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Flexible, Biodegradable, and Wireless Magnetoelectric Paper
for Simple In Situ Personalization of Bioelectric Implants

Jun Kyu Choe, Suntae Kim, Ah-young Lee, Cholong Choi, Jae-Hyeon Cho, Wook Jo,

Myung Hoon Song,* Chaenyung Cha,* and Jiyun Kim*

Bioelectronic implants delivering electrical stimulation offer an attractive
alternative to traditional pharmaceuticals in electrotherapy. However,
achieving simple, rapid, and cost-effective personalization of these implants
for customized treatment in unique clinical and physical scenarios presents a
substantial challenge. This challenge is further compounded by the need to
ensure safety and minimal invasiveness, requiring essential attributes such as
flexibility, biocompatibility, lightness, biodegradability, and wireless
stimulation capability. Here, a flexible, biodegradable bioelectronic paper with
homogeneously distributed wireless stimulation functionality for simple
personalization of bioelectronic implants is introduced. The bioelectronic
paper synergistically combines i) lead-free magnetoelectric nanoparticles
(MENSs) that facilitate electrical stimulation in response to external magnetic
field and ii) flexible and biodegradable nanofibers (NFs) that enable
localization of MENS for high-selectivity stimulation, oxygen/nutrient
permeation, cell orientation modulation, and biodegradation rate control. The
effectiveness of wireless electrical stimulation in vitro through enhanced
neuronal differentiation of neuron-like PC12 cells and the controllability of
their microstructural orientation are shown. Also, scalability, design flexibility,
and rapid customizability of the bioelectronic paper are shown by creating
various 3D macrostructures using simple paper crafting techniques such as
cutting and folding. This platform holds promise for simple and rapid
personalization of temporary bioelectronic implants for minimally invasive

alternative to traditional pharmaceuticals.!!
For example, these implants can promote
and modulate cellular activities to facilitate
tissue regeneration (e.g., peripheral nerve
and bone),>* regulate heart beating,l®] or
treat neurodegenerative diseases such as
Parkinson’s disease, Alzheimer’s disease,
and paralysis.*] However, most of the
state-of-the-art bioelectronic implants re-
quire rigid and bulky electronics that are
mechanically incompatible with the del-
icate structure of nerves and other tis-
sues, leading to potential tissue dam-
age and foreign body reactions. In addi-
tion, the need for wire connections, bat-
tery replacement, and post-treatment re-
moval surgeries can raise the risk of infec-
tion and make clinical treatments complex.

To address these issues, recent stud-
ies have delved into the use of flexi-
ble electronics(®? and wireless electri-
cal stimulation!™®2* to provide safer tis-
sue interactions and facilitate clinical man-
agement. These flexible implants can usu-
ally exploit thin film form factor(!1620]
which further allows the structure to con-
form to intricate surfaces of the tissues,

wireless stimulation therapies.

1. Introduction

Bioelectronic implants that deliver electrical stimulation have
shown great promise in the field of electrotherapy as an
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and biodegradable materials!'>!823] which
then naturally disintegrate in the body af-
ter operating a designated period of time.
However, these implants operate through system-level inte-
gration of components (e.g., capacitor, diode, antenna, substrate,
and electrode) that make specific fragmentary functional contri-
butions to a task in their respective assigned locations. There-
fore, since cohesive connections between the components are
critical for operation, any minor damage to a single component
can cause the entire device to malfunction. Moreover, adjusting
the micro- or macro-structural design and miniaturizing the im-
plants while maintaining cohesive integrity is technically com-
plex, costly, or intrinsically limited. Therefore, personalizing the
implants to each unique clinical and physical circumstance for
minimally invasive treatment remains a challenge. Furthermore,
this restricted tunability may limit potential applications, espe-
cially for therapies that require high-selectivity electrical stimula-
tion or have confined or complex implantable space.
As another possibility, magnetoelectric smart composite mate-
rials that can generate localized electric fields in response to exter-
nal magnetic field have gained considerable interests due to the
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minimally invasive nature of wireless magnetic fields and ease of
implementation at smaller scales owing to the inherent function-
ality of the material itself.[>] However, the current state-of-the-
art magnetoelectric composites mostly incorporate substantial
quantities of lead-based materials, such as lead zirconate titanate
(PZT) and lead magnesium niobate-lead titanate. For example, a
common magnetoelectric composite comprises a sub-centimeter
bi-layered laminate configuration of PZT and an amorphous
metallic glass, Metglas, bonded together using epoxy.212%! This
approach can raise safety concerns, mainly attributed to the lead
content in PZT and mismatch in structure and mechanical prop-
erties with biological tissues. As a potential solution, lead-free
magnetoelectric nanoparticles (MENs) have been explored for
biocompatible wireless stimulations within deep tissues, includ-
ing brain stimulations.[?”) However, prevalent approach involves
direct injection of MENs with a dosage corresponding to the body
weight of an animal /%! elevating the risk of inessential over-
dosing that could compromise the ability of MENs to precisely
stimulate localized areas owing to their nanoscale and poten-
tially induce long-term cytotoxic effects. Therefore, ensuring con-
trolled and targeted delivery of MENS to specific body sites re-
mains a challenge.

