Materials Today Advances 17 (2023) 100352

journal homepage: www.journals.elsevier.com/materials-today-advances/

Contents lists available at ScienceDirect =
materialstoday

ADVANCES

Materials Today Advances

Programmable bio-ionic liquid functionalized hydrogels for in situ 3D N
bioprinting of electronics at the tissue interface

Check for
updates

Vaishali Krishnadoss * ', Baishali Kanjilal !, Arameh Masoumi ¢, Aihik Banerjee ¢,
Iman Dehzangi ¢, Arash Pezhouman ¢, Reza Ardehali ¢, Manuela Martins-Green ',
Jeroen Leijten &, Iman Noshadi * "

2 Department of Bioengineering, University of California, Riverside, CA, 92521, USA
b Massachusetts Institute of Technology, Cambridge, MA, 02139, USA

€ BICURE LLC, Yorba Linda, CA, 92887, USA

d Department of Computer Science, Rutgers University, NJ, USA

€ Section of Cardiology, Department of Internal Medicine, Baylor College of Medicine, Houston, TX, USA

f Department of Molecular, Cell and Systems Biology, University of California, Riverside, CA, 92521, USA

& Developmental BioEngineering (DBE), Techmed Centre, University of Twente, 7522 NB, Enschede, Netherlands

ARTICLE INFO

Article history:

Received 6 November 2022
Received in revised form

21 January 2023

Accepted 24 January 2023
Available online 13 February 2023

Keywords:

In-situ 3D bioprinting

Bio-ionic liquid functionalization
Bioelectronics

Biomaterials

Biological tissue

ABSTRACT

The increased demand for personalized wearable and implantable medical devices has created the need
for the generation of electronics that interface with living systems. Current bioelectronics has not fully
resolved mismatches between biological systems and engineered circuits, resulting in tissue injury and
pain. Thus, there is an unmet need to develop materials for the fabrication of wearable electronics that
are biocompatible at the tissue interface. Here, we developed a tailorable gelatin-based bio-ink func-
tionalized with a choline bio-ionic liquid (BIL) for in situ 3D bioprinting of bioelectronics at the tissue
interface. The resultant photocrosslinked polymer is programmable, transparent, ion conductive, and
flexible. BILs are stably conjugated with a gelatin methacryloyl (GelMA) hydrogel using photocrosslinking
to make BioGel, which routes ionic current with high resolution and enables localized electrical stim-
ulation delivery. Controllable crosslinking, achieved by varying reactants composition, allows the BioGel
bio-ink platform for easy and rapid in-situ 3D bioprinting of complex designs directly on skin tissue. Bio-
ionic modified polymers thus represent a versatile and wide-applicable bio-ink solution for personalized
bioelectronics fabrication that minimizes tissue damage.

© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Current advances in material science have resulted in the design
and fabrication of biocompatible flexible electronic materials and
devices used in wearable and implantable biomedical systems
[1—6]. Such bioelectronic device designs often employ carbon-
based materials, conductive polymers, and metals [2—6]. Howev-
er, while most materials are cytocompatible and flexible, they often
have limitations in mechanical and optical properties, such as poor
stretchability or transparency, seen in high aspect ratio nano-
materials or specific conductive polymers, especially at the levels
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needed in specialized designs [3—8]. These limitations become
critical in designing ultrathin or serpentine devices, curbing
complexity, footprint, and overall device conductivity [3,8—12].
Additional limitations result from cytotoxicity and an inability to
match the mechanics of human tissue [13—20].

Electronic conduction conferred by conductive biomaterials
needs to be converted to ionic/electrolytic current at the electrode/
electrolyte interfaces by electrochemical reactions to stimulate
biological systems [10—14]. This requirement is critical to circum-
vent voltage drops over the interfaces higher than a specific limit
(typically 1 V) which leads to pH changes, local heating, electrode
degradation, and generation of highly reactive chemical species
[4,11-17].

The increasing demand for rapid wearable and implantable
biomedical devices has encouraged intraoperative approaches,
such as in situ bioprinting, which enables the deposition of bio-inks
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directly at the sites of injury to adapt to their specific structures and
shapes [17,19—27]. Combining these approaches with freshly iso-
lated cells from a patient could produce custom-made bio-
electronics-based implants at the tissue interface [25,28—31]. Thus,
the ability to generate novel biocompatible electronic device de-
signs, which can interface with tissues and organs is indispensable
[12—14,29—-36]. The ionic conductivity, transparency, flexibility,
and superior mechanical properties of biocompatible hydrogels, in
addition to their proximity to those of natural tissue, and their ease
of in situ 3D printability, make them potential candidates for such
applications [14,36—40]. Furthermore, their ion transport aids the
requirement of interfacial electron-to-ionic current conversion,
ensuring superior safety in application [14—16]. An additional
advantage of using ionic hydrogel conductors is the separation of
electrodes from tissues, thus reducing the toxic tension created by
chemical and electrochemical reactions [8,9,41—52]. The water
content in these hydrogel structures also helps dissipate heat
generated due to current passage, thus reducing the chances of
burns and injuries in a wearable or implantable device
[16,17,42,53—58]. While ionic hydrogels have been used to conduct
electricity in electrochemical systems and connectors in circuits,
existing material platforms are not stable in aqueous biological
environments [16,17,58—64]. This instability occurs due to ion
diffusion and low conductivity, severely limiting their applicability
in integrated device designs for biological applications [19,65—70].

Choline-based bio-ionic liquids (BILs) are promising due to their
biomimetic, immunomodulatory, and cytocompatible characteris-
tics [16—19]. Previously, we showed that conjugation of BIL with
biopolymers imparts conductivity to tissue scaffolds and synchro-
nizes cardiomyocyte contraction [19—23]. In this paper, for the first
time, a conductive, adhesive, and rheologically optimized trans-
parent bio-ink platform for in situ 3D printing is introduced, which
can be applied in tissue engineering and bioelectronics interface. A
choline BIL is acrylated and photo-conjugated with a pre-
functionalized gelatin methacrylate (GelMA) biopolymer to make
BIL functionalized crosslinked hydrogel (BioGel), that can be used
as a platform for easy, rapid, and direct in situ 3D bioprinting of
complicated 3D designs at the interface of bioelectronics and bio-
logical tissue. The physical and electrical properties of the printed
structure were characterized, and the cell-laden printed structures
were found to be conductive and adherent to the epidermal layer of
porcine skin. The tunability of BioGel properties can be achieved by
varying the functionalization or the extent of crosslinking, thus
providing a platform for generating versatile 3D printable struc-
tures that can be applied to integrated bioelectronics. The appli-
cation of such systems is shown by creating light-emitting diode
(LED)-based displays and skin-attached electronics and stimulators
that provide localized current to in vitro (cell cultures) and in vivo
(muscles) with reduced unfavorable effects. These electronic plat-
forms may expand the application of bioelectronic-integrated tis-
sue engineering in rapid drug prototyping, clinical translation, and
regenerative medicine.

