 °/mm, respectively (Figure 4D).

Using strain-guided bilayer growth, various complex 3D
shapes can be fabricated by altering the spatial pattern of the
stiff polymer coating on the ELM. A convex “X” shape was
formed by cutting the polymer backing layer into a hollow
diamond design before transfer. By transferring the poly-LMN
ink onto the opposite side of the substrate before growth, the
form can be made conductive on the surface, with a functional
3D conductor fabricated upon drying. Likewise, a hemi-
spherical form can be grown into 3D by transferring an “O”
pattern of polymer film onto the ELM. The substrate can be
grown into a hemispherical form. In both of these shapes,
expansion in area in the regions of the ELM without the stiff
polymer backing leads to the 3D form. The ELMs retain this
shape upon drying (Figure 4E). Using this simple fabrication
approach, combined with growth-induced activation of the
poly-LMN ink, we envision a substantial library of conductive
3D forms to be achievable. While we anticipate a variety of
potential uses for this platform to produce 3D electronics, we
note that further investigation is needed to characterize yeast-
based ELMs as a useful dielectric material. The hydrophilic
nature of the ELM, which related to the use of a biomass-based
platform, may limit the potential for use in some environments.

Degradation of ELM Substrates. ELMs that are
comprised largely of biomass are particularly suitable for
decomposition at the end of their functional lifespan. Our
previous work has demonstrated that these yeast-based ELMs
degrade, and the degradation time is determined by the chosen
cross-linker for the system.” To allow for hydrolytic
degradation of our chosen polymer matrices, aliphatic ester-
containing cross-linker polyethylene glycol diacrylate
(PEGDA) was utilized as the cross-linker for synthesizing
degradable ELM and non-ELM substrates. It has been
previously demonstrated that the choice of cross-linker has
no substantial effect on cell viability and growth of the living
material."”> Testing in accelerated degradation conditions using
0.1 M sodium hydroxide (NaOH) demonstrated the total loss
of integrity for both the ELM substrate and non-ELM substrate
within 48 h (Figure SA). While the silver ink gradually
fractured over the degradation period, trace amounts were
visible after complete substrate degradation. During degrada-
tion testing of the poly-LMN coated substrates, the ink tended
to delaminate from the degrading substrate and coalesce in the
solution, remaining suspended even after full dissolution of the
substrate. Limited degradation of the poly-LMN ink may be
attributed to the use of 11-phosphonoundecyl acrylate as the
polymer coating, where this hydrophobic polymer is more
resistant to hydrolysis than the ELM substrate.””*” In the
context of waste management, the potential environmental
impact of the inks should also be addressed, as the inks are not
expected to be degraded during the substrate degradation.
Silver is toxic in some scenarios.”” On the contrary, EGaln
liquid metal is generally known to exhibit low toxicity, with use
in biomedical applications.”"** Any future application would
require further evaluation of the degradation products and
inks.

The conductive ink coatings were demonstrated to have no
discernible impact on the degradation of the polymer
substrates. A similar degradation profile is observed for both
the silver-coated and poly-LMN coated ELM substrates over
the course of 48 h, where no solid mass remained in the
accelerated hydrolytic solution (Figure 5SB,C). Here, we note

that the use of a far lower concentration of PEGDA in our
ELM substrate than in previous studies allows for more rapid
dissolution of the substrate.'>* Degradation of the non-ELM
substrate remained consistent across both conductive coatings
(Figure SD,E). While testing was performed in accelerated
conditions, NaOH is not expected to be required for hydrolytic
degradation of the transient substrates. Degradation in more
neutral environments provides a potential avenue for these
materials to be used as waste-reducing electronic substrates.™

B CONCLUSION

Conductive metal inks can be patterned onto degradable
substrates for the potential fabrication of transient electronics.
The use of a yeast-based ELM allows for the bilayer actuation
of ink-coated substrates into conductive 3D forms, enabling
the fabrication of complex-curved shapes while retaining
compatibility with current transfer printing methods. Compat-
ibility of the hydrolytically degradable ELM with conductive
components presents a promising avenue for the development
of transient 3D electronics. By expanding the functionality of
transient electronics, this research seeks to contribute a
potential future strategy for the reduction of global e-waste
in our oceans and landfills.

B MATERIALS AND METHODS

Synthesis of ELM and Non-ELM Substrates. Yeast-based
hydrogel samples were synthesized via a one-pot mixture of 17.5 wt %
hydroxyethyl acrylate (HEA), 10 wt % of a 2 wt % N,N-
methylenebis(acrylamide) (MBAm) stock solution, 45.5 wt % DI
water, 23.5 wt % commercially available Baker’s yeast, and 3.5 wt %
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the
cross-linker. The solution was then pipetted between two RainX
coated slides with a 1 mm glass spacer between them. The glass cell
was then placed in a UV chamber and cross-linked under 365 nm light
with 10 mW/cm? intensity for 2 min, flipping every 30 s. For the yeast
samples with ink on both sides, photo-cross-linking was hindered by
the ink layer, necessitating the use of a thermal cross-linking
composition. In this case, the LAP was replaced with 3.5 wt % of a
10 wt % ammonium persulfate (APS) solution and S vol % of
tetramethyl ethylenediamine (TEMED) and allowed to cure for 20
min, flipping every 2 min to avoid sedimentation of yeast. In both
cases, samples were washed in DI water before being placed in YPD
media and put in an incubating shaker at 30 °C. Media was changed
every 24 h.

For the non-ELM substrates, a solution of 95 wt % HEA, S wt % of
a 9.1 wt % polyethylene glycol diacrylate (PEGDA, 500 Mn, stock
solution), and 0.2 wt % Irgacure 369 was mixed and pipetted between
two RainX coated slides with a 1 mm spacer. The glass cells were
cross-linked for 20 min in a 365 nm UV chamber with 10 mW/cm?
intensity, flipping every S min.