Here, we introduce a flexible, biomimetic, lightweight, and
biodegradable bioelectronic paper that can be cut and tailored
post-fabrication while retaining functionalities, allowing for sim-
ple and rapid production of bioelectronic implants of various
sizes, shapes, and micro- and macro-structures. The overview of
the bioelectronic paper is shown in Figure 1a. To achieve this,
we employ a material-based approach to create dispersed elec-
trical stimulation capabilities throughout the device, leveraging
the advantages of nanoscale functional materials that constitute
our entire platform: i) lead-free core-shell MENSs and ii) flexible,
biomimetic, and biodegradable nanofibers (NFs) that carries the
MENSs. The lead-free MEN consists of coupled CoFe,O, (CFO)
magnetostrictive core, which transduces external magnetic field
into strain, and BaTiO, (BTO) piezoelectric shell, which trans-
duces applied strain into electricity (Figure 1b; see Figure S1,
Supporting Information for the transduction mechanism). This
core—shell structure increases coupling interface (and thus me-
chanical transmission) between the two materials when com-
pared to other simply mixed structures,?% thus allowing effi-
cient wireless electrical stimulation with a mild external mag-
netic field (see Figure S1, Supporting Information). In addi-
tion, the magnetic-responsive MEN can deliver electrical stim-
ulation deeper into tissue without creating drastic stress or heat,
as opposed to other wireless stimulation technologies that use
ultrasound™! or electromagnetic field,3! and avoid potential
health risks associated with other conventional lead-based mag-
netoelectric implants.[19:21:22:31]

Next, the NF template enables localization of the MEN for ef-
ficient high-selectivity electrical stimulation, oxygen and nutri-
ents permeation through the porous microstructure, and cell-
to-cell connectivity control with tunable degree of NF align-
ment (Figure 1c). The NF consists of poly(lactic-co-glycolic acid)
(PLGA), one of the most attractive biocompatible polymers
approved by the F(32! providing softness, flexibility, and tun-
able biodegradability. Furthermore, the NF template allows for
straightforward scaling and structure morphing with a limitless
variety of designs, similar to origami and kirigami paper arts that
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use thin paper sheets.**3% Through the combination of these

nanoscale unit materials, the bioelectronic paper with a favorable
low area density of 0.03 g cm~2 could offer safe, efficient, and con-
trollable wireless cell modulations, all of which can be retained
during cutting or folding of the platform for simple personaliza-
tion.

We show facile synthesis of our bioelectronic platform using
hydrothermal and sol-gel growth for lead-free MEN implemen-
tation, followed by electrospinning of PLGA solution blended
with MEN. We then demonstrate in vitro proof-of-principle that
our platform can enhance neuronal differentiation of neuron-
like PC12 cells with wireless electrical stimulation, and manip-
ulate their directional morphology by controlling the NF ori-
entation. Last, we show extensive 3D macrostructure and scale
programmability achieved through the combination of simple
rolling, cutting, and folding of the thin film platform.

Figure 1d shows the new scheme we plan to establish using
our platform. The bioelectronic paper, featuring both homoge-
neously distributed wireless stimulation and cell alignment con-
trollability (Figure 1d(i)), can be simply personalized for various
clinical and physical situations (Figure 1d(ii—iv)). Then, followed
by wireless treatment (Figure 1d(v)), the bioelectronic paper can
be biodegraded with a controlled dissolution rate, which elim-
inates the requirement of additional removal surgery after the
desired treatment period (Figure 1d(vi)). We expect that these re-
sults with unprecedented design flexibility can lay a foundation
for the low-cost, simple, and rapid personalization of temporary
bioelectronic implants for minimally invasive wireless stimula-
tion therapies.

2. Results and Discussion

2.1. Magnetoelectric Nanoparticles

The MEN was synthesized through a wet chemical method
as shown in Figure 2a, due to the simplicity, tunability, and
cost-effectiveness of the process.l*! First, CFO magnetostrictive
nanoparticles were prepared by hydrothermal reaction of Co?*
and Fe** precursors. The fabricated CFO showed spherical mor-
phologies with a size of 19.1 + 3.8 nm (Figure S2a, Support-
ing Information). Then, to form BTO shell structures on CFO
nanoparticles, Ba’* and Ti** precursors were introduced to the
as-prepared CFO nanoparticles followed by sol-gel reaction and
calcination steps (see Experimental Section “Synthesis of CFO
nanoparticles” and “Synthesis of CFO@BTO Core/Shell MENs”
for more detail). The resulting CFO@BTO showed similar spher-
ical morphologies with a size of 21.3 + 4.7 nm (Figure 2b(i);
Figure S2b, Supporting Information).

Figure 2b(ii) shows the energy-dispersive X-ray spectroscopy
(EDS) results confirming evenly distributed constituent elements
and core/shell structure of the CFO@BTO with Ba and Ti shell
elements having larger distributed area than the Co and Fe core
elements (~2.2 nm in thickness). In Figure 2c, the ratios of the
constituent elements were measured using an inductively cou-
pled plasma-optical emission spectrometry (ICP-OES). The ele-
mental ratio between Co and Fe (33.6:66.4), and the ratio between
Ba and Ti (50.7:49.3) were comparable to the ratios of the cations
that compose CFO (1:2) and BTO (1:1) respectively. The CFO to
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Figure 1. Overview of the implantable, wireless bioelectronic paper. a) i) Photograph of a bioelectronic paper (thickness x50 pm; scale bar, 3 cm)
fabricated via ii) integrating magnetoelectric nanoparticles (MEN) into electrospun biodegradable nanofiber (NF; image obtained by TEM; scale bar,
500 nm). iii) The microstructure of the bioelectronic paper can be designed to random or aligned fiber orientation (images obtained by SEM; scale
bars, 5 um). iv) Photographs of the bioelectronic paper tailored into various macrostructures and scales using simple rolling, origami, and kirigami
techniques (scale bars, 5 mm). v) Sequential images showing dissolution of the bioelectronic paper during immersion in PBS at 37.5 °C (scale bars,
1 cm). b) Schematic illustration of MEN synthesized in core/shell structure that couples magnetostrictive core that transduces magnetic field into local
strain and piezoelectric shell that transduces strain into electric field. c) The MEN-integrated NF (MEN-NF) has high porosity that allows permeation of
small molecules and controllability in microstructural fiber orientations. d) Schematic illustration of newly proposed scheme leveraging the bioelectronic
paper. i) The bioelectronic paper can deliver wireless electrical stimulation and control cell alignment, which functions are retained under ii) cutting of
the bioelectronic paper into various sizes and shapes. iii) Diverse macrostructures or plain sheets that conform to complex surfaces are simply obtained
from a single paper, which could serve in future applications, for example, as iv) nerve guide conduit, 3D scaffold, and brain stimulation platform. v)
The bioelectronic paper personalized to fit specific clinical and physical environments is implanted for minimally invasive wireless electrical therapy. vi)
After a desired period of treatment, the bioelectronic paper dissolves into the body eliminating the need for surgical extraction.