2. Materials and methods

Methacrylic anhydride and Gelatin (Type A) were purchased
from Sigma-Aldrich. The photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was purchased from Allevi,
Inc. Visible light that was used for crosslinking was attached to the
Allevi 2 bioprinter. All chemicals were of analytical reagent grade
and were used without further purification.

2.1. Synthesis of the bio-ionic ink

In this paper, we elaborate on a method to synthesize
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biocompatible BIL and conjugate it into a natural polymer, to yield
an immunomodulatory conductive and adhesive bio-ionic ink (BI).
Choline acrylate was synthesized by mixing choline bitartrate with
acrylic acid at a 1:1 mol ratio as described previously by Noshadi
etal. [19]. Briefly, the reaction was carried out at 50 °C for 5 h under
an inert nitrogen atmosphere. It was then purified overnight by
vacuum evaporation at room temperature. As a result, BIL was
obtained and used for the next step. GelMA was synthesized using a
method previously described in the literature [19]. Briefly, a 10 (w/
v)% gelatin solution was methacrylated using 8 mL of methacrylic
anhydride under inert conditions for 3 h. The resultant solution was
purified by dialysis carried out for 5 days to remove unreacted
methacrylic anhydride, and frozen at —80 °C for 24 h. The frozen
acrylated polymer was lyophilized for 7 days. To form the BI, the
acrylated polymer, GelMA, and BIL were added to distilled water at
varying final polymer concentrations and mixed with the photo-
initiator - 0.5 (w/v)% LAP [19]. The fabricated BI was photo-
crosslinked in the presence of visible light in the Allevi 2 bio-
printer at a wavelength of 450 nm and an intensity of 3 MW/cm? for
60 s. A commercially available handheld 3D bioprinter (Polyes Q1)
was used for in situ 3D bioprinting of BL

2.2. 'H NMR and FTIR analyses of the bio-ionic ink

Proton nuclear magnetic resonance ('"H NMR) and Fourier-
transform infrared (FTIR) spectroscopies were performed to char-
acterize the BL. '"H NMR was done by the standard dimethyl sulf-
oxide (DMSO) method using a Varian Inova-500 NMR
spectrometer. 'H NMR and FTIR (PerkinElmer Frontier™ FT-IR/FIR)
spectra of choline bitartrate, choline acrylate, GeIMA prepolymer,
and BI were obtained.

2.3. Mechanical characterization of the bio-ionic ink

Mechanical testing of the BI was performed by using an EZ-SX
Mechanical tester (Shimadzu). The elastic and compressive
moduli were analyzed, and the mechanical test samples were
prepared using fabricated polydimethylsiloxane (PDMS) molds. The
test samples were immersed in Dulbecco's phosphate-buffered
saline (DPBS) for 2 h at 37 °C prior to testing. The compression
test was carried out by placing the samples between two
compression plates and compressive stress at a rate of 1 mm/min
was applied, thus recording the compression strain (mm) and
compressive load (N) during each test. Similarly, for the tensile test,
samples were held between tensile grips and stretched at a rate of
1 mm/min till the breaking point.

2.4. In vitro degradation and swelling studies on the bio-ionic ink

The BI was prepared for degradation tests as previously
explained [19]. The test samples were lyophilized, weighed, and
incubated in 1 mL of DPBS in a 24-well plate at 37 °C for two weeks.
The buffer solutions were refreshed every three days to maintain
constant activity. At prearranged time points, after 1, 7, and 14 days,
the samples were removed from the solutions, lyophilized over-
night, and weighed. The percentage of degradation (D%) of the
samples was calculated in terms of the loss of weight. The equi-
librium swelling ratio of the BI was estimated. For this purpose,
cylinder-shaped hydrogels were prepared using a PDMS mold. The
samples were washed thrice with DPBS. Then, they were lyophi-
lized and weighed in dry conditions. After that, the samples were
immersed in DPBS at 37 °C for 4, 8, and 24 h and weighed again
after the immersion.
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2.5. In vitro adhesive properties of bio-ionic ink

The shear strength of the Bl was tested according to a modified
American Society for Testing and Materials (ASTM) standard for
tissue adhesives [16,21]. Two pieces of 2 x 2 cm were cut from a
glass slide. To function as a base, a 1 x 1 cm layer of gelatin was
coated onto each piece of the glass slide and dried overnight. The
remaining uncoated area was covered with tape and the glass slides
were clamped into the machine. A 15 pL drop of BI was crosslinked
between the two layers of gelatin-coated glass slides. The two glass
slides were clamped in the mechanical tester. A tensile load and a
strain rate of 1 mm/min were applied. Shear strength was calcu-
lated at the point of detaching.

Wound closure was evaluated using the ASTM standard
[21—23]. Porcine skin was obtained from a local store with excess
fat removed and cut into 2 x 2 cm strips. Tissue samples were
immersed in phosphate-buffered saline (PBS) before testing to
prevent drying in the air. To simulate a wound, the tissue was then
separated in the middle with a scalpel. 100 pL of the BI was placed
onto the wound and crosslinked by visible light. The maximum
adhesive strength for each sample was obtained at the tearing
point.

Burst pressure was calculated by using the ASTM standard. A
porcine heart was obtained from a local butcher. A 5 x 5 mm
puncture was made in the left chamber of the heart and was placed
in connection with a custom-built apparatus, which is made up of a
syringe pressure setup, and a pressure meter, and air was flown
using a syringe pump at 0.5 mL/s. The puncture made was sealed
with a crosslinked BI before initiating the pump and sensor. Post
rupture of the applied BI, airflow was terminated, and the pressure
was measured.

2.6. 3D printing of the bio-ionic ink

The BI was prepared as mentioned before and was loaded into a
10 mL BD syringe with a 24-gauge blunt end needle. The pressure
was varied to change the flow rate (7—15 kPa) of the Bl and printed
into different structures with a layer height of 0.1 mm. The prints
were then crosslinked using the light in the printer for up to 1 min.
STL files for lattice and multi-layered lattice were obtained from
Allevi. For the support bath, Carbopol gel was prepared as described
earlier [19,24]. Briefly, 1.8 (w/v)% of Carbopol ETD 2020 (Lubrizol)
was dissolved in 50 mL of DPBS. 1.1 mL of 10 M NaOH was added to
50 mL Carbopol solution. Next, the Carbopol gel was centrifuged at
1000xg for 1 h until the gel became homogeneously dispersed.

