Downloaded via UNIV TWENTE on November 27, 2019 at 14:48:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED MATERIALS

Research Article

INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 38373-38384

www.acsami.org

Bioionic Liquid Conjugation as Universal Approach To Engineer

Hemostatic Bioadhesives

Vaishali Krishnadoss,_{_ Atlee Melillo,* Ba1sha11 Kan)llal Tyler Hannah,” Ethan Elhs,

Andrew Kapetanakls, Joshua Hazelton, Janika San Roman, Arameh Masouml, Jeroen Leijten,

and Iman Noshadi*"

TDepartment of Chemical Engineering and iDepartment of Biomedical Engineering, Rowan University, Glassboro, New Jersey

08028-1700, United States

SCooper Medical School of Rowan University, Camden, New Jersey 08103-1211, United States
“Developmental BioEngineering (DBE), The University of Twente, 7522 NB Enschede, Netherlands

© Supporting Information

ABSTRACT: Adhesion to wet and dynamic surfaces is vital
for many biomedical applications. However, the development
of effective tissue adhesives has been challenged by the
required combination of properties, which includes mechan-
ical similarity to the native tissue, high adhesion to wet
surfaces, hemostatic properties, biodegradability, high bio-
compatibility, and ease of use. In this study, we report a novel
bioinspired design with bioionic liquid (BIL) conjugated
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polymers to engineer multifunctional highly sticky, biodegradable, biocompatible, and hemostatic adhesives. Choline-based BIL
is a structural precursor of the phospholipid bilayer in the cell membrane. We show that the conjugation of choline molecules to
naturally derived polymers (i.e., gelatin) and synthetic polymers (i.e., polyethylene glycol) significantly increases their adhesive
strength and hemostatic properties. Synthetic or natural polymers and BILs were mixed at room temperature and cross-linked
via visible light photopolymerization to make hydrogels with tunable mechanical, physical, adhesive, and hemostatic properties.
The hydrogel adhesive exhibits a close to 50% decrease in the total blood volume loss in tail cut and liver laceration rat animal
models compared to the control. This technology platform for adhesives is expected to have further reaching application vistas
from tissue repair to wound dressings and the attachment of flexible electronics.
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1. INTRODUCTION

Adhesives with the ability to bond to biological tlssues have
numerous applications 1nc1ud1ng drug delivery,"” tissue
repair,’ ** wound dressmgs, biomedical implants, and flexible
wearable electronic devices.”® The primary requirements of
adhesive materials for in vivo application are the ability to
rapidly stem blood Ioss and adhere quickly and firmly to the
tissue of choice.””"® The process of attachment and adhesion
to native tissues often is challenged by the wet and dynamic in
vivo environment. Adhesive hydrogels are also expected to
degrade in a timely fashion and have no cytotoxicity toward the
host tissues. Thus, it should accelerate and have no deleterious
influence on the healing of the wound."*™'®  Quality,
production cost, stability in vivo, and safety are further
considerations.'” ™' Moreover, tunable mechanical strength
and adhesion of the material are often considered as highly
desireable.””*!

A major limitation of the currently available commercial
tissue adhesives is their poor performance due to the low
adhesion to wet surfaces and in the environments involving
dynamic and cyclic stresses. The lack of adequate flexibility and
adhesion is yet another drawback in currently available
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commercial adhesives.”> Cyanoacrylates, for instance, have
high adhesive strength but are associated with cytotoxicity and
an unnaturally high stiffness.'>** Fibrin-based sealants such as
fibrin glue are flexible like the soft tissues but only offer weak
adhesion strengths, particularly under wet conditions such as
those found in tissues.”*

Despite the commercial availability of adhesives, superior
alternatives are wanted, in particular for the repair of elastic
and soft tissues in wounded lungs, heart, and blood vessels.”*
Achieving such a formulation demands a material that offers
significant adhesion with minimal toxicity and that avoids any
damage to tissues arising from the mechanical properties of
sealants.”> ™

In this paper, we report a new adhesive biomaterial platform
that offers high adhesion and hemostatic properties under wet
conditions, compatible with both synthetic and naturally
derived biomaterials, proffering the advantage of a direct
bonding mechanism with the lipid bilayer cell membrane
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structure, combining high intrinsic mechanical strength with
excellent tissue adhesion. This biointeraction inspired platform
uses strong coulomb interactions between the polymer
structure and the cell membrane’s phospholipid bilayer’s
hydrophilic heads accounting for strong adhesion even in the
presence of body fluids and blood. The mechanism of adhesion
is feasible for any kind of tissue, not requiring the use of fibrous
networks for support, and hence can be used in various
applications. This is achieved via the functionalization of
polymers—biological or synthetic—with a bioionic liquid
(BIL). Ionic liquids are low melting organic salts with high
water solubility.”® Bioionic liquids are a class of ionic liquids
where the inorganic counter anions of the ionic liquid structure
are replaced by bio-organic molecules, such as the cholinium
ion as represented here.”” >’

Ionic liquids may have numerous interesting applications
owing to their high thermal stabilities, conductivities, and
antimicrobial and antifouling properties.”*** Importantly,
choline-based biocompatible, noncytotoxic, and biometaboliz-
able ionic liquids are reported.”"** Choline is also a structural
precursor of the phospholipid cellular membrane bilayer and
can help enhance interactions with cell membranes via
electrostatic bonding.”*~* In this paper, we describe a method
to conjugate BIL to polymers that are both natural and
synthetic to yield bioadhesives. In this study, we assess the
conjugation of choline-based BIL to two polymer backbones: a
gelatin biopolymer and a synthetic polyethylene glycol
diacrylate (PEGDA) polymer. The naturally derived biopol-
ymer used in this study was gelatin methacryloyl (GelMA).
The synthesized adhesive exhibits excellent mechanical
integrity and tissue adhesion, even in the presence of body
fluids, and also superior hemostatic properties. The con-
jugation of a choline-based BIL allows the polymer to interact
with the phospholipid bilayer cellular membrane in a highly
distinct manner, which can be relevant for applications that
require adhesion, mechanical transduction, or integration.