Size and shape
PBS @ 37.5°C control

BTO atomic ratio was 77.2: 22.8, which clarifies the smaller thick-
ness of the BTO shell compared to the radius of the CFO core.

The crystalline structures of the CFO@BTO MENs were char-
acterized using X-ray diffraction (XRD) analysis (Figure 2d).
The bottom XRD pattern belonged to a spinel structure CFO
(COD#1 533 163), and after incorporating the shell elements, the
XRD pattern (top) showed new additional peaks that belonged to
perovskite structure BTO (COD#1 507 756), indicating success-
ful coating of BTO on CFO nanoparticles. There were no XRD-
detectable impurities or intermediate phases.

Next, to investigate the electrical response of MENs under
an applied magnetic field, the direct magnetoelectric coupling
coefficient ay;; = 6E §H™! was measured using a widely used
lock-in techniquel®”! (see Experimental Section “Magnetoelectric

Adv. Mater. 2024, 2311154

2311154 (3 of 11)

coefficient characterization” for more detail). In Figure 2e, The
ay: showed hysteretic behavior with coercive fields of —0.41 and
0.20 kOe, and remanent a,; values of —0.47 and 1.1 mV cm™!
Oe™!, which behavior is in accordance with the ferrimagnetic
nature of the spinel ferrite component.®® Also, the ay;; var-
ied nonlinearly in response to the DC field, as is typically ex-
pected for magnetoelectric materials.*?) The maximum ey
value was 2.45 mV cm™! Oe™!, which was similar to other re-
ported values.*]

To evaluate biocompatibility of the MENS, in vitro cytotoxicity
tests of neuron-like PC12 cells were performed on tissue culture
flasks with MEN-dispersed culture medium at concentrations
up to 50 mg mL~!. As shown in Figure 2f, the MENs exhibited
good biocompatibility with >90% cell viability at concentrations
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Figure 2. Synthesis and characterization of core/shell CFO@BTO MENSs. a) Schematic diagram of synthesizing the core/shell CFO@BTO MEN.
b) i) TEM image of MEN and ii) corresponding EDS mapping images (scale bars, 20 nm). c) ICP-OES analysis results showing atomic percent of
constituent elements in CFO core and BTO shell, and core/shell ratio in MEN. d) XRD patterns for CFO and CFO@BTO MEN with the standard card
COD #1533 163 and COD #1 507 756 corresponding to the CFO and BTO respectively. e) magnetoelectric coupling coefficient a;¢ as a function of DC
magnetic field. f) PC12 cell viability at day 1 according to MEN concentration in culture media. Shaded area represents the standard deviation.

up to ~10 mg mL~!. Furthermore, cell viability was well main-
tained, exceeding 80%, even at high MEN concentrations rang-
ing from 10 to 50 mg mL!. Collectively, these results suggest
that the core—shell CFO@BTO MENs were successfully synthe-
sized, with adequate magnetoelectric effect and biocompatibility
for potential wireless electrical signaling applications in biologi-
cal systems.

2.2. MEN-Integrated PLGA Nanofiber

While MENs have the capability to control electro-
microenvironments with external magnetic fields, their high
mobility caused by their nanoscale structure could complicate
the accurate localization of their position. Therefore, although
MEN has been previously injected in various environments
including tissues!***?l and blood vessels,!?®! delivering MENs by
themselves poses a risk of unnecessary overdosing, which could
mud their capability to localize electrical stimulation for high-
selectivity electrical stimulation and possibly show long-term
cytotoxic behavior.

First, we resolve this issue by implementing biomimetic PLGA
nanofiber to create MEN-integrated nanofiber (MEN-NF) bio-
electronic paper. The NF template is distinguished by its flex-
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ibility, high surface-to-volume ratio, and highly porous fibrous
structure, which resembles the features of the native extracel-
lular matrix (ECM). As shown in Figure 3a, The MEN-NF was
fabricated through electrospinning of a blending solution of
1,1,1,3,3,3-hexafluoro-2-propanol, MEN (20 mg mL™}), gelatin
(1 wt%), and PLGA (15 wt%) at a high DC voltage (14 kV) that
is either connected to a plate collector (for random structure
NF) or a rotating drum collector (for aligned structure NF). For
more details regarding the fabrication of MEN-NF, see Exper-
imental Section “Preparation of MEN-NF bioelectronic paper.”
The microstructures of the electrospun MEN-NF were character-
ized using scanning electron microscopy (SEM), which results
clearly demonstrated beads-free NFs with the microstructure de-
sign tunability to either random (Figure 3b(i)) or aligned orienta-
tion (Figure 3b(ii)). The diameter of the aligned MEN-NF (448 +
11 nm) was lower than that of random MEN-NF (620 + 17 nm)
which could be attributed to the higher level of stretching placed
on NF during the collection with high-speed rotating drum col-
lector (Figure S3, Supporting Information).