2.7. In vitro biocompatibility study - cell proliferation, viability, and
metabolic activity on the bio-ionic ink

On the surface of BI scaffolds 0.05 x 10° cells were seeded in 24-
well plates with 500 pL of growth medium made of 10% fetal bovine
serum supplemented Dulbecco's Modified Eagle Medium (DMEM).
2D cultures were maintained at 37 °C in a 5% CO, humidified at-
mosphere, for 7 days, and the culture medium was changed every
48 h.

The viability of the primary mouse myoblast C2C12 grown on
the BI surface was evaluated by a commercial live/dead cell viability
kit from Invitrogen. The instructions from the manufacturer were
followed as protocol. The cells were stained with 0.5 pL/mL of
calcein-AM and 2 pL/mL of ethidium homodimer-1 (EthD-1) in
DPBS for 15 min at 37 °C. Fluorescent images were obtained on days
1, 4, and 7 after seeding using an Axio Observer Z1 inverted mi-
croscope (Zeiss). Viable cells and dead cells appeared green and red,
respectively. Live and dead cells were quantified using the Image]

Materials Today Advances 17 (2023) 100352

software. The ratio of live cells to the total number of cells was
determined as cell viability.

Cellular metabolic activity was evaluated on days 1, 4, and 7
post-seeding using the PrestoBlue assay (Life Technologies) as per
the manufacturer's instructions. Briefly, cells were incubated with
10% PrestoBlue reagent for 2 h at 37 °C and the resultant fluores-
cence was measured (excitation 560 nm, emission 590 nm).

Cellular growth and proliferation on the BI surface were visu-
alized using fluorescent staining of F-actin filaments and 4/,6-
diamidino-2-phenylindole (DAPI) for cell nuclei. 2D cultures on
days 1, 4, and 7 post-seeding were fixed with 4% paraformaldehyde.
The samples were then incubated with Alexa-fluor 488-labeled
phalloidin (1/40 dilution in 0.1% bovine serum albumin (BSA),
Invitrogen) for 45 min. The samples were washed 3 times with
DPBS and then counterstained with 1 uL/mL DAPI in DPBS for 5 min.
Fluorescence imaging was done using an Axio Observer Z1 inverted
microscope. The DAPI-stained nuclei were counted using the
Image] software to quantify cellular proliferation.

2.8. In vitro biocompatibility study - cell proliferation and viability
in 3D printed cell-laden bio-ionic ink

The BI was prepared as mentioned before and mixed with
0.7—1 x 10° of either C2C12 mouse myoblasts or human mesen-
chymal stem cells (hMSC) suspension. The cell laden-BI was then
3D printed on a petri-dish according to the aforementioned
method, and the cell-encapsulated 3D printed constructs were then
transferred to a 24-well plate with 500 pL of growth medium made
of 10% fetal bovine serum supplemented DMEM. 3D printed cul-
tures were maintained at 37 °Cin a 5% CO, humidified atmosphere,
for 7 days, and the culture medium was changed every 48 h.

The viability of the C2C12 or hMSC encapsulated in the 3D
printed BI structure was evaluated by a commercial live/dead cell
viability kit from Invitrogen. The instructions from the manufac-
turer were followed as protocol. The cells were stained with 0.5 pL/
mL of calcein-AM and 2 pL/mL of ethidium homodimer-1 (EthD-1)
in DPBS for 15 min at 37 °C. Fluorescent images were obtained on
day 7 after seeding using an Axio Observer Z1 inverted microscope
(Zeiss). Viable cells and dead cells appeared green and red,
respectively.

Cellular proliferation inside the 3D printed BI construct was
visualized using fluorescent staining of F-actin filaments and DAPI
for cell nuclei. 3D printed cultures on day 7 post-seeding were fixed
with 4% paraformaldehyde. The samples were then incubated with
Alexa-fluor 488-labeled phalloidin (1/40 dilution in 0.1% BSA,
Invitrogen) for 45 min. The samples were washed 3 times with
DPBS and then counterstained with 1 nL/mL DAPI in DPBS for 5 min.
Fluorescence imaging was done using an Axio Observer Z1 inverted
microscope.

2.9. In vivo biocompatibility and degradation of the bio-ionic ink

Animal experiments were reviewed and approved by the Insti-
tutional Animal Care and Use Committee (IACUC), protocol
2018—004, at Rowan University. Experiments were performed as
per relevant guidelines and regulations. Male Wistar rats
(200—250 g) were obtained from Charles River (Boston, MA, USA).
Anesthesia was induced by 4—5% isoflurane induction in an in-
duction chamber, and the depth of anesthesia was assessed by the
lack of pedal reflex to a toe pinch, followed by 2% or titrated iso-
flurane to effect maintenance dose delivered by a nose cone, fol-
lowed by pre-emptive analgesia Meloxicam — SR (sustained
release) administration 30 min before surgery. After inducing
anesthesia, eight 1-cm incisions were made on the posterior
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mediodorsal skin, and small lateral subcutaneous pockets were
prepared by blunt dissection around the incisions. 2 x 2 mm disks
of Bl were implanted into the pockets. The anatomical wound was
then closed, and the animals were allowed to recover from anes-
thesia. Animals were euthanized using anesthesia/exsanguination
on days 4, 14, and 28 post-implantations. Finally, samples were
retrieved with the associated tissue and placed in DPBS.

2.10. In vivo electrical stimulation of transverse abdominal (TA)
muscle

The animal protocol was approved by the IACUC at Rowan
University. The procedure was a non-survival surgery. Muscle
stimulation of engineered hydrogels was evaluated in vivo after in
situ 3D printing of BI in Male Wistar rats (weighing 200—250 g)
according to previous studies [25]. The hind legs were shaved and
prepped for surgery. The animal was placed in such a way that the
TA muscle was exposed and a skin incision was made using a
scalpel, then standard platinum electrodes with 10 mm separation
(control) were used to electrically stimulate the muscle tissue. Two
different voltages were applied: 0.9 V and 2.5 V. The actuation and
height data were measured and collected using Keyence LJ-V700,
for each voltage.