2. EXPERIMENTAL SECTION

2.1. Materials. Gelatin (Type A), methacrylic anhydride, and
polyethlyene glycol diacrylate (PEGDA — M, 700) were purchased
from Sigma-Aldrich. The photoinitator used (LAP, lithium phenyl-
2,4,6-trimethylbenzoylphosphinate) was purchased from Allevi, Inc.,
and the visible light used for polymerization was attached to the Allevi
2 bioprinter. All chemicals were of analytical reagent grade and used
without further purification.

2.2. Synthesis of the BIL Conjugated GelMA (BioGel) and
BIL Conjugated PEGDA (BioPEG). Choline bitartrate and acrylic
acid (Sigma-Aldrich) were mixed in a equimolar ratio at S0 °C for S h
under an inert nitrogen atmosphere to synthesize choline acrylate
(BIL) followed by overnight vacuum purification of the product at
room temperature.”> The GelMA polymer was made using a
previously described method.>® A 10% (w/v) gelatin (Sigma-Aldrich)
solution and 8 mL of methacrylic anhydride (Sigma-Aldrich) were
reacted for 3 h under inert conditions. Unreacted material methacrylic
acid was dialyzed for 5 days and frozen at —80 °C for 24 h followed
by lyophilization for S—7 days. Polyethylene glycol (PEGDA) has an
average M,, of 700 (Sigma-Aldrich). GelMA and PEGDA were used to
synthesize the bioadhesives, namely, BioGel (25% (w/v) GelMA, 20%
(w/v) BIL) and BioPEG (25% (w/v) PEGDA, 20% (w/v) BIL)
adhesives. Methacrylated polymer and choline acrylate were mixed in
various ratios, and their physical and adhesive characteristics were
studied. The adhesive was made from the prepolymer and BIL mixed
in varying proportions in distilled water. To the mixtures, 0.5% (w/v)
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitia-
tor was added; LAP is preferred over other photoinitiators due to its
high water solubility and cytocompatibilty.”” Hydrogels were then

applied and rapidly photo-cross-linked in the presence of visible light
in the Allevi 2 bioprinter at a wavelength of 450 nm and intensity of 3
MW/cm? for 120 and 60 s for GelMA and PEGDA, respectively.

2.3. 'TH NMR Analysis of Bioadhesives. "H NMR was used to
characterize the bioadhesive structure. A Varian Inova-500 NMR
spectrometer was used. "H NMR spectra of choline bitartrate, choline
acrylate, GelMA prepolymer, and bioadhesive samples were obtained.
The reduction in the rate of C=C methacrylate double bond
(—0(C=C)/at) in GeMA was used to understand the cross-linking of
the polymer, in addition to bioionic liquid conjugation to polymer.

2.4. Mechanical Properties of the Bioadhesives. Mechanical
testing, including calculation of elastic and compressive moduli on
each bioadhesive composition, was performed by using an EZ-SX
Mechanical tester (Shimadzu). Cylindrical test specimens of diameter
S mm and height S mm were made in polydimethylsiloxane (PDMS)
molds. The test specimens were kept in Dulbecco’s phosphate-
buffered saline (DPBS) for 4 h at 37 °C and allowed to swell prior to
testing. For each test, at least five samples were tested.

In the compression tests, the specimens were compressed between
two plates at 1 mm/min and the load and strain were recorded. For
the tensile tests, the hydrogels were stretched at 1 mm/min until
failure. The compression and elastic moduli were calculated as the
slope of the linear region of the stress—strain curve. For each test, at
least five samples were tested to perform the statistical significance
test.

2.5. In Vitro Degradation Test and Swelling Ratio of the
Bioadhesives. BioGel and BioPEG were produced as previously
mentioned (Section 2.2). The test was performed based on a
previously mentioned method.”> The samples were lyophilized,
weighed, and with 1 mL of DPBS or at 37 °C incubated in a 24
well plate for 2 weeks. The DPBS solutions were replenished every 7
days, at days 1, 7, and 14. The samples were removed and lyophilized
for 24 h, and the weight was obtained. Degradation percentage (D%)
of the bioadhesive was estimated in terms of the loss of weight. For
each test, at least five samples were tested to perform the statistical
significance test.

The equilibrium swelling ratios of BioGel and BioPEG adhesives
were evaluated using cylinder-shaped adhesives prepared as per the
method described for the compression test, and DPBS was used to
wash the sample thrice. Then they were freeze-dried to weigh the
samples in dry conditions and immersed at 37 °C in DPBS for 2, 4, 6,
8, and 24 h followed by weighing again after immersion. The ratio of
the swollen sample mass to lyophilized sample mass was used to
compute the swelling ratio and water uptake. For each test, at least
five samples were tested to perform the statistical significance test.

2.6. In Vitro Adhesive Properties of the Bioadhesives. Shear
strengths of the BioGel and BioPEG adhesives were tested according
to the modified ASTM F2255-05 standard for tissue adhesives.>® A 1
cm X 1 cm layer of gelatin was applied to two 2 cm X 2 cm square
pieces, cut from a glass slide. The gelatin layer dried overnight
functioned as a base layer. The uncoated area, later used for clamping
the glass slide, was covered by tape. 25 uL of hydrogel precursor
solution was cross-linked between the gelatin coated glass slides, and
the slides were then placed in a mechanical tester and pulled apart at a
strain rate of 1 mm/min. At the point of detachment, shear strength
was calculated for at least five samples for statistically significant
results.