Transfer of Conductive Inks. For the silver ink, EI-1207 ink was
selected due to its low adhesion to glass, enabling conductive films to
be deposited onto glass substrates and transfer-printed onto the target
transient substrate. EI-1207 was deposited via spray coating onto a
glass slide by Electroninks and sent to TAMU. The desired trace
pattern, if any, was achieved by scraping the silver ink using a razor.
Silver ink was transferred to ELM samples by replacing one glass slide
in the cell with a silver-coated slide and cross-linking via UV, making
sure to first cross-link through the noncoated slide. The cross-linked
substrate was submerged in DI water and the noncoated slide
removed. A razor was then used to guide the delamination of the ink-
coated slide from the glass. For the non-ELM samples, EI-1207 was
directly spray coated and cured onto the substrates by Electroninks.

Poly-LMN ink was provided by AFRL dispersed in ethanol. Before
use unless otherwise defined, the poly-LMN ink particles were cross-
linked by transferring the solution to a glass container and exposing to
15 mW/cm? 365 nm UV light for S min. Glass slides were heated to
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80 °C and cross-linked poly-LMN ink solution was brushed onto the
surface of the slide using a paintbrush. Poly-LMN ink was cured for
20 min to allow the ethanol to evaporate, leaving the poly-LMN film
behind. The ink was then transferred to the ELM samples using the
previously described process. For non-cross-linked poly-LMN ink, the
process was identical except the UV light exposure was omitted.

Adhesion Testing of Inks on Degradable Substrates. The
adhesion of poly-LMN and EI-1207 silver inks were tested on both
the yeast-loaded ELM hydrogel and a control non-ELM transient
acrylate-based elastomer substrate using ASTM standard D3359. The
poly-LMN ink received a OB rating on both the ELM and non-ELM
substrates, indicating poor adhesion to the surface (Figure S1A,B).
However, due to shear-activation of the poly-LMN ink, delamination
of the surface layer caused the ink to become conductive, where the
base layer of ink remaining on the surface of the substrate exhibited
resistances as low as 0.3 Q. Thus, while the ink appears to fail a
traditional tape test, the activation of a conductive base layer on the
substrate surface indicates viability for use in both the 3D ELM
system and for a nondeforming transient substrate. Meanwhile, the
silver ink exhibited 4B and 2B adhesion with the ELM and non-ELM
substrates, respectively (Figure S1C,D). In accordance to ASTM
D3359, a rating of 4B indicates good adhesion with less than 5% of
the overall surface affected by detachment of the coating.*” A rating of
2B indicates marginal adhesion to the substrate, with delamination of
up to 35%. Despite previously reported fragmentation during growth,
these results indicate the silver ink to be a strong candidate for use
with the ELM substrate as a transient conductor if not grown.

Fabrication of Strain-Guided ELMs and Growth. To fabricate
the strain-guided samples for 3D growth, the ELM solution was cross-
linked between a glass slide coated with poly-LMN ink and a glass
slide spin-coated at 1500 rpm with a thin film containing a 1:1 molar
ratio of pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) to
ethylenedioxy diethanethiol (EDDT), where the film adhered to the
hydrogel and could be delaminated from the glass slides. After cross-
linking, the samples were washed with DI water and cut to the desired
size with a razor. The cut samples were then placed in YPD media and
grown for 48 h, changing the media every 24 h. For more helical
samples, the entire ELM substrate was backed with polymer and cut
into strips of the desired width for growth. For the more complex
shapes, the polymer coating was cut into the desired shape before
cross-linking and transfer, and the ELM substrate was cut to the size
of the polymer backing. Samples were dried for 2h in a 70 °C oven,
then removed and air-dried for 24—48 h. Samples were dried on
Teflon-coated slides to prevent sticking.

Deformation Testing. Cyclical deformation testing was per-
formed using a dynamic mechanical analyzer (DMA). Samples were
cut into 25 mm X 2 mm strips and loaded at room temperature. For
testing strain activation of the ink, samples were strained at a rate of
100% strain in 60s, stopping at every 10% strain for a resistance
measurement. For cyclical deformation testing of the ink-coated
substrates, samples were compressed by 20% of their original length,
making sure to put the ink on the outside of the curve, and repeated at
a frequency of 1 Hz for 1000 and 5000 cycles. Separate samples were
used for 1000 and 5000 cycle testing. Images of the ink surface were
taken using a polarizing optical microscope (POM) in reflectance
mode. Resistance measurements were determined by taking the
average of three samples taken from individual batches.

Accelerated Degradation of Substrates. Accelerated hydro-
Iytic conditions were formed using 0.1 M sodium hydroxide (NaOH).
To fabricate a degradable substrate, MBAm was replaced with an
equivalent weight percent of PEGDA in the ELM substrates. ELM
and non-ELM samples were prepared as described above then
punched into 4 mm discs. ELM samples were dried in a 70 °C oven
overnight before punching into disks. The dry mass of each disk was
weighed initially, then the discs were placed into individual vials filled
with 20 mL of 0.1 M NaOH. Vials were placed on a shake plate at
room temperature and agitated at 20 rpm. Time points were taken at
12, 24, 36, 48, and 72 h, where samples were removed from solution
and dried in an oven at 70 °C overnight to remove any liquid content.
The remaining dry mass fraction of the discs was used for comparison.

Discs which demonstrated complete loss of integrity when attempting
to handle were designated as fully degraded. After drying, discs were
not reused for further time points. Three discs from independent
batches were utilized for each time point.
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