Then, we validated the successful integration of MENs within
the PLGA NF via the transmission electron microscopy (TEM)
results shown in Figure 3c. The fabricated MEN-NF bioelec-
tronic paper had uniform light grey color, in contrast to the
white NF without MENs, which further indicated the presence of
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Figure 3. Fabrication and characterization of MEN-NF bioelectronic paper. a) Schematic diagram of the MEN-NF fabrication using electrospinning
system. Random and aligned orientation of MEN-NF is achieved using plate and rotating drum collector, respectively. b) SEM images of MEN-NF with
i) random and ii) aligned microstructure (scale bars, 3 um). c) TEM image (bright field) of MEN-NF (scale bar, 200 nm). d) Comparison photograph
of fabricated MEN-NF and sole NF without MEN integration (scale bar, 1 cm). e) i) TEM image of MEN-NF (scale bar, 1 um) and ii) EDS mapping
images corresponding to the area of the white dotted box (scale bars, 500 nm). f) Orientation distribution analysis results for different rotating speed
v using a drum collector. Inset: orientation distribution using a plate collector. g) Porosity (left y-axis) and average pore area (right y-axis) of random
and aligned MEN-NF as a function of electrospinning time. h) PC12 viability over 7 days of culturing on sole NF and MEN-NF (n.s., not significant). i)

Weight remains of MEN-NF with different PLA/PGA ratios as a function of degradation time in PBS at 37.5 °C.

distributed MENs within the NF template (Figure 3d). In addi-
tion, EDS results in Figure 3e revealed that the MENs loaded into
the polymeric NF were indeed as-prepared CFO@BTO nanopar-
ticles, with all their constituent elements detected within the NF
carbon element matrix.

Next, the microstructural tunability including alignment de-
gree and porosity was quantitatively investigated under differ-
ent electrospinning conditions from SEM images (see Figure S4,
Supporting Information, for the representative images). Control-
ling the alignment of nanofibers as scaffolds for tissue engineer-
ing applications can provide a substantial control over various cel-
lular activities.[****] As shown in Figure 3f, the degree of MEN-NF
alignment increased as the drum rotation speed increased, with
fewer and higher peaks in the MEN-NF orientation angle distri-
bution. The best alignment was achieved at a rotation speed of
2000 rpm, and MEN-NF was difficult to collect at a higher speed
due to the high air turbulence generated by the drum rotation.

The average pore size of the electrospun MEN-NF is another
considerable factor with respect to diffusion permeability. As
shown in Figure 3g, the porosity initially decreased dramati-
cally and then began to converge when the electrospinning time
reached 20 min. Furthermore, since aligned fibers have a more
organized structure that increases packing density, the random

Adv. Mater. 2024, 2311154

2311154 (5 of 11)

MEN-NF had higher porosity and average pore area than aligned
MEN-NF, which could possibly allow for more efficient nutrient
and waste exchangel*! in electrical stimulation-dominant appli-
cations.

In addition to the biocompatibility evaluation in MEN-
dispersed culture media, cell viability and proliferation rate
of PC12 were further investigated on MEN-NF at multiple
time points. As shown by the in vitro cytotoxicity test re-
sults in Figure 3h, the relative cell viability for both sol NF
and MEN-NF similarly increased over time as they gradu-
ally proliferated without appreciable toxic effects and showed
>89% viability on day 7 (see Figure S5a, Supporting Infor-
mation, for live/dead assay fluorescent images). The prolif-
eration rate, assessed through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) analysis, exceeded 200% on
day 7 for both conditions (Figure S5b, Supporting Information).
Although the proliferation rate on MEN-NF slightly decreased
over time compared to that on the sole NF, the overall prolifer-
ation trend closely resembled one another. Taken together, the
incorporation of MEN into NF made no discernible difference in
the metabolism related to cell survival and proliferation.

Another merit of using the PLGA NF template is the ability
to control the rate of biodegradation. Since PLGA is a copolymer
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Figure 4. Neuronal differentiation of PC12 according to alignment, magnetic stimulation, and presence of MEN into NF. a) Fluorescence images of
p-tubulin (red) and nuclei (blue) stained PC12 after 7 days of culture on sole NF and MEN-NF with different fiber orientation and external magnetic field
intensity (scale bars, 200 um; see Figure S6, Supporting Information, for complete set of images with various parameters). b) neurite length and neurite
thickness of PC12 on i,ii) random and iii,iv) aligned sole NF and MEN NF according to applied magnetic field intensity (n.s., not significant, *P < 0.05,

#*%P < 0.01, and ***P < 0.001).

of polylactic acid (PLA) and polyglycolic acid (PGA), a higher
proportion of PGA leads to a faster rate of degradation.l*!] To
assess the biodegradability of the MEN-NF, the as-prepared
MEN-NFs with different PLGA contents were submerged in PBS
at 37.5 °C for a duration of 60 days, and the remaining weight
was recorded. As shown in Figure 3i, the PLGA with a 50:50 ratio
of PLA/PGA exhibited faster biodegradation than a 75:25 ratio.
In both cases, the weight losses were initially small but then sud-
denly increased significantly. This characteristic could potentially
be advantageous in clinical scenarios with minimal functional
loss for treatments during the non-stop biodegradation process.

