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Abstract

The existing surgical adhesives are not ideal for wet tissue adhesion required in many surgeries
such as those for internal organs. Developing surgical adhesives with strong wet tissue adhesion,
controlled degradability and mechanical properties, and excellent biocompatibility has been a
significant challenge. Herein, learning from nature, we report a one-step synthesis of a family of
injectable citrate-based mussel-inspired bioadhesives (iICMBAS) for surgical use. Within the
formulations investigated, iCMBAs showed 2.5-8.0 folds stronger wet tissue adhesion strength
over the clinically used fibrin glue, demonstrated controlled degradability and tissue-like
elastomeric mechanical properties, and exhibited excellent cyto/tissue-compatibility both in vitro
and in vivo. iICMBAs were able to stop bleeding instantly and suturelessly, and close wounds (2
cm long x 0.5 cm deep) created on the back of Sprague-Dawley rats, which is impossible when
using existing gold standard, fibrin glue, due to its weak wet tissue adhesion strength. Equally
important, the new bioadhesives facilitate wound healing, and are completely degraded and
absorbed without eliciting significant inflammatory response. Our results support that iCMBA
technology is highly translational and could have broad impact on surgeries where surgical tissue
adhesives, sealants, and hemostatic agents are used.
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1. Introduction

In the past two decades, clinical surgical practices have significantly benefited from using
bioadhesives, tissue sealants, and hemostatic agents to control blood loss and promote tissue
healing [1]. For example, biologically-derived fibrin glues, which mimic the last stage of
physiological coagulation cascade, and synthetic cyanoacrylate adhesives are two well-
known tissue adhesives that have been widely utilized in many applications [2—4]. Despite
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having advantages, such as fast curing and biodegradability, fibrin glue has relatively poor
adhesion and tensile strength and its utilization involves risks of blood-borne disease
transmission and potential allergic reactions to patients [4-10]. Cyanoacrylate adhesives
offer advantageous properties, such as strong adhesion, rapid setting time, instantaneous
adhesion to tissue, and ease of use [11]. However, concerns about complications that might
occur due to the slow degradation of cyanoacrylates, the exothermic polymerization
reaction, and the toxicity of degradation products, have limited the applications of
cyanoacrylates mainly to topical uses [4, 12]. Furthermore, both fibrin glue and
cyanoacrylates work best when applied to a dry surgical field, which greatly restricts their
applications for wet tissue adhesion and hemostasis required in many internal organ
surgeries [13]. Currently no commercially available tissue adhesives and sealants can be
broadly applied for both external and internal tissue adhesion and hemostatic applications.

Inspired by the adhesion strategy employed by some maritime creatures, such as blue mussel
Mytilus edulis [14, 15], researchers developed a new family of adhesives, which can adhere
to non-specific surfaces in aqueous condition. The strong adhesion ability of the mussels has
been ascribed to the presence of a catechol-containing amino acid called L-3,4-
dihydroxyphenylalanine (L-DOPA), a post-translational hydroxylation of tyrosine, found in
the structure of secreted mussels adhesive foot proteins [14, 16, 17]. Under oxidizing or
alkaline condition, DOPA is believed to promote the crosslinking reactions of these adhesive
proteins through the oxidation of catechol hydroxyl groups to ortho-quinone, which
subsequently triggers intermolecular crosslinking, rendering cohesion and bulk elastic
properties to the network of proteins. Recent studies revealed that oxidized DOPA also
contributes to strong adhesion to biological surfaces, through the formation of covalent
bonds with available nucleophile groups on these surfaces such as -NH,, —SH, —-OH and —
COOH groups [16, 18-22]. By incorporating catechol-containing species into the structure
of polymers, wet tissue adhesive hydrogel materials have been synthesized [23-28].
However, the syntheses of these catecholic polymers require costly multi-step preparation/
purification techniques and the use of toxic reagents. In spite of the appealing wet tissue
adhesion properties, existing mussel-inspired adhesive polymers [29, 30] are essentially
non-degradable thus substantially limiting their potential uses in a variety of medical
applications, including tissue engineering and drug delivery. Inspired by another natural
adhesion mechanism - gecko adhesion which is mainly effective on dry surfaces,
biodegradable elastomer, poly(glycerol sebacate acrylate) (PGSA) was fabricated into
adhesive tape with nano-pillar structures to simulate the nano-scale setae on gecko food pads
[31]. To improve wet tissue adhesion, a strategy has been developed recently to coat wet
tissue adhesives such as mussel-inspired adhesives [32] and aldehyde-functionalized starch
[31] on gecko-adhesive structures to achieve mechanical interlocking and covalent
chemistry simultaneously. Despite these exciting progresses, none of the existing
bioinspired adhesives alone possess sufficient wet tissue adhesion strength and controlled
degradability for sutureless wound closure application.