2.11. Histological analysis and immunofluorescent staining

The inflammatory response was characterized using histology
on the explanted samples. The explanted samples were fixed in 4%
paraformaldehyde for 4 h. Then the samples were incubated
overnight at 4 °C in 30% sucrose. The samples were embedded in
the Optimal Cutting Temperature compound (OCT) and flash-
frozen in liquid nitrogen. Frozen samples were then sectioned us-
ing a Thermo Scientific CryoStar NX70 Cryostat.15-um. The cry-
osections were mounted on positively charged slides. These slides
were processed for hematoxylin and eosin (H&E) staining as per
the manufacturer's instructions. Immunofluorescence staining was
performed on the cryosections as previously reported [16]. The
primary antibody used was Anti-CD68 (ab125212) (Abcam), and
Alexa Fluor 594-conjugated secondary antibody (Invitrogen) was
used for detection. All the sections were counterstained with DAPI
(Invitrogen) and visualized on an Axio Observer Z1 inverted mi-
croscope (Zeiss).

3. Results and discussion
3.1. Synthesis and characterization of the BIL and the bio-ionic ink

The synthesis of BIL and BI is shown in Scheme 1. In order to
integrate differing properties, the backbone of the polymer is
conjugated with BIL. Choline, an acetylcholine precursor and
methyl donor in lipid metabolism, is used as an ionic liquid. The
ability of choline ionic liquid as a conductive and adhesive tissue
scaffold was studied by Noshadi et al. [16,19]. Scheme 1a illustrates
the chemistry of formation of the BIL through acrylation of choline
bitartrate and scheme 1b shows the conjugation between GelMA
and BIL to form the conductive and printable BI, and overall illus-
trates the one-step process of printing the bio-ink into a bio-
electronic structure. BIL conjugation of the GelMA was carried out
by mixing 7 (w/v)% GelMA with the BIL at a 0, 2 4, 6, and 8 (w/v)%
concentration at room temperature to form the BI. The subsequent
solution was photo cross-linked into the Bl using LAP initiator and
visible blue light for 60 s. The materials and methods section de-
scribes the process of making the BIL and its subsequent conjuga-
tion to the GelMA structure in detail. The synthesis of choline
acrylate BIL from choline bitartrate was measured by FTIR and the
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conjugation of the BIL to the polymers was measured by 'H NMR
(Fig. S1).

The structural analysis of the reactions is shown in Fig. S1, where
the TH NMR analysis of choline bitartrate, choline acrylate BIL, and
BI7-4 (7% GelMA and 4% BIL) is shown that ascertains the conju-
gation of the BIL to the polymer (Fig. S1a). Methacrylate groups
appeared in the conjugated polymer as characteristic peaks at
~5.7 ppm and ~6.1 ppm indicative of the conjugation of the polymer
and ionic liquid leading to BIL incorporation in the polymer. The
peak related to the hydrogen atom of acrylate at 5.9—6.3 ppm in-
dicates the acrylation of choline bitartrate forming choline acrylate.
In the FTIR spectra, the appearance of a peak at 1600 cm™! indicates
the formation of the ester bond via acrylation underscoring the
formation of choline acrylate (Fig. S1b).

3.2. In vitro adhesive, physical, and mechanical properties of the
bio-ionic ink

Hydrogels inherently have poor adhesion to biological tissues.
Thus, its application as implants and bioelectronics is challenging
and this limitation can be mitigated by surface modification. To
address this, we designed a BI with high tissue adhesion brought
about by physical and chemical interactions. The choline BIL func-
tionalization also addresses hemostasis and tissue adhesion
through interaction between the choline acrylate and the phos-
phatidylcholine on the cell membrane.

To study the capacity of the BI to perform as a firm adhesive
scaffold, in vitro sealing properties of the BI x-y were evaluated with
varying GelIMA and BIL concentration levels, where the x and y
indicate the GelMA and BIL concentrations in the reaction mixtures
in (w/v)%, respectively. The polymer GelMA was used at x = 7,10, 15
(w/v)% while the BIL concentration was kept aty =0, 2, 4, 6 (W/v)%.
Each composition was photo-crosslinked using 0.5 (w/v)% LAP as a
photo-initiator. The primary impediments to successful tissue
regeneration are oxidative stress and tissue damage [26]; these
complications can be mitigated with BI as an alternative strategy,
directly printable on the damaged sites. The in vitro response to
shear and compressive stress, extension, tissue adhesion, and burst
pressure were tested as per ASTM F2255-05. The samples were
made with 7,10, and 15 (w/v)% of GeIMA due to the ease of printing.
The shear strength of Bl increases with rising BIL concentration,
(Fig. 1a), following the same trend for all polymer concentrations. It
is also interesting to note that the shear strength increased with
increasing polymer concentration for the same level of BIL content.
The shear strength of Bl increased from 2.60 + 0.20 kPa (7% GelIMA
with 0% BIL) to 32.13 + 2.50 kPa for BI7-6.

The adhesive strength of the material was performed using a
wound closure test. BI adhesive strength increased from
3.34 + 1.35 kPa (7% GelMA with 0% BIL) to 34.3 + 1.95 kPa for BI15-7
(Fig. 1b). The adhesive strength also increased slightly with
increasing polymer concentration for the same BIL loading,
although the trend is not monotonic. The burst pressure test es-
tablishes the ability of the bio-ink compositions to withstand fluid
pressure from underlying tissues from within the damaged site. We
tested burst pressure on the engineered BI, based on a variation of
the ASTM F2392-04 standard testing. Burst pressure analyses of Bl
with 0% BIL were 1.89 + 1.7 kPa and 4.95 + 0.90 kPa for 7% GelMA
and 15% GelMA, respectively (Fig. 1c). The burst pressures subse-
quently increased to 32.9 + 1.1 kPa and 45.00 + 3.00 kPa, for BI7-6
and BI15-6, respectively. Adhesive property is incumbent on elec-
trostatic interactions and film-forming properties. Electrostatic
interactions between polymer chains rise with increasing BIL
loading which enhances the film-forming abilities [27,28]. With the
increase in BIL concentration, the molecular weight per unit length
of the polymer chain also increases due to a higher degree of
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Fig. 1. In vitro sealing properties of the Bio-ionic Ink (BI) (a) Standard lap shear test to determine the shear strength (c) Standard wound closure test to determine the adhesive
strength (d) Standard burst pressure test to determine the pressure (n > 5). Mechanical properties of BI: (d) elastic modulus and (e) compression modulus with GelMA (7, 10, 15 (w/
v)%) and BIL concentration (0, 2, 4, 6 (w/v)%). Physical characterization of the BI - GelMA (f) swelling ratio and (g) degradation ratio with GelMA (7, 10, 15 (w/v)%) and BIL (0, 2, 4, 6
(w/v)%) concentrations with 0.5% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the photoinitiator at 60 s visible light exposure. Data are means + SD. P values were

determined by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).

functionalization by bulky choline pendant groups. The BIL-based
side groups significantly increase the strength of electrostatic in-
teractions, preventing the chains from slipping against each other,
and leading to high adhesive, shear, and burst pressure strength.
While considering tissue surface adhesion, the choline groups from
the BIL interact with the outer layer of phospholipidic bilayers of
the exposed cell mass of tissues, forming a polar quadruple hence
enhancing adhesion [29,31].