2.3. In Vitro Demonstrations of the MEN-NF Bioelectronic Paper

To evaluate the capability of MEN-NF to regulate cell morphol-
ogy and perform wireless electrical stimulation, PC12 cells were
grown and differentiated on sole NF, MEN-NF with random and
aligned orientations. PC12 cells were chosen as they have been
widely used to study the effects of electrical stimulation on neu-
ronal cells due to their neuron-like behaviors upon differentia-
tion. PC12 cells are embryonic neuroblasts that grow in clusters,
but as they differentiate, they undergo neurite outgrowth, which
can be accelerated when exposed to electrical stimulation.[*’]
Then, an external DC magnetic field was applied 2 h per day with
intensities of 0, 0.3, and 0.6 kOe, which is up to near where the
maximum a,,; was achieved (Figure 2e). The calculated voltage
V = [ tXay; dH corresponding to each magnetic field inten-
sity was V = =0, ~65.3, and ~145.5 mV, respectively.

First, The PC12 cells were treated with a differentiation
medium when seeded on sole NF or MEN-NF. After 7 days of cul-
ture, we fluorescently labeled the f-tubulin, which is a hallmark
of neuron cells associated with the growth of specific neuronal
cell extensions called axons and dendrites.*®) Staining f-tubulin
can allow us to identify and quantify neurite outgrowth, and is
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widely employed to determine the degree of neuronal differenti-
ation and functional regeneration.[*®! In Figure 4a, the represen-
tative fluorescent images of the PC12 cells clearly showed that
aligned NFs can guide the orientation of neurite outgrowth re-
gardless of the presence of MEN. The neurite outgrowth of PC12
cells was quantified by evaluating the neurite length and neu-
rite thickness from fluorescent images (Figure S6, Supporting
Information). Regardless of the orientation of the NF, the incor-
poration of MEN increased both neurite length and thickness un-
der an external magnetic field, which was notably pronounced at
the field intensity of 0.6 kOe (Figure 4b). This enhancement is
possibly due to the regulation of the voltage-gated Ca’* channels
by the transduced electric field, which ultimately affects the ex-
pression of neurogenic proteins and enhances the neural func-
tional expression of the PC12 cells. In detail, electrical stimula-
tion can change extracellular Ca** concentration, resulting in an
influx of Ca?* that changes transmembrane potential and leads
to depolarization.*>% This Ca** change and influx could acti-
vate Ca?* /calmodulin-dependent protein kinase to promote neu-
rite development.’!l Overall, these results suggest that MEN-NF
can wirelessly deliver electrical stimulation, which contributes to
the neurofunctional phenotype maturation for PC12 cells.

We note that applying the external magnetic field also in-
creased neurite length and thickness even on sole NF, but to a
lesser extent than on MEN-NF (Figure 4b). This enhancement
can be attributed to the hindrance of cell aggregation by the mag-
netic field, which increases the differentiation efficiency of the
PC12 cells. In the absence of a magnetic field, the PC12 cells
preferentially migrated and formed cell clusters even in the pres-
ence of biochemical stimulations such as low serum concentra-
tion and NGF (Figure S7a(i), Supporting Information). The cells
within a cluster were less in favor of bearing neurites during dif-
ferentiation, with only a few short and thin neurites observed
(Figure S7a(ii), Supporting Information), possibly because PC12
aggregation can sequester membrane proteins such as f-catenin
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and restrict its availability for biochemical signaling to the
nucleus at the early stage of neural differentiation.>2] However,
as the intensity of the applied magnetic field increased, the av-
erage PC12 cell cluster size decreased (Figure S7b,d, Supporting
Information). This effect can be ascribed to the reorientation of
membrane phospholipids during magnetic field exposure, which
leads to the deformation of embedded ion channels and conse-
quent alteration of their activation kinetics.[>*** As a result, PC12
cells were distributed more evenly with increasing magnetic field
intensity (Figure S6, Supporting Information), leading to an in-
crease in the percentage of neurite-bearing cells during differ-
entiation (Figure S7c,e, Supporting Information). Nonetheless,
the magnetic field effect was more pronounced and significant
in MEN-NF, suggesting the beneficial impact of magnetoelectric
functionality on neuronal differentiation.

To further reveal the effects of stimulation time on cell behav-
iors, we compared the effects of applying stimulation for 2 h per
day against 6 h per day on PC12 cells cultured in growth media
(Figure S8, Supporting Information) and differentiation media
(Figure S9, Supporting Information) over 7 days. As the length
of exposure to the magnetic field increased, the size of the cell
cluster decreased (Figure S8a,b, Supporting Information). This
outcome aligned with the trend where an increase in magnetic
field intensity leads to a reduction in cell cluster size (Figure S7,
Supporting Information). Also, an overabundance of magnetic
field exposure (6 h per day) was found to have a negative impact
on cell growth and differentiation, leading to decreased viability
(Figure S8c, Supporting Information) and neurite length (Figure
S9c¢, Supporting Information). This outcome may be attributed to
the activation of nitric oxide synthesis via Ca?*/calmodulin stim-
ulation and consequent oxidative stress.[*! Likewise, in MEN-NF
settings with excessive electrical stimulation conditions (6 h per
day), both growth and differentiation of PC12 showed unfavor-
able outcomes with low viability (Figure S8c, Supporting Infor-
mation) and low neurite length (Figure S9¢, Supporting Infor-
mation). One possible mechanism suggests that reactive oxygen
species (ROS) such as superoxide anions (0?~) and hydrogen per-
oxide (H,0,) are generated within cells under electrical stimula-
tion. Therefore, intense or prolonged electrical stimulation can
result in an excessive generation of intracellular ROS, which can
induce cell apoptosis and inhibit cellular activities.*’>] These
findings align with previous studies that primarily utilize stimu-
lation periods of less than 2 h per day,[*>¢! suggesting that devi-
ations from the optimal duration and intensity of electrical stim-
ulation could result in adverse effects on both cell proliferation
and differentiation.>’]