Wound closure of the fabricated adhesives was calculated by using
the ASTM F2458-05 standard.’® Porcine skin, with excess fat
removed, was obtained from a butcher. This was cut into small strips
and immersed into PBS to prevent drying prior to testing. The tissue
was razor-sliced in the middle to simulate a wound, and to this slit,
100 uL of polymer solution was applied and photo-cross-linked using
visible light. Maximum adhesive strengths of the samples were
obtained at the point of tear, with strain rates of 1 mm/min applied
using a mechanical tester. At least five samples were tested per
condition to perform the statistical significance test.

Burst pressures of the fabricated adhesives were calculated by using
the ASTM F2392-04 standard.** A 5 mm X $ mm puncture was made
in the center of S cm X 5 cm skin and was placed in connection from
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a custom-built burst pressure apparatus. The apparatus had a pressure
meter and a syringe pressure setup. Air was made to flow through at
0.5 mL/s using a syringe pump. The skin was punctured at the
puncture covered with the bioadhesives and photo-cross-linked. This
was followed by initiating the pump and sensor. Once the hydrogel
ruptured, the airflow was stopped and the burst pressure was
measured. For each test, at least five samples were tested to perform
the statistical significance test.

2.7. Ex Vivo Burst Pressure Measurement of the Bio-
adhesives. Burst pressures of the fabricated adhesives were
calculated by using the ASTM F2392-04 standard. Porcine heart
and lung were obtained from a local butcher. A S mm X § mm
puncture was made in the left chamber of the heart, and it was placed
in connection from a custom-built burst pressure apparatus. The
apparatus consisted of a pressure meter, and air was allowed to flow
using at a volumetric rate of 0.5 mL/s. The organ was punctured,
covered with bioadhesive, and cross-linked with visible light. The
pump and the sensors were then initiated. The burst pressure was
computed when the hydrogel ruptured, after which the airflow was
terminated. A similar test was carried out for the lung. At least five
samples were tested per condition to perform the statistical
significance test.

2.8. In Vitro Clotting Study on the Bioadhesives. SEM
imaging was performed to analyze the hemostatic property of the
engineered adhesive using a method previously described.”’ EDTA-
anticoagulated whole blood (6 mL) was centrifuged at 2300 rpm for 5
min to prepare the RBC pellet. The plasma and buffy coat layers were
discarded. The pellet was washed thrice using 40 mL of isotonic saline
(0.9% w/v aqueous NaCl solution, pH 7.4). The oil mixture,
consisting of 1 mL, 2.6 parts by weight of benzyl benzoate and 1 part
by weight of cottonseed oil, was then added to the RBCs. The oil
mixture has a density intermediate to RBCs and the isotonic saline.
This 0il-RBC suspension was centrifuged for 10 min at 4500 rpm, and
supernatant oil was discarded. The thin oil film over the RBC pellet
was removed by tapping with cotton, incubated with the adhesive
sample overnight at 37 °C, and dehydrated for freeze drying. The
Iyophilized specimen attached to the SEM stubs were coated with
gold/palladium (Au/Pd) prior to SEM imaging, acquired by a
Phenom Pure SEM from Nanoscience. The clotting time was
measured from RBC coagulation tests on at least five images of five
samples using Image]J software.

2.9. In Vitro Biocompatibility of the Bioadhesives. On the
surface of adhesive, 5 X 10* cells/well were cultured in a 24 well plate
with 500 uL of DMEM, supplemented with 10% FBS (fetal bovine
serum), growth medium. 2D cultures were kept at 37 °C in a 5% CO,
humidified incubator for 7 days, and the DMEM was replenished after
48 h.

The cell viability of primary C2C12 cultured on the surface of
BioGel and BioPEG was evaluated by an Invitrogen Live/Dead
viability kit, as per manufacturer’s instructions. Cells were stained for
1S min at 37 °C with calcein AM (0.5 uL/mL) and ethidium
homodimer-1 (EthD-1) in DPBS (2 yL/mL). Fluorescence images
were obtained on days 1, 4, and 7 post-seeding with the Axio
Observer Z1 inverted microscope (Zeiss). The number of live/viable
and dead cells as green and red spots, respectively, was quantified by
Image]J software, and the cell viability was computed as the ratio of the
number of live cells to the total number of cells.

Cell metabolic activity was evaluated at 1, 4, and 7 days by a
PrestoBlue assay (Life Technologies). 2D cultures of C2C12 were
incubated for 2 h at 37 °C in 500 uL of 10% PrestoBlue growth
medium. Resulting fluorescence at 560 (excitation) and 590 nm
(emission) was measured with control wells being used to determine
the background.

Surface spreading of the cells on the bioadhesive was imaged
through fluorescence staining of F-actin filaments and cell nuclei. 2D
cultures at days 1, 4, and 7 were incubated for 45 min with Alexa fluor
488 labeled phalloidin (1:1000 in DPBS, Invitrogen). DPBS was used
for three consecutive washes, samples were counterstained with 1 yL/
mL DAPI (4',6-diamidino-2-phenylindole, Invitrogen) in DPBS for 5

min, and the fluorescence images were acquired with an Axio
Observer Z1 inverted microscope.

2.10. In Vivo Biocompatibility and Degradation of the
Bioadhesives. All the animal experiments were approved by the
ICAUC as per protocol 2018-004, at Rowan SOM. Male Wistar rats
weighing 200—250 g were procured from Charles River (Boston, MA,
USA). The animals were kept under circadian rhythm conditions at
the local animal care facility. 4.0% isoflurane induction and 1-2.5%
maintenance were used to induce anesthesia. This was followed by
administering 0.02 to 0.05 mg kg™' subcutaneous buprenorphine for
pain control. On the posterior mediodorsal skin, eight 1 cm incisions
were made. Around these incisions, small lateral subcutaneous
pockets were made by blunt dissection. 5 mm disks of the
bioadhesives were implanted into these pockets. The wound was
closed anatomically, and the animals allowed recovery from
anesthesia. Animals were euthanized by CO, asphyxiation after 4,
14, and 28 post-implantations. The samples were retrieved with the
associated tissue.