A degradable yet electroactive hydrogel with tunable physical

and mechanical properties is vital for implantation. The swelling of
BI determines the ability to withstand the water holding. The ink is
composed of 7% GelMA with varying concentrations of BIL. The
mechanical properties of the BI were characterized by tensile and
compression tests to verify its capability to mimic the biome-
chanical features of the native extracellular matrix. Fig. 1d and e
shows the elastic moduli and compression of the GeIMA-BIL con-
jugated compositions synthesized using 7% and 10% GelMA with
varying concentrations of BIL conjugation indicating that the elastic
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and compression moduli of the BI are tailorable, modulated by
varying the percentage concentration of GelMA and BIL. The me-
chanical strength was seen to increase with BIL concentration. With
0% BIL, the compression modulus was 2.93 + 0.9 kPa with a tensile
modulus of 5.4 + 2.7 kPa. Interestingly, adding 6% BIL to GelMA
significantly increased the compression and tensile moduli to
11.6 + 5.8 kPa and 17.1 + 0.9 kPa, respectively. These findings enable
us to generate compositions with high elasticity and durability
using a variable concentration of BIL as a fine-tuning property. BI
compositions balance a delicate trade-off between structural
integrity, flexibility, and resistance to shear, tension, or compres-
sion forces. This increase in compressive and tensile moduli with
BIL functionalization is attributable to an increase in the intensity of
electrostatic interactions. Tensile and compressive moduli also in-
crease owing to an increase in the overall repeat unit and molecular
weight with functionalization. The bulky choline BIL group func-
tionalization makes the backbone stiff, making chain rotation
increasingly difficult. Increasing BIL functionalization is directly
correlated to an increase in polar and hydrogen bonding. These
strong interactions impede the uncoiling and slippage of chains
with the BIL group acting as a physical crosslink, tightly tethering
the structure together.

The swelling was determined after 2-, 4-, 8-, and 24-h as shown
in Fig. 1f. GeIMA without BIL functionalization swelled up faster and
to a greater extent than other compositions, reaching a maximum
swelling of 34%. For the polymers functionalized with 2%, 4%, 6%,
and 8% BIL, the initial water uptake and swelling are gradual, fol-
lowed by a rapid increase as time passes. With increasing levels of
BIL functionalization, the final swelling levels achieved were lower.
As polymer chains absorb water, they form overlapping hydrated
regions, the size of which is dictated by the concentration of BIL
functionalization. With 0% BIL functionalization, the intrinsically
hydrophilic polymer slowly opens allowing water in, till the
crosslinks prevent any further structural expansion and swelling.
BIL functionalization enhances the interaction between polymer
segments causing them to tether strongly to each other via elec-
trostatic interactions which act as physical “cross-links”, causing an
initial resistance to hydration. The rate of hydration thus decreases
with increasing BIL functionalization. For polymers, the density of
crosslinking determines final swelling, hence limiting the extent to
which the polymers can swell [36].

Similarly, in vitro degradation tests can be a good indicator of
in vivo performance under physiological conditions [37]. The
degradation behavior of the Bl compositions is shown in Fig. 1g. The
degradation percentage increases with BIL concentration. The
degradation of the material with 0% BIL functionalization increases
from 19% (day 1) to 32% (day 7) and, the degradation of the BI with
6% BIL functionalization increases from 27% (day 1) to 44% (day 7).
The quaternary ammonium head in the choline BIL pendant group
conceivably acts as a hydrolysis catalyst to facilitate hydrolysis of
the integrated functionalities in the polymer backbone causing its
degradation.

3.3. In vitro conductivity and transparency of the bio-ionic ink

Electrochemical characterization of the BI using electrochemical
impedance spectroscopic frequency response Nyquist plots with
glassy carbon electrode, at 0.1 V was done (Fig. 2a, b, and c). Higher
frequency input is represented by the left-hand side of the curves.
In impedance spectroscopy, the sample is considered as a parallel
plate capacitor, which forms a double-layer capacitance electrode,
with a representative circuit comprising of film resistances and
capacitances in parallel, connected to a double-layer capacitance in
series. The total impedance is incumbent on local motion and
oscillation of the charged BIL pendant groups. It is primarily
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represented by the distorted circular portion of the graph [32]. The
straight line in the Nyquist curves represents electric relaxation at
low frequencies and is related physically to the diffusion of the
solvent imbued in the polymeric gel matrix and portends to the
alignment of BIL groups, molecular migration, distortion of polymer
chains, molecular vibration, and solvent convection. These are
contributors to thermodynamic hysteresis leading to energy dissi-
pation. The linearity of the plots in the low-frequency areas in-
dicates that the BI behaves like a resistor at low frequencies. As the
frequency increases, its behavior converts like a resistance-
capacitance transmission line circuit [33—35]. Conductivity was
measured using the three-electrode system for Bl samples, and the
results are shown in Fig. 2d. Control samples made with 7% GelMA
and 0% BIL functionalization had a conductivity of 9 x 10~ S/cm,
while 15% GelMA with 0% BIL functionalization showed a conduc-
tivity of 6 x 103 Sjcm.

With the introduction of BIL functionalization, the conductivity
was seen to increase to 13.2 x 1072 S/cm for BI7-6 and to
27 x 1072 S/cm for BI15-6, as shown in Fig. 2d. Fig. 2e shows a
microscope slide coated with the electrolyte and GelMA. Higher
levels of BIL functionalization may polarize the polymer chains,
causing the movement of chain segments. Every BIL pendant group
is accompanied by a free and mobile counter-ion. Thus, with high
levels of BIL functionalization, there is a higher concentration of
mobile counter-ions and hence higher conductivity, which also
results in greater polarization of the solvent molecules thus
contributing to a further increase in conductivity.