2.4. Macrostructure Programmability of the Bioelectronic Paper

We next demonstrate the macrostructural programmability of the
MEN-NF bioelectronic paper. First, the electrospun MEN-NF was
collected for 15 min to obtain a free-standing bioelectronic pa-
per with handleable thickness (~50 pm). Then, the bioelectronic
paper can be cut into arbitrary shapes and scales while retain-
ing its function and microstructure as illustrated in Figure 5a,
and the macrostructure can be further customized using simple
methods such as rolling, cutting, inward folding, and outward
folding. For example, preparing rectangular bioelectronic paper
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with different scales, followed by rolling with a carbon rod of vary-
ing diameters can yield conduit structures with various diameters
(Figure 5b) or lengths (Figure 5c). Notably, the exceptional flex-
ibility of our bioelectronic paper is clearly evident in the rolled
paper depicted in Figure 5b, with a demonstrated bending ra-
dius of 400 um. Also, the bioelectronic paper can be folded us-
ing origami folding techniques such as layered folding to create
miura—ori (Figure 5d) and reverse folding to create waterbomb
base macrostructure (Figure Se). Furthermore, the bioelectronic
paper can be subjected to kirigami cutting technique and elasti-
cally stretched to create out-of-plane buckled structure (Figure 5f)
or origami-kirigami combined techniques to create a pop-up
structure (Figure 5g). Last, we show that bioelectronic paper, due
to its flexibility, could be used simply in 2D planar shape to con-
form to complex surfaces with combined positive and negative
Gaussian curves (Figure 5h). We note that a single electrospun
bioelectronic paper (with approximate area of 225 cm?) could
mass-fabricate various personalized bioelectronic implants, as it
could be cut into hundreds of 0.5 cm x 1.5 cm sheets, for exam-
ple, to create conduits in Figure 5b (right side) or more than a
hundred of 1 cm X 2 cm sheets to create other macrostructure
using different tailoring method as shown in Figure 5f.

To show that the bioelectronic paper can retain its structural
integrity and support cell adhesion during reconstruction to a
3D structure, PC12 cells were differentiated and electrically stim-
ulated on the bioelectronic paper with aligned orientation for
7 days, and then the bioelectronic paper was folded to a pyra-
mid macrostructure (Figure 5i). The 3D topological image cap-
tured at the peak of the pyramid macrostructure clearly showed
the intricate controllability of the bioelectronic paper over local
height variations during the 3D structuring process (Figure 5j).
The PC12 cells were densely populated and well-distributed on
this 3D structure, with no noticeable cell detachment (Figure 5k).
Also, the neurites of the PC12 cells were well aligned, even in the
vicinity of the mountain crease where there is an abrupt change
in local height (Figure 51). These findings suggest the structure of
the bioelectronic paper remains intact throughout the 3D recon-
struction process, underscoring the structural stability and suit-
ability of the bioelectronic paper for 3D applications.

3. Conclusion

This work presents a promising strategy for the development
of flexible and biodegradable wireless bioelectronic implants
that can be simply customized for various clinical and physical
circumstances. The combination of nanoscale magnetoelectric
and biodegradable fibrous materials offers advantages over tra-
ditional system-level wireless electronic devices that rely on in-
tricate assembly of bulky components that cannot be redesigned
post-fabrication.

We have shown that we can remotely generate electric polar-
ization of the MEN with an external magnetic field. The MEN
was lead-free and did not exhibit a cytotoxic response. Also, by
distributing MENs into biodegradable PLGA NF, i) overdosing
of MENs can be avoided, achieving high biocompatibility and
localized electrical stimulation to target, ii) the NF with flexibil-
ity, high surface-to-volume ratio, and porous structure can pro-
vide biomimetic environment that resembles native ECM, iii) mi-
crostructure of the NF can be tuned to control cell response or
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Figure 5. Macrostructure programming of MEN-NF bioelectronic paper. a) Schematic illustration of bioelectronic paper retaining functionality and mi-
crostructure under rolling, cutting, and folding. b,c) photographs of conduit macrostructures with various diameters and lengths, rolled from rectangular
sheets with different scales (scale bars, 5 mm). d,e) Miura—ori and waterbomb base macrostructures, tailored using origami folding techniques (scale
bars, 1 cm). f) out-of-plane buckled macrostructure under in-plane tensile strain, tailored using kirigami cutting technique (scale bar, 1 cm). g) Pop-up
macrostructure, tailored using origami—kirigami combinative method (scale bar, 1 cm). h) 2D planar sheet of bioelectronic paper conforming to a com-
plex surface (scale bar, 2 cm). i) Stereo microscopy image of a pyramid macrostructure (scale bar, 3 mm). j) 3D topographic map at the peak of the
pyramid macrostructure shown in (i), indicated by white dotted box. The color bar indicates local height variations. k) Fluorescence 3D image of PC12
cells on pyramid macrostructure. The nuclei of PC12 are stained and shown in blue. I) Fluorescence 3D image of the f-tubulin (red) and nuclei (blue)

stained PC12, enlarged view of the black dotted box in (k). The inset shows enlarged view of the PC12 at the mountain crease (red dotted box).