2.11. In Vivo Hemorrhage Study of the Bioadhesives.
2.11.1. Tail Cut Model. One group of eight rats underwent a
standardized tail cut technique approved by the Rowan University
IACUC and developed by Morgan et al.** for the measurement of
uncontrolled hemorrhage in rats. All rats were weighed preoperatively.
Anesthesia was induced inside an induction chamber with inhaled 4%
isoflurane and 100% oxygen followed by a maintenance dose of 1-2%
isoflurane delivered via the nose cone. The depth of anesthesia was
confirmed by a pedal pinch. Rat tails were marked 4 cm from the tip
and transected with a scalpel. The tail stump was immediately placed
in a 1.5 mL microcentrifuge tube to collect the shed blood. After 2
min of uncontrolled hemorrhage, 0.8 mL of BioGel was applied to the
wound. Of the eight rats, four rats received BioGel and four rats
received only the polymer without conjugation of BIL (25% (w/v)
GelMA). After an additional 2 min, 0.2 mL of BioGel was applied to
the wound. A total of 1.0 mL of BioGel was applied to each wound.
Blood loss was recorded in 2 min intervals for the first 14 min of the
experiment (2 min before intervention, 2 min during intervention,
and 10 min after intervention) followed by 6 min intervals for the next
12 min of the procedure, for a total of 26 min. Blood loss was
calculated as a percentage of total blood volume. Total blood volume
was calculated using body weight (kg) multiplied by 65 mL/kg, a
known ratio of body weight:blood volume in rats. All rats were
sacrificed with isoflurane overdose at the conclusion of the 26 min
hemodynamic monitoring window, with bilateral thoracotomy as a
secondary method of euthanasia.

2.11.2. Liver Wedge Model. One group of 20 rats underwent a
standardized liver wedge technique approved by the Rowan
University IACUC and developed by Morgan et al.** for the
measurement of uncontrolled hemorrhage in rats. Ten rats received
BioGel, five with the unconjugated polymer (25(w/v) % GelMA) and
five with the polymer conjugated with BIL (BioGel). Ten rats
received BioPEG, five with the unconjugated polymer (25% (w/v)
PEGDA) and five with the polymer conjugated with BIL (BioPEG).
All rats were weighed preoperatively. Initial anesthesia with inhaled
4% isoflurane and 100% oxygen was used. Anesthesia was maintained
with 1-2% isoflurane. Rats were placed supine, and their abdomens
were shaved and prepped. A 3.0 c¢m midline laparotomy was
performed to expose the abdominal cavity, and the left lobe of the
liver was delivered onto the rat abdomen. One 3.0 X 1.5 cm wedge of
the left liver lobe was removed to cause the initial liver injury. A
preweighed gauze below the liver collected shed blood. After 2 min,
0.5 mL of product was applied to the liver wound. After an additional
2 min, 0.5 mL of product was again applied to the liver wound. The
gauze was changed and weighed in 2 min intervals for the first 14 min
of the experiment (2 min before intervention, 2 min during
intervention, and 10 min after intervention) followed by 6 min
intervals for the next 12 min of the procedure, for a total of 26 min.
Blood loss was calculated as a percentage of total blood volume. Total
blood volume was calculated using body weight (kg) multiplied by 65
mL/kg. All rats were sacrificed with isoflurane overdose at the
conclusion of the 26 min hemodynamic monitoring window. Rats
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Scheme 1. Synthesis of BIL and Adhesive Hydrogels (BioGel and BioPEG): (a) Acrylation of Choline Bitartrate To Form
Choline Acrylate (BIL) and (b) Reaction between GelMA, PEGDA, and Bioionic Liquid To Form BioGel and Bio-PEG
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underwent severing of the diaphragm as a secondary method of
euthanasia.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the Bioionic
Liquid and Bioadhesives. The synthesis of BIL and the
adhesive is illustrated in Scheme 1. It entails the synthesis of
BIL as the first step based on the reaction of choline bitartrate
and acrylic acid. The next step entails the conjugation of the
synthesized BIL with the polymer (GelMA or PEGDA). The
BIL was conjugated with the polymer at concentrations of 0—
20%(w/v). The conjugation was carried out by mixing the BIL
with a 25% (w/v) solution of GelMA or PEGDA.

The resulting polymer/BIL conjugate was then cross-linked
by visible light induced photopolymerization, using LAP as the
photoinitiator to form the hemostatic bioadhesives (BioGel
and BioPEG). The acrylation of choline bitartrate to make
choline acrylate was measured using FTIR, while the
conjugation of the BIL to the polymers was measured by 'H
NMR (Figure 1 and Figure S1). In the FTIR, we notice the
appearance of a peak at 1720 cm™, which primarily indicates
the formation of the ester bond via acrylation.

Similarly, in '"H NMR, the hydrogen peak of acrylate at 5.9—
6.3 ppm indicates the acrylation of choline bitartrate forming
choline acrylate. '"H NMR spectra also ascertained the
conjugation of the BIL to the polymer. Methacrylate groups
appear in the conjugated polymer at ~5.7 and ~6.1 ppm,
confirming polymer-BIL conjugation. This peak was absent in
non-BIL conjugated polymer. The appearance of a sharp peak
at 6 ~3.1—3.2 ppm in the conjugated polymer corresponds to
the three hydrogen atoms of choline (ammonium ion), and
this also confirms the conjugation of BIL to the polymer.

3.2. In Vitro Adhesive Properties of the Bioadhesives.
Wound closure is associated with tissue stress and damage. In
order to mitigate these complications, BioGel- and BioPEG-
based adhesive materials could be an alternative strategy. We
characterized the in vitro lap shear, adhesive and burst strength
tests, and the response to shear, compression, or extension as
well as high pressures upon the adherence of the %el to tissue,
all in accordance to the ASTM F2255-05 standard' *** (Figure
2a). Figure 2b,c shows the shear strengths of BioGel and
BioPEG with increasing BIL concentrations. The shear
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strength of BioGel increased from 109.63 + 12.42 (GelMA
with 0% BIL) to 359.39 + 18.72 kPa for BioGel with 20% BIL.
Similarly, for BioPEG, the shear strength increased from 73.40
+ 3.84 kPa for the polymer with 0% BIL to 241.00 + 12.09
kPa at 20% BIL.