To study the transparency of the Bl in comparison to commer-
cially available electrolytes, both the electrolyte and the BI were
coated on a glass slide. When illuminated with visible light the
carbon nanotubes (CNT) and 1-Ethyl-3-methylimidazolium - tet-
rafluoroborate (EMIBF4) electrolytes are opaque (Fig. 2f—h).
Improved optical transparency of the hydrogel along with the
conductivity of the BI proffers a favorable material for various
bioelectronic applications. Especially, hydrogels used in electronics
and biological interfaces are required to be conductive, highly ad-
hesive, stretchable, and transparent for the unified integration of
electrophysiological recordings and other applications.

3.4. In vitro biocompatibility of the bio-ionic ink

To investigate biocompatibility, in vitro commercial live/dead
assay was used. The assay determined the viability of C2C12 cells
growing on the surface of BI over 7 days. F-actin/DAPI immuno-
fluorescent staining was used for studying cell attachment and
spreading on hydrogels. The results show a 99% viability of seeded
cells on day 7. Furthermore, the metabolic activity of the primary
cultures quantified by the Presto Blue assay was shown to increase
significantly throughout the duration of the culture. These results
underscore that the BI has the potential for application as a
biocompatible ink.

Fig. S2a-g shows the in vitro biocompatibility of BI7-4. The
representative F-Actin/DAPI fluorescent images are shown in
Fig. S2a, c. Cells cultured on top of the BI layer, stained with Phal-
loidin and DAPI, show enhanced cell proliferation with a visible
increase in both the actin-cell membranes (green) and DAPI- cell
nuclei (blue). The Live/Dead images on days 1, 4, and 7 post-seeding
of C2C12 are shown in Fig. S2b, d as cell cultures with the live cells
being represented by green and dead cells by red fluorescence
demonstrating an increase in the density of live cells and very little
change in the density of dead cells.

We next performed quantification of cell proliferation, viability,
and metabolic activity based on the number of DAPI-stained cell
nuclei, percentage viability of live/dead images, and relative fluo-
rescence units (RFU), using Presto-Blue assay respectively
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Fig. 2. Conductivity of the bio-ionic ink (BI). Nyquist plot (n > 5) with (a) 7% GelMA (b) 10% GelMA (c) 15% GelMA with varying percentages of BIL (0—6 (w/v)%) to form various
percentages of the BI. (d) Quantitative evaluation of the Nyquist plot to represent conductivity value in S/cm. Comparison of the optical transparency of BI7-4, GelMA, and
electrolyte made up of CNT, PVDF, and EMIBF, used as conductive materials in various applications (e) Microscope slide coated with the electrolyte and GelMA. Evaluation of the
optical transparency of material by passing light through (f) CNT electrolyte, (g) uncoated slide, and (h) GeIMA. Data are means + SD. P values were determined by one-way ANOVA

(*P < 0.05, **P < 0.01, ***P < 0.001).

(Figs. S2e—g). Both the control experiment and the BI composition
matrix showed a significant increase in live cells indicating signif-
icant cell viability and cytocompatibility, with little to no difference
compared to the control. Biopolymers degrade via hydrolysis in
aqueous media and buffers to yield oligomers, monomers, and
smaller moieties. Despite thermodynamic favorability, the degra-
dation rate is incumbent and reduced by folding and assembly [38].
Given the imminent degradation of biopolymers, implant struc-
tures should be critically designed by the incorporation of struc-
tural moieties which will metabolize into non-toxic byproducts. A
case in point is poly (f-amino ester) (PBAE), a gene delivery poly-
mer, which upon degradation, causes little cytotoxicity due to
benign products of hydrolysis [39].

The cytotoxic mechanism consists of necrosis, damage to cell
membranes and organelles as well as apoptosis [40,41]. Polycations
are also thought to induce phospholipid hydrolysis causing elastic
stress on the membrane by interaction with the cell membrane
creating an inversion in the lipid bilayer causing phase separation
of lyso-phospholipids [42—44]. Cell membrane lysis is influenced
by the molecular weight of the polycation. Cytotoxicity is thus
incumbent on a tradeoff between membrane hydrolysis and the
intrinsic cellular repair system. If the repair can counterbalance
membrane lysis, the material remains cytocompatible, with mito-
chondrial activity powering the repair [45]. Biocompatibility is
influenced by the molecular weight, and charge density of polymer
chains [46]. Higher charge density causes greater cellular trans-
fection and higher cytotoxicity. Rigid polymers interact less with
cell membranes causing lower cytotoxicity [47—49]. Often, cyto-
toxicity is directly correlated to the presence of high cationic charge
density and polymer chain flexibility [50]. In the GeIMA and BioGel
conjugate BI structure, the charge density due to BIL conjugation
has been kept at low levels. The gelatin backbone in GelMA, and the
methacrylate-coupled choline moiety, also limit conformational
flexibility to prevent excess transfection type interactions. This
conformational flexibility limitation is augmented by a light cross-
linking to form a network, which balances out mechanical strength

with an adequate increase in chain conformational rigidity due to
reduced degrees of freedom, offering an advantage in enabling low
cytotoxicity [51,52].

3.5. 3D printing of scaffolds from the bio-ionic ink and evaluation of
the biocompatibility of the printed scaffolds

3D printing of C2C12 cell-laden constructs using BI7-4 is shown
in Fig. 3. A digital image of printing BI using the Allevi 2 printer is
shown in Fig. 3a. The BI7-4 can be easily printed into any shape or
lettering permitting fine details. The Live/Dead staining of
C2C12 cells encapsulated in the 3D printed structure is shown in
Fig. 3b and c. The cells were encapsulated in GeIMA and visualized
in 3D, with living cells depicted in green, and dead cells in red
fluorescence. To visualize the cell proliferation F-actin (green)/
DAPI(blue) staining of the cells encapsulated in the 3D printed
structure is shown in Fig. 3d and e. Fig. 3n compares the aspect ratio
of the cells printed and cultured in 2D, the aspect ratio is the ratio of
the total length to average breadth. In a 2-D culture, the cells are
scattered on top of each other and randomly oriented. When they
are encapsulated and 3D printed, the cells align, and that can be an
advantageous feature depending on the intended application.