diffusion permeability, iv) the NF, which constitute the majority
ofthe MEN-NF (x0.16 g of MEN per 1 mL of PLGA), can be biode-
graded with controllable biodegradation speed using PLGA with
different PGA and PLA ratios. Furthermore, we have demon-
strated evidence that this combined bioelectronic paper can affect
cell orientations and wirelessly modulate neuronal cell activity in
vitro with a mild external magnetic field (0.6 kOe). Finally, our
bioelectronic paper with an advantageously low area density of
0.03 g cm™ can mass-produce a variety of 3D macrostructures
using simple origami and kirigami techniques, or specifically
shaped 2D structures that can conform to complex surfaces.
The results herein demonstrate the potential of combining
nanoscale MEN and biodegradable NF for the simple and rapid
personalization of wireless bioelectronic implants, which could
facilitate the clinical management of various disorders. In the
future, it will be important to optimize structures and stimula-
tion conditions for targeted applications, along with the evalua-
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tion of wireless stimulation efficacy and long-term biosafety in
animal disease models. The bioelectronic paper, in principle, can
be simply customized to organ-scales of several tens of centime-
ters or miniaturized to sub-micrometer scales for minimally inva-
sive operations, as the magnetoelectricity or microstructure does
not depend on its scale. Also, the biodegradable bioelectronic pa-
per could eliminate the need for secondary removal surgery post-
implantation, and the biodegradation rate can be further adjusted
according to the targeted treatment period to reduce long-term
risks. Overall, our bioelectronic paper with facile and broad appli-
cability, could open up a new scheme toward minimally invasive,
and biodegradable wireless bioelectronic implants.

4. Experimental Section

Materials:  For MEN synthesis, cobalt(ll) nitrate hexahydrate
(Co(NO3),-6H,0, 99.999% trace metals basis), iron(lll) nitrate
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nonahydrate (Fe(NO3);-9H,0, ACS reagent, >98%), polyvinylpyrroli-
done (average mol. wt. 40 000), sodium borohydride (NaBH,, powder,
>98.0%), barium carbonate (BaCOjz, 99.999% trace metals basis),
citric acid (ACS reagent, >99.5%), and titanium (IV) isopropoxide
(Tig(OCH3) 16, >97.0%) were purchased from Sigma-Aldrich, and all
materials were used without further purification.

For electrospinning, PLGA (PLA:PGA = 50:50, 75:25), 1,1,1,3,3,3
hexafluoro-2-propanol, and gelatin (300 bloom, type A) were purchased
from Sigma-Aldrich.

For cell culture, RPM11640, opti-MEM, horse serum (HS), fetal bovine
serum (FBS), and penicillin—streptomycin (PS) were purchased from
Thermo Fisher Scientific and NGF was purchased from Sigma-Aldrich.

For in vitro analysis, MTT, anti-tubulin-glll antibody, 4’,6-diamidino-2-
phenylindole (DAPI) were purchased from Sigma-Aldrich and donkey anti-
rabbit Alex FluorTM 647, LIVE/DEAD Viability/Cytotoxicity Kit were pur-
chased from Thermo Fisher Scientific.

Synthesis of CFO Nanoparticles: CFO nanoparticles and CFO@BTO
core—shell MENs were prepared in accordance with standard
procedurel®3] with minor modifications.

To prepare CFO nanoparticles, cobalt (l1) nitrate hexahydrate (0.058 g)
and iron (Ill) nitrate nonahydrate (0.16 g) were dissolved in aqueous so-
lution (15 mL) under stirring. Next, a different aqueous solution (5 mL)
containing sodium borohydride (0.9 g) and polyvinylpyrrolidone (0.2 g)
was added to the mixture, then hydrothermal treatment was applied with
a stainless-steel autoclave at 120 °C for 12 h. The resulting precipitates
were washed with deionized water three times, magnetically collected us-
ing a neodymium magnet, and finally dried in a vacuum oven at 80 °C for
12 h.

Synthesis of CFO@BTO Core/Shell MENs: To prepare CFO@BTO
core—shell MENs, barium carbonate (0.029 g) was dissolved in aqueous
solution (30 mL) containing citric acid (0.1 g). Next, a different ethanolic
solution (30 mL) containing titanium (IV) isopropoxide (0.048 mL) and
citricacid (1 g) was added to the mixture. Then, as-prepared CFO nanopar-
ticles (0.1 g) were sonicated in deionized water (10 mL) for 30 min, added
to the mixture, and sonicated for an additional 2 h. This solution was then
dried on a hot plate at 100 °C for 12 h, calcined in a box furnace at 650 °C
for 3 h, and then ground with a mortar and pestle.

Morphology, Constituent Element, and Crystal Structure Analysis of
CFO and CFO@BTO: The morphologies of CFO nanoparticles and
CFO@BTO core-shell MENs were analyzed using SEM (S-4800, Hitachi)
and TEM (JEM-21700, JEOL), with the acceleration voltage of 10 and
200 kV, respectively. The elemental mapping images were acquired using
an energy-dispersive X-ray spectrometer integrated with the JEM-2100 in-
strument. The relative ratios of the elemental contents were determined
using ICP-OES (700-ES, Varian). The crystal structures were characterized
by an X-ray diffractometer (AXS D8 ADVANCE, Bruker) in the 26 range of
10-80° with Cu Ka radiation (4 = 1.5406 A). The diffraction peaks were
identified using the crystallography open database (COD).