The shear strengths of BioGel and BioPEG with high BIL
concentrations are significantly higher than reported values for
commercially available tissue adhesives such as Ethicon’s Evicel
and Baxter’s Coseal, two commercially available adhesives. The
shear strengths of Evicel and Coseal (Figure S2) are 207.65 +
67.3 and 69.7 + 20.6 KPa, respectively.”

The adhesive strength of BioGel increased from 0.23 + 0.02
(GelMA with 0% BIL) to 2.2S =+ 0.02 kPa for BioGel with 20%
BIL concentration (Figure 2d,e). Similarly, for BioPEG, the
adhesive strength increased from 7.01 + 0.20 kPa for the
polymer with 0% BIL to 38.70 + 0.30 kPa at 20% BIL. The
adhesive strength of BioPEG with high BIL concentration is
significantly higher than BioGel and reported values for
commercially available tissue adhesives such as Ethicon’s
Evicel and Baxter’s Coseal. The adhesive strengths of Evicel
and Coseal (Figure S2) are 24.80 + 2.51 and 26.32 + 2.69 kPa,
respectively.”” The design of polymers for tissue adhesion
entails tailoring properties to ensure high tissue adhesion and
appropriate mechanical strength. Hydrogel adhesives for soft
tissues need mechanical characteristics comparable to native
tissue to ensure proper tissue movement. The adhesion
properties should be high enough to enable attachment to
the surrounding tissues.

The ability of an adhesive to withstand pressure from tissues
and fluids under the wound site can be established by the burst
pressure test. We tested burst pressure of the fabricated
adhesives based on a variation of the ASTM F2392-04
standard testing for surgical sealants. The results are shown in
Figure 2f,g. Burst pressures for BioGel and BioPEG at 0% BIL
concentration were 9.17 + 0.66 and 25.60 + 0.99 kPa,
respectively. This subsequently increased to 101.74 + 2.12 and
69.42 + 1.59 kPa, respectively, for BioGel and BioPEG at a
final BIL concentration of 20%. These values were also
significantly higher than that of currently available tissue
adhesive.”

We infer from the results that the introduction of BIL
functionalization to GelMA or PEGDA improves the adhesion
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Figure 1. '"H NMR analysis of (a) BioGel and (b) BioPEG. BioGel and BioPEG adhesives were formed by using 0.5% lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) at 60 s of light exposure.

of the hydrogel to tissues. The adhesive property is directly
related to electrostatic interactions. It is also related to better
film-forming properties, which increase with increasing overall
molecular weight. The molecular weight, in turn, is dependent
on the average molecular mass of repeat units in the polymer,
which increases with increasing functionalization by bulky
choline pendant groups. Both GelMA and PEGDA on their
own are good film formers, and they already have the
allowance for polar interactions.”**> However, the introduc-
tion of BIL-based side groups significantly increases these
strong electrostatic interactions leading to high adhesion and
shear as well as burst pressure strength. We also expect that the
surface BIL heads of the adhesive layer will interact with the
phospholipid bilayers of the exposed cells wherein the polar
heads may be expected to enhance adhesion.

3.3. In Vitro Hemostatic Properties of the Bioadhe-
sive. The efficacy of biomaterial adherence to wet surfaces can
be improved by endowing the material with hemostatic
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properties. This property would also allow for reduction of
intra- and post-operative tissue blood loss.*

Although some effective hemostatic materials have been
developed, none of the current materials also possess strong
adhesive properties.”’~*’ We studied the hemostatic properties
of BioGel and BioPEG with varying BIL concentrations from
0—20%, and the results are shown in Figure 3 and Figures S6
and S7. The extent and rapidity of clot formation increase
significantly with increasing BIL concentration. Even without
any BIL functionalization, the clotting time reduced slightly
compared to control (Figure 3a,b). The clotting time decreases
from 7.5 + 0.50 to 4.87S + 0.12 min with 5% BIL polymers.
With a BIL concentration of 20%, the clotting time reduces
further to 1.13 + 0.13 min indicating an increase in
coagulation efficiency with increasing BIL concentration.
Similar results were demonstrated in the case of BioPEG.
When the bioadhesive samples were incubated with RBC
pellets overnight to perform SEM on the samples (Figure
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Figure 2. In vitro sealing properties of the BioGel and BioPEG. (a) Schematic diagram of lap shear, wound closure, and burst pressure tests. (b,c)
Standard lap shear test was used to determine the sealant’s shear strength (n > S) with different percentages of BIL concentration. (d,e) Standard
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0.001).
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Figure 3. In vitro clotting assay of BioGel and BioPEG. (ab)
Photograph of the well plate based clotting assay with increasing
concentration of BIL. SEM of RBC coagulation with (c) control (25%
(w/v) GelMA) and BioGel (25% (w/v) GelMA, 20% (w/v) BIL) and
(d) control (25% (w/v) PEGDA) and Bio-PEG (25% (w/v) PEGDA,
20% (w/v) BIL). (e,f) Quantification of decrease in clotting time with
increasing concentration of bioionic liquid. Data are means + SD. P
values were determined by one-way ANOVA followed by Tukey’s
multiple comparisons test (*P < 0.0S, **P < 0.01, ***P < 0.001).