Biocompatibility and cell viability comparison between scaf-
folds printed using 7% GelMA and BI7-4 and hMSC, which are more
sensitive to culture conditions than C2C12, are shown in Fig. 3f—k,
respectively after 7 days in culture. In this 3D visualization, the BI
with 4% BIL conjugation is shown to be as good as unfunctionalized
GelMA for cell viability and adhesion, underscoring the absence of
any adverse effect of the BIL conjugation. Cell adhesion to various
conducting polymers has been known to be electrically control-
lable, especially where there are biomolecules that may be differ-
entially oriented or diffused. Electrical control is achieved upon the
accessibility of surface ligands to cellular receptors or general
protein recognition [53—55]. The proteins and integrins responsible
for the cellular adhesion to a matrix are held to the cellular cyto-
skeleton by a focal adhesion (FA) complex. Force transmission to
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Fig. 3. 3D printing of cell-laden constructs using BI7-4 (a) Digital image of printing bio-ionic ink (BI) using Allevi 2 printer. (b, ) Live/Dead (green/red, respectively) and (d, e) Actin/
DAPI (green/blue) staining of C2C12 cells encapsulated in the 3D printed structure. Live/Dead staining of hMSC and comparison between scaffolds printed using (f—h) 7% GelMA,
and (i—Kk) BI7-4, after culturing for 7 days. (1) Digital image and (m) Actin/DAPI staining of printed hMSC encapsulated in BI (n) Comparison of the aspect ratio of the hMSC 3D
printed and cultured in 2D. Data are means =+ SD. (0) Rheology of GeIMA and BI7-4 with 0.5% LAP as a photoinitiator at 60 s visible light exposure. (p, q) Digital image of printing of
solid block, 2,4, and multi-layer lattice BI using Allevi 2 printer. P values were determined by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001) (scale bar = 1 mm). (For
interpretation of the references to color in this Figure legend, the reader is referred to the Web version of this article.)

the cellular cytoskeleton occurs via the FA proteins connecting the
integrins to cellular actin filaments forming an adhesion complex.
FA formation is critical to cell signaling, migration, proliferation,
and differentiation and hence of utmost importance for tissue en-
gineering applications [56—58].

The BioGel-based BI composition is capable of showing ion
conductivity and a capacitive ability due to the BIL functionaliza-
tion, which maintains its conductive advantage as a matrix while
allowing cellular adhesion and proliferation.

Fig. 30 shows the rheology of GelMA and BI7-4 with 0.5% LAP as
a photoinitiator at 60 s visible light exposure. Since the Bl is photo-
crosslinked, a quasi-solid state viscoelastic behavior is expected,
which is represented by the storage modulus (G’) and loss modulus
(G”), with the former representing the solid-state behavior of the
sample while the latter representing the liquid-state part of the
sample occurring from internal friction while the material flows. A
large storage modulus leads to hysteresis losses in the form of heat
dissipation during the shear-deforming 3D printing process, espe-
cially with cells included. The heat dissipation works to the
imminent disadvantage of the sample in the given tissue engi-
neering application as it may adversely interact with cellular pro-
teins deforming them and impeding cellular adhesion and
proliferation [59]. On the other hand, the elastic portion remains
stored in the deformed material as potential energy, arising from

stretching the internal substructures, that may be achieved without
bond breakage and works to impart resilience [60].

The storage modulus was seen for both the control unfunc-
tionalized GelMA and the BI7-4 to rise with an increase in step time.
However, the increase in the case of the BI composition is much
more rapid beyond a step-time input of about 250, which may be
attributed to structure formation owing to much higher inter and
intramolecular electrostatic interactions acting as “physical cross-
links” at a more rapid pace of deformation. At a lower deformation
rate, time is accorded to the sample to flow and hence the absence
of structure formation, rigidity, and a high storage modulus at low
deformation rates. It also shows the variation of the loss modulus
with the deformation rate. Tan delta, the ratio of the loss modulus
to storage modulus is much lower than 1, indicating the predomi-
nantly elastic nature of the cross-linked polymers, which works to
advantage in tissue engineering, especially those involved in dy-
namic environments.

To show the printing fidelity, lattice constructs were printed up
to 16 layers by optimizing the speed and pressure, as shown in
Fig. 3p and q. The 16-layer 3D printing of Bl was achieved using a
Carbopol support bath, providing structural integrity to the printed
constructs. As anticipated, the printed construct was stable after
the cross-linking. GeIMA and BIL composition forms BI, a conduc-
tive and adhesive hydrogel matrix, and is 3D printed using an
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extrusion-based Allevi bioprinter. After printing, the structures
were measured for conductivity, acquiring the cell-laden hydrogel
structures via encapsulation of the hMSC. The orientation and
shapes of the biostructure can be varied based on the composition
of the polymer, BIL, air pressure, and other parameters in the
printer and thus can be manipulated for any application necessary.
To use the BI as an adhesive and conductive patch in in vivo ap-
plications, the interaction between the Bl and tissue is vital. Despite
the availability of commercial wearable epidermal bioelectronic
devices, there is a need for a transparent, soft, and flexible material
that is on par with the epidermal layer of the skin [61].

3.6. In vivo biocompatibility and degradation of the bio-ionic ink

In vivo degradation of the BI was evaluated by subcutaneous
implantation into rats. Samples explanted on days 4, 14, and 28
were used to study compatibility and degradation. In vivo degra-
dation and changes in tissue morphology were characterized by
Hematoxylin and Eosin (H&E) staining. The staining results indicate
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the presence of hydrogel until day 4. The tissue architecture
showed no significant inflammatory response implying that the BI
may not have caused any adverse inflammatory responses. Fluo-
rescent immunohistochemical staining for CD68 macrophages was
used to characterize local immune response. CD68 macrophage
invasion at the adhesive-subcutaneous tissue interface was seen on
day 4 but was absent after 28 days. Fig. 4a—d shows the in vivo
biocompatibility of GelMA and BI7-4. Fig. 4a—d show the repre-
sentative H&E staining and fluorescent immunohistochemical
analysis, respectively. The presence of macrophages within the BI
and surrounding tissue, after 4, 14, and 28 days of implantation are
shown in Fig. 4b, d. The process displays that there is no infiltration
of macrophages, with no significant changes observed in the color
intensities. In Fig. 4b, the reduction in the spread of the red fluo-
rescence with time emphasizes the nonappearance of inflamma-
tion, with the CD68 expected to stain the macrophages red.
Explanted samples were inspected to analyze the significant
host tissue infiltration within the implanted sample. While the
short length of the study precluded complete scaffold