Magnetoelectric Coefficient Characterization: The Magnetoelectric co-
efficient was measured according to previous lock-in techniques.l’’! To
prepare the sample, The powder MENs were pressed into a pellet of
5 mm X 1 mm (diameter X thickness) at a pressure of 60 MPa in a hy-
draulic press. Next, the pellet was pasted with Ag paste as electrodes and
corona-poled (14 kV, 0.01 mA). Then, an AC magnetic field (generated by a
Helmholtz coil) of amplitude 1 Oe, which was superimposed on a DC mag-
netic field (generated by an electromagnet) of up to 2 kOe was applied to
the sample. The voltage from the specimen was recorded at room temper-
ature using the measurement system including a lock-in amplifier (SR850,
Stanford Research System), a bipolar amplifier (BA4825, NF Corporation),
and a DC current amplifier (BOP 36-12ML, KEPCO). The magnetoelectric
coefficient a was calculated using the equation as follows

we=(35)=4 () 0

where Vis the voltage and t is the thickness of the sample.
Preparation of MEN-NF Bioelectronic Paper: To prepare the MEN-
PLGA solution, 20 mg of MENs were dispersed in 1 mL of 1 wt% gelatin
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solution dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol solvent using a
probe sonication (VCX 750, Sonics and Materials) at 750 W, 20 kHz,
the amplitude of 50%, and a total running time of 30 min with soni-
cation interval of 5/5 s ON/OFF. Gelatin was incorporated as previous
findings had shown that it can enhance neuronal adhesion and differen-
tiation compared to using synthetic nanofibrous scaffolds alone.[’°] The
solution was kept in an ice bath during sonication to avoid overheating.
Then PLGA was dissolved into the mixture (15 wt%) and sonicated for
another 10 min.

This solution was then used to fabricate MEN-nanofibers using an elec-
trospinning instrument (eS-robot, Nano NC). The MEN-PLGA solution
was loaded into a syringe connected to a 25 G metal capillary and supplied
at a feeding rate of 0.6 mL h~" with the capillary-to-collector distance kept
constant at 13 cm. Then, a voltage was connected to the end of a cap-
illary containing the solution and a collector, and gradually increased up
to 14 kV. A plate collector was used to collect random nanofibers and a
rotating drum collector (diameter of 10 cm) was used to collect aligned
nanofibers. Under a mild increase in voltage, the hemispherical surface
of the solution at the end of the capillary was polarized and extended by
the electric field, creating a Taylor cone. By increasing the electric field fur-
ther, the critical value at which the repulsive electrostatic force overcomes
the surface tension was reached, and the charged strand was squirted out
from the Taylor cone. The strand of solution underwent a process of in-
stability and stretching, during which the solvent evaporates. Electrospun
MEN-NF was placed under a vacuum oven at 50 °C for 12 h for further
evaporation of the solvent.

Characterization of MEN-NF Bioelectronic Paper: The morphologies
of MEN-NF were acquired with SEM (S-4800, Hitachi) and TEM (JEM-
2100, JEOL). Elemental mapping images were obtained using an energy-
dispersive X-ray spectrometer integrated JEM-2100 instrument. The diam-
eter, degree of alignment, porosity, and average pore area of MEN-NF were
analyzed using Image] software.

Cell Preparation and Culture: PC12 cells were obtained from the Ko-
rean Cell Line Bank (Seoul, Korea). PC12 cells were grown in RPMI 1640
supplemented with 10% HS, 5% FBS, and 1% PS. PC12 cells underwent
neuronal differentiation in Opti-MEM supplemented with 50 ng mL~" of
NGF, 0.5% FBS, and 1% PS. Cell growth and differentiation progressed
under 37 °C, 5% CO, conditions, and the media was replaced every other
day.

In Vitro Evaluations: The viability of PC12 on both culture flasks and
the NF matrix was measured by counting live and dead cells at specific
time points. After PBS washing, the cells were treated with calcein-AM
(green) and ethidium homodimer-1 (red) to label fluorescence into live
and dead cells, respectively. In addition, an MTT assay was performed for
quantitative proliferation rate measurement. Fresh growth media supple-
mented with 0.5 mg mL~" of MTT was replaced and incubated for 4 h. The
amount of reduced MTT reagent by living cell metabolism was measured
by the absorbance at 570 nm.

To apply the external magnetic field, four well plates containing PC12
cells on sole NF or MEN-NF were fixed at specific surface points of a per-
manent magnet for 2 h per day for 7 days. The field intensities of the per-
manent magnet were measured with a Gauss meter at the specified loca-
tions.

Differentiated PC12 cells were visualized through immunofluorescent
labeling with tubulin-glIl, a hallmark of neuronal differentiation. The sam-
ples were fixed with 4% paraformaldehyde for 10 min, permeabilized with
0.1% Triton-X 100 for 30 min, and blocked with 1% bovine serum albu-
min and 0.1% sodium azide for 2 h. The samples were treated with diluted
anti-tubulin-gl11 antibody (1:500) overnight at 4 °C, followed by incubation
in diluted secondary antibody with Alex Fluor 647 (1:1000) for 1h at room
temperature. Finally, nuclei were stained with DAPI for 15 min. The sam-
ples were washed three times with PBS in between each step and were
imaged by confocal microscopy (FV 1000, Olympus). For the 3D struc-
ture, the optical top-view image was taken by a stereo microscope (Axio
Zoom, ZEISS), and the fluorescence images were taken by a wide-field
fluorescence microscope (TUNDER, Lecia). To measure differentiation ef-
ficiency, cluster size, neurite length, and thickness, cellular morphology
from microscopic cell images was characterized through Image| software.
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Statistical Data Analysis: ~ All statistical measurements were performed
by Origin and Excel. All data were shown as mean + standard deviation
(SD). Statistical significance was assessed using Student's t-test or one
way ANOVA followed by Turkey’s post hoc test between different samples.
Significance levels were determined by (*) P < 0.05, (**) P < 0.01, and
(%) P < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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