3c,d), the images indicated that, with increasing concentration
of the BIL, the coagulation of the RBC’s increased. Cell
membranes consist of a phospholipid bilayer, of which 1,2-

dipalmitoyl-glycero-3-phosphatidyl choline (DPPC) is a major
constituent.” Choline functionalization imparts a quaternary
ammonium moiety—the cholinium head group—which, over
the mechanism of cellular adhesion, interacts with phospha-
tidyl choline groups, forming quaternary nitrogen—phosphorus
pairs, creating a quadrupole with high electrostatic forces.”"!

When macromolecules and cellular surfaces interact, the
former adsorbs and brings the surfaces into greater proximity
in a bridge conformation. Also, the exclusion of glycocalyx
from the intercellular space pushes the cells together owing to
the osmotic pressure gradient. The same mechanism, when
applied to red blood cells, causes their distortion due to
overcoming of their elasticity by the adhesive forces.
Quaternary nitrogen and phosphorus heads make a dipole
and provide binding forces for cellular coagulation and hence
hemostasis.”*~>*

3.4. In Vitro Swelling, Degradation, and Mechanical
Properties of the Bioadhesive. The ideal requisites of a
bioadhesive would entail its flexibility to match the dynamic
environment and movement of native tissues. This requires
that the biodegradability be controlled and the metabolites of
biodegradation be noncytotoxic. Hydrogels can be metabolized
through various pathways—enzymatic degradation or simply
via hydrolysis at either acidic or basic pH conditions.***® Also,
for the hydrogel to prevent rejection as a foreign invasive
object and be eventually metabolized, it must be adequately
hydrated via body fluids. However, excessive water uptake and
degradation could lead to impaired mechanical and adhesive
properties. Thus, water uptake and swelling for a tissue
adhesive must be optimized to suit the in vivo conditions and
the intended application. The swelling and degradation are
shown in Figure S3. The swelling of BioGel versus the
polymer/BIL concentration is shown in Figure S3b.
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Figure 4. In vitro biocompatibilities of BioGel and BioPEG. Representative live/dead images and F-actin/DAPI fluorescent images at days 1, 4, and
7 post-seeding of (a,b) BioGel and (c,d) BioPEG. (e) Quantification of metabolic activity, relative fluorescence units (RFU), using PrestoBlue
assay. (f) Quantification of cell viability of live/dead images. (g) Quantification of cell proliferation based on DAPI-stained cell nuclei. Data are
means + SD. P values were determined by one-way ANOVA followed by Tukey’s multiple comparisons test (*P < 0.0, **P < 0.01, ***P <

0.001).

Irrespective of the BIL concentration, BioGel grew to ~120%
of the swelling ratio. For the GelMA (0% BIL), there is a
steady increase in the water uptake and swelling with time,
while with BIL concentrations of 5, 10, 15, and 20%, there is an
initial gradual water uptake followed by a sudden increase to
reach 120% after 24 h. This effect is progressively more
pronounced with increasing BIL concentration, indicating that
BILs can expedite degradation without significant differences
in swelling after 24 h. A similar trend was seen with BIL
incorporated PEGDA (BioPEG). With 0% BIL incorporation,
the polymers swelled much faster. With increasing BIL
incorporation, the swelling rate decreased due to initial
intrinsic physical cross-linking induced by electrostatic
interactions mediated by the BIL functional groups. The final
swelling achieved for the PEGDA-backbone-based BioPEG
polymers was ~40% lower than that for GelMA-based
polymers due to the intrinsic nature of the PEGDA backbone,
which has lower hydrophilic affinity than GelMA.

As the polymer absorbs water, in a semidilute solution,
polymer chain conformations form overlapping correlation
blobs with hydration spheres around each blob dictated by
functional groups with water affinity. For GelMA, this is
relatively straightforward; with no functionalization, the
semidilute regime blobs slowly open up in a favorable solvent
and allow more and more water in until the cross-link
conformation resists any further expansion. With BIL
functionalization, there is an increased strong interaction
between monomers inside a single correlation blob, as well as
between the monomers in the periphery of the correlation
blob, which act as additional physical cross-links conferring an
initial resistance to polymer expansion with hydration. This
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situation needs to be slowly broken by hydrating the
hydrophilic groups intrinsically in the GelMA- and BIL-
functionalized BioGel. Hence, the rate at which the water
expands the gel is slower in functionalized BioGel rather than
in GelMA. However, since the GelMA is already highly
hydrophilic, the addition and variation of BIL concentration do
little to alter that. Considering that these are chemically cross-
linked to the same extent using LAP, hence, the final expansion
of such a polymer would eventually be arrested by the
existence of those chemical cross-links acting as ultimate
tethers. Thus, for polymers, the density of cross-linking
determines the final swelling, and hence, the polymers swell
to a limited and similar ultimate extent.”” This is a desirable
property when designing an adhesive formulation wherein the
material must swell and mimic in vivo conditions but not to
the extent that it starts to disintegrate and defeat the primary
mechanical requirement of usage.

In vitro degradation tests can simulate the in vivo behavior
of hydrogels when exposed to physiological conditions.”® Since
the compounds are organic in nature, the degradation products
of these polymers are expected to be noncytotoxic.
Degradation studies show in Figure S3e that, for BioGel with
a BIL concentration of 0%, the degradation increases from
8.5% at day 1 to 12.3% at day 14, with the degradation tapering
after 7 days. There is a general increase in the amount of
degradation at day 1, day 7, and day 14 with an increase in the
concentration of BIL. For 5% BIL concentration, the
degradation increases from 13% at day 1 to around 18% at
the end of day 7, tapering off at 19% at day 14. The
degradation for 20% BIL in polymer is 19% at day 1 and
increases to 24.6% on day 14. While the trend of degradation is
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the same, it may be observed that there are greater levels of
degradation with an increase in BIL concentration. It is
possible for the quaternary ammonium head in choline to act
as a catalyst along with the water of hydration to cause
hydrolysis of the many integrated functionalities in both the
GelMA and PEGDA backbone hence degrading it, thus
increasing degradation with BIL concentration in the polymer.
Degradation follows the same trend in both GelMA- and
PEGDA-based polymers, but the lower water uptake in
PEGDA results in an intrinsically lower extent of degradation.