GelMA

BI7-4

Fig. 4. In vivo biocompatibility of GeIMA and BI7-4. Representative (a, ¢) H&E staining, (b, d) fluorescent immunohistochemical analysis of macrophage marker (CD68) of bio-ionic
ink explanted with surrounding tissue after (i) 4, (ii) 14, and (iii) 28 days of implantation, counterstained with DAPIL.
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Fig. 5. 3D printing of BI7-4 on porcine skin (a) Digital image of printing bio-ionic ink (BI) using Allevi 2 printer in different shapes. (b) Digital image showing the adherence and
bending of the printed ink on the skin. (c) Transparency of the Bl coated on microscope slide illuminated using a flashlight. (d) Transparency (%T) of 7% GelMA, and BI7-4, calculated
from the absorbance at a wavelength of 380 nm using a spectrophotometer. (e) Digital image to show the printed BI7-4 illuminating the LED of a 1 V power source. In vivo electrical
stimulation of TA muscle and 3D printing of BI, representing digital images of (f) 3D printing of BI on the back of Wistar rat, indicating various shapes. (g, h) An incision in the hind
muscle, incorporation of standard platinum electrodes with 10 mm separation, 3D printing of Bl in the 5 mm separation space, inducing voltage across the electrodes. (i, j)
Quantification of the displacement of TA muscle during electrical stimulation at two different voltages, 0.9 V, and 2.5 V, along with the displacement of muscle without the Bl and
only Pt electrode (control) and with the BI. P values were determined by one-way ANOVA (*P < 0.05, **P < 0.01, ****P < 0.001), ns — non-significant.
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biodegradation, previous works have demonstrated that GelMA-
based hydrogels facilitate cell-mediated degradation in vivo
[16,19], indicating that the degradation of the BI in vivo, can be a
parameter that can be adjusted based on the application. The BIL-
conjugated GelMA, upon administration in vivo, may be thought
of as interacting with blood components like the erythrocytes and
plasma proteins resulting in aggregation or dissociation. Addi-
tionally, the aforementioned interactions with cell membranes,
extracellular matrix, and proteins lead to adverse effects [62].

3.7. Ex vivo and in vivo 3D printing of the bio-ionic ink and
evaluation of conductivity

To study the printability and shape fidelity of the BI, we per-
formed ex vivo and in vivo studies. For the ideal implementation of a
bio-ink as an interface between biological systems and electronics,
it must exhibit superior performance without undergoing any
significant deformation during the printing process. Fig. 5 shows
the 3D printing of different shapes of BI7-4 on the epidermal layer
of the porcine skin showing the ability of the BI to adhere to the
tissue. Fig. S4 exhibits the 3D printing of BI7-4 on porcine skin and
shows the printed BI7-4 illuminating the LED at various voltages of
2,3,4,and 5 V. Fig. 5a shows the digital image of printing BI using
an Allevi 2 printer in different shapes. In Fig. 5b the polymerized
BI7-4 construct is shown to be firmly attached to the skin sub-
stantiating the adhesive property of the ink. Transparency of the BI
coated on a microscope slide illuminated using a flashlight is shown
in Fig. 5c indicating no significant changes in the transparency of
the ink due to the addition of the BIL compared to GelMA in Fig. 2h.
To verify the conductive property of BI, the printed BI7-4 was
connected to the breadboard setup with an input voltage of 5V,
which when connected to the specimen acts as a circuit and thus
illuminating the LED of a 1 V power source. Fig. S3 shows the LED at
various voltages. Finally, a successful demonstration of 3D printing
of a conductive and adhesive BI was attainable.

Skeletal muscle tissue stimulation experiments were performed
to underscore that BioGel hydrogel successfully interfaces with soft
tissues in an in vivo electrical stimulation experiment. Fig. 5f—h
indicates the ability of the BI to be used as conductive ink for
actuation via in vivo electrical stimulation of TA muscle and in situ
3D printing of different shapes of BI7-4 on the rat skin, showing the
ability of the BI to integrate with the tissue. In addition, the in vivo
electrical stimulation experiment was conducted to investigate the
ability of the bio-ink to integrate and be used as an interface with
soft tissue. Platinum (Pt) electrodes were used, and the TA muscle
was exposed surgically after fixing the knee of the Wistar rat for
electrical stimulation. The BI was then printed on the exposed
muscle across the Pt electrode. The TA muscle was electrically
stimulated at 0.9 and 2.5 V to measure twitch displacement. The
contraction of the TA muscle was significantly higher when the
electrode interface was connected by 3D printed Bl compared to the
control; the displacement increased from 3.95 mm at a stimulation
voltage of 0.9 V—6.5 mm with stimulation voltages of 2.5 V (Fig. 5i
and j). These data denote that the conductivity of the BI can be
harnessed and manipulated according to the application, which
may be beneficial in a clinical application where conductive
hydrogels are desired. Also, we were able to demonstrate the bio-
ink's ability to print on the skin, and it is important to note that the
BI can be used as an innovative material for flexible electronics due
to its tunable functionalities and versatile design. These data sug-
gest that the BI can be a potential solution for the current chal-
lenges and limitations of in situ 3D printing of bioelectronics at the
interface of biological tissue.

Thus, BioGel bio-ink uniquely allowed for the in-situ formation
of stable ionic circuits fully compatible with biological systems -

1
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significant progress for the field of wearable electronics and bio-
electronics. This BioGel hydrogel bio-ink offers new possibilities for
biologically paired electronic systems, creating seamless interfaces
with living tissues to produce conductive signals with decreased
tissue injury and minimum interfacial transformation losses. As a
result, BIL-functionalized hydrogels can be usefully applied in
ionic-electronic interface systems for sensors and actuator appli-
cations. Additionally, the biocompatibility of such systems en-
courages their possibility as a soft, multifunctional biomaterial in
biological applications.

4. Conclusion

Here, we report synthesizing a novel in-situ 3D printable BI
composed of acrylated BIL conjugated using visible light photo-
crosslinking. The synthesis establishes a general material plat-
form that can be applied to a wide variety of biopolymers and BIL to
obtain printable bio-inks with a wide variety of biomimetic prop-
erties that can aid in cell growth as well as act as an electro-
conductive tissue scaffold. We demonstrated that the BI's physio-
mechanical properties and electrical conductivity could be
enhanced and tailored to suit the requirements of biomedical and
bioelectronic applications by varying the BIL content in the bio-
hydrogel backbone. The printability of the resultant biomaterials
was shown by rheological analysis and structural details in printed
constructs. The composite bio-ink was processed into multilayer
scaffolds via 3D printing and visible light crosslinking. Further-
more, cell growth and viability tests demonstrate virtuous
biocompatibility of the bio-ink allowing cell proliferation. Func-
tionalization of the biopolymer backbone with the BIL was also
shown to improve cellular adhesion and reduce potential fouling.
The versatility of the polymer backbone chemistry, its processing
conditions as well as the type and content of BIL functionalization
offer a generalized platform for the production of biomaterial for
easy, rapid in-situ 3D bioprinting of complex designs directly on
biological tissue. Furthermore, the BioGel bio-ink provides versatile
compositions for bioelectronics fabrication while avoiding tissue
injury from electrical stimulation.
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