Mechanical properties of the bioadhesives were character-
ized through tensile and compression tests. The elastic moduli
obtained from tensile tests are shown in Figure S3d,h. Tensile
tests on BioGel and BioPEG hydrogels show that the elastic
moduli (Figure $3d,h) and compression moduli (Figure S2¢,g)
of the bioadhesives could be modulated by varying the
percentage of BIL. As a general trend, the mechanical
properties increase with the increase in BIL concentration.
With 0% BIL, the compression modulus is 37.79 + 0.47 kPa
and the tensile modulus is 202.83 + 1.26 kPa. These values
increase to 186.46 =+ 7.51 and 355.36 + 18.25 kPa,
respectively, for BioGel with 20% BIL concentration. Similarly,
BioPEG with 0% BIL (PEGDA) shows a compression
modulus of 26.12 + 2.63 kPa and a tensile modulus of
102.93 + 1.61 kPa, which increase to 212.15 + 13.11 and
361.21 + 7.25 kPa, respectively, at 20% BIL concentration in
BioPEG.

Hydrogels exhibit a tradeoff between stiffness and flexibility
to resist shear, tension, or compression forces while
maintaining structural integrity. The increase in compressive
strength and tensile modulus of the polymers with BIL over
unfunctionalized GeIMA or PEGDA can be attributed to an
increase in the intensity of electrostatic interactions. The
attachment of the bulky choline group as side chains to the
GelMA or PEGDA structure makes the backbone stiff hence
increasing the respective moduli. Enhanced mechanical
properties are also a result of an increase in the overall repeat
unit molecular weight due to bulky choline side chains. The
polar and hydrogen bond interactions also increase signifi-
cantly with BIL functionalization. These strong electrostatic
interactions obstruct the uncoiling and slipping of chains and
result in the BIL groups acting as a physical cross-link,
tethering the structure together.

3.5. Cell Viability, Proliferation, and Metabolic
Activity on the Bioadhesive. To investigate the biocompa-
tibilities of BioGel and BioPEG, the in vitro live/dead assay
was performed. The assay determined the viability of C2C12
cells on the BioGel and BioPEG surfaces over a period of 7
days. Cell attachment and spreading on hydrogels were
evaluated through F-actin/DAPI (Figure 4) immunofluor-
escence staining. The results indicate (Figure 4fg) that the
viabilities of seeded cells on day 7 were 98.5 + 0.5 and 97 +
1.0% for BioGel and BioPEG, respectively. Cells seeded on the
surfaces of BioGel and BioPEG exhibit similar viabilities at day
1 post-seeding. The metabolic activity was quantified by the
PrestoBlue assay and was shown (Figure 4 e) to increase
significantly during the period of cell culture from 4910.80 +
180.13 to 10847.71 + 797.17 RFU for BioGel and 4170.60 +
90.25 to 10954.80 + 299.44 RFU for BioPEG. These results
underscore the potential of the bioadhesive as a biocompatible
sealant material capable of promoting cell adhesion, growth,
and proliferation.

3.6. In Vivo Biocompatibility of the Bioadhesive. The
in vivo degradation of BioGel and BioPEG synthesized was
evaluated after subcutaneous implantation into rats (Figure
Sa,b). Samples were explanted on days 4, 14, and 28 to study

Day 4 Day 14 Day 28

BioGel

BioPEG

Figure 5. In vivo compatibility of bioadhesive. Hematoxylin and eosin
(H&E) staining and fluorescence immunohistochemical analysis of
macrophages (CD68) of (a) BioGel and (b) BioPEG explanted with
surrounding tissue after (i) 4, (ii) 14, and (iii) 28 days of
implantation, counterstained with nuclei (DAPI).

the compatibility and degradation. In vivo degradation and
morphological changes were characterized by hematoxylin and
eosin (H&E) staining; the staining indicates the presence of
the hydrogel until day 4 (Figure Sa-ib-i), and the tissue
architecture revealed that there is no significant macrophage
infiltration implying that the bioadhesives cause less or no
adverse inflammatory responses compared to GelMA or
PEGDA. The degradation rate of the sealant must be
appropriate to ensure that the sealant does not degrade
completely prior to tissue healing,'”*” Fluorescence immuno-
histological staining for macrophages (CD68) was used to
characterize the local immune response. CD68 macrophage
invasion and infiltration, at the adhesive—subcutaneous tissue
interface, were observed at day 4 but not at day 28. This
observation suggested that the CD68 cells are able to infiltrate
the implant and may control the degradation through
enzymatic hydrolysis of the hydrogel matrix.

3.7. Ex Vivo and in Vivo Performance of the
Bioadhesive. To characterize the properties of the bio-
adhesives, burst pressure measurement was carried out on the
explanted porcine heart and lung (Figure 6a—e). The specimen
chamber was pressurized by pumping in phosphate-buffered
saline under a constant flow rate, while the pressure was
recorded with a pressure gauge. GelMA exhibited a burst
pressure value of 9.33 + 1.20 kPa, which increased 10-fold with
increasing concentration of BIL to 100.00 + 2.89 kPa for
BioGel. Similarly, the difference between PEGDA and BioPEG
increased from 7.33 + 1.45 to 61.66 + 6.01 kPa, respectively.
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Figure 6. Ex vivo and in vivo performance characterization of the bioadhesives. (a) Puncture, (b) sealing, and (c) patching of the wound in porcine
heart. (d,e) Burst pressure measurement in explanted heart and lung comparing GelMA and PEGDA with BioGel and BioPEG. (f,g) In vivo tail cut
model was performed to estimate the loss in % total blood volume (TBV). Control value is from ref 42. (h,i) Liver laceration model was performed
to estimate the %TBV comparing GelMA and PEGDA with BioGel and BioPEG. Data are means + SD. P values were determined by one-way

ANOVA (*P < 0.05, **P < 0.01, ***P < 0).

Scheme 2. Bioadhesion Mechanism Using BIL Conjugation to Biomaterials
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These results corroborated that BioGel and BioPEG sealants
have significantly greater sealing abilities than previously
reported clinically available sealant materials and sutures.*’

Functional evaluation of BioGel and BioPEG was conducted
in a rat model of class I hemorrhage (the tail cut) and class II
hemorrhage (the liver wedge resection) (Figure 6f—i). When
we performed the tail cut model with GeIMA and BioGel, the
mean losses of TBV were 8.27 + 2.77 and 6.64 + 2.62%,
respectively. Previously reported controls note a mean TBV
loss of 15.4%. Both GelMA and BioGel effectively inhibit
bleeding.”” Moreover, while GelMA bled continuously until
the end of the experiment, BioGel fully stopped blood loss
within 2 min. Thus, BioGel is suitable to treat lacerations
causing class I hemorrhage. To estimate the ability of the
bioadhesive to treat class II hemorrhage, we performed a liver
wedge resection with GelMA and BioGel. The mean losses of
TBV were 34.5 + 2.9 and 16.2 + 4.6%, respectively. Previously
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reported controls note a mean TBV loss of 19.8%. Both
GelMA and BioGel effectively stop bleeding. Most of the
bleeding occurred in the first 2 min but continued steadily until
the 6 min point. In BioGel after the 7th min, the bleeding
stopped completely. The mean losses of TBV were 12.06 +
0.98 and 9.282 + 1.522% for PEGDA and BioPEG,
respectively, indicating that with the conjugation of the BIL
the bleeding can be retracted. Blood loss was noticeably
reduced after application and polymerization of both
compounds.

The decrease in the rate of blood loss is reinforced by the
substantial decrease in percent total blood volume lost between
the experimental animals and the controls. The liver wedge
resection model was designed to reproduce class II
hemorrhage in rats. The wedge resection performed in that
study limited the raw surface of liver resected for bleeding. By
making only one incision to remove a piece of the liver edge,
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the surface area exposed for bleeding was minimized. In order
to challenge the hemostatic properties of the experimental
compounds, a more extensive liver wedge resection was
performed. We excised a 1.5 cm X 3 cm piece of the liver,
creating a right angle to maximize the surface area of bleeding
liver tissue. This more extensive resection leads to a percent
total blood loss of 48.72% in the control rat, which would
qualify as class IV hemorrhage (percent total blood loss
>40%). Class IV hemorrhage leads to profound hemodynamic
instability in humans and almost always requires operative
intervention for bleeding cessation. Both BioGel and BioPEG
were able to successfully stopped bleeding from the liver wedge
resection. The ability of the compounds to ensure hemostasis
in a class IV hemorrhage wound solidifies their reliability as
hemostatic agents.

We have demonstrated a new technology platform to
develop efficient hemostatic and biocompatible tissue
adhesives using conjugation of a choline-based BIL to polymer
structures. Two polymer families were studied, which
demonstrated significant enhancement in mechanical, adhe-
sion, and hemostatic efficacy with BIL functionalization, likely
achieved by hydrophobic interactions with the cellular
membrane. Hydrophilic heads and hydrophobic heads bunch
together to form a part of the bilayer cellular membrane.***¥%°
The phosphatidyl choline groups stabilize the cellular
membrane bilayer via steric effects and net charge neutrality,
preventing it from binding to immunological protein
oligomers. 31346162 The mechanism of adhesion with the
BIL-modified GeIMA and PEGDA polymers can be visualized
via the formation of the strong, electrostatically bound
quadruple as depicted. At the extracellular surface, the
adhesion comprises the interaction between the hydrophobic
phosphatidyl choline heads and the choline pendant groups
and unreacted carboxyl pendants of the BioGel structure as
illustrated in Scheme 2. The two electrostatically bound
couples are (1) the negatively charged phosphatidyl group with
a positively charged cholinium ion from the BioGel pendant
and (2) the cholinium head of the phospatidyl choline and
carboxyl anion pendants from the BioGel polymer. These pairs
form a tightly bound quadruple with high adhesion propensity.
In the BioPEG structure, electrostatic interactions between
pendant cholinium groups and phosphatidyl heads of the cell
bilayer maintain high levels of adhesion.

Macromolecules cause cellular surface aggregations through
adsorptive bridging conformations. The membrane glycocalyx
is thought to exclude them from the intercellular space causing
an osmotic-gradient-mediated aggregation of cell®® The Suo
moto action of a macromolecule in cellular aggregation may be
enhanced with the BIL-functionalization-mediated adhesive
action. As the BIL concentration increases, the adhesive
interaction becomes stronger. This has been seen in the
choline phosphate density on carrier polymers with cellular
aggregation by Yu et al. leading to cellular aggregation and
close proximity juxtaposition of membranes.*’ The illustrated
general mechanism encompasses the interactions on the outer
surface of the membrane bilayer.

4. CONCLUSIONS

We present a general biopolymer modification platform for
making polymeric tissue adhesives via the incorporation of the
BIL functionality in a macromolecule, which will induce a
strong electrostatic interaction due to the cholinium moieties

with the hydrophilic cellular bilayer heads. The development of

this general platform, for converting suitable polymer back-
bones with the appropriate usage of BIL, is expected to allow
for the rapid and vast development of biocompatible adhesives,
tunable to the property requirement of a given tissue. The
adhesives discussed here with the two polymer families as
examples provide a proof of concept with their hemostatic
ability and in vivo compatibility, allowing for wider vistas of
applicability opening up possibilities for enhancing the
robustness of surgical and in-field application. This develop-
ment not only offers adhesive and hemostatic adhesive
properties but also potentially opens up vistas for other
advantages such as mechano-transduction.
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