In the present work, we synthesized a new family of injectable citrate-based mussel-inspired
bioadhesives, iCMBAs (Fig. 1). The rationale behind the iCMBA strategy was to react citric
acid, poly(ethylene glycol) (PEG), and catechol-containing monomers such as dopamine or
L-DOPA via a one-step polycondensation reaction. Such an approach allows us to fabricate
new adhesive materials with great wet adhesion strength, controllable degradability,
improved biocompatibility, and substantially reduced manufacturing costs. Citric acid, a
non-toxic metabolic product of the body (Krebs cycle), was a key in our established
methodology in the development of citrate-based biodegradable polymers (CBBPS)
including poly(diol citrates) [33-36], crosslinked urethane-doped polyesters (CUPE) [37,
38], poly(alkylene maleate citrates) (PAMC) [39-41], and biodegradable photoluminescent
polymers (BPLP) [42, 43] for applications in tissue engineering, drug delivery, medical
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devices, and bioimaging. Citric acid was mainly used to facilitate degradable ester-bond
formation in biomaterials, while enhancing hemocompatibility and hydrophilicity of the
polymers and providing pendant binding sites for bioconjugation to confer additional
functionality such as optical properties. For iCMBA synthesis, citric acid was used to not
only form degradable polyesters with PEG, but also provide valuable pendant reactive
carboxyl groups to conjugate dopamine or L-DOPA. Thus, using highly reactive
multifunctional citric acid enables a one-step synthesis to prepare biodegradable polyesters
with pendant catechol functionalities via a facile condensation reaction. All the monomers
used for iICMBA syntheses are inexpensive, readily available, and safe for in vivo uses and
have been documented in many FDA (US Food and Drug administration)- approved devices
and applications.

2. Materials and Methods
2.1. Materials

All chemicals, cell culture medium, and supplements were purchased from Sigma Aldrich
(St. Louis, MO), except where mentioned otherwise. All chemicals were used as received.

2.2. Synthesis and Characterization of iCMBASs

iCMBAs are oligomers based on citric acid (CA) and PEG that have been functionalized by
catechol-containing compounds, such as dopamine and L-DOPA (L-3,4-
dihydroxyphenylalanine) as illustrated in Fig. 1. CA and PEG were placed in a 250ml three-
necked round-bottom flask and heated to 160°C until a molten clear mixture was formed
under stirring. Next, under nitrogen gas flow, a calculated amount of Dopamine or L-DOPA
was added to the mixture. After allowing enough time for a clear solution to form, the
temperature was reduced to 140°C and the reaction was continued under vacuum for the
required time until the desired molecular weight was achieved. The prepared pre-polymer
was dissolved in deionized (DI) water and purified by extensive dialysis using a 500 and
1000 —-MWCO dialysis tube. The dialyzed solution was then lyophilized to obtain the
purified adhesive pre-polymer. By using different PEG lengths and various amounts of
dopamine different pre-polymers of iCMBAs were synthesized as shown in Tablel.

2.3. iCMBA Pre-polymers Characterization

In order to characterize the functional groups present in the pre-polymers, iCMBAS were
analyzed by Fourier Transform Infra Red (FT-IR) spectroscopy. 1% (w/v) solution of pre-
polymers in 1,4-dioxane were cast on potassium bromide crystal discs and allowed to
completely dry in a hood. The spectroscopy was then performed using a Nicolet 6700 FT-IR
(Thermo Scientific, Waltham, MA) equipped with OMNIC software.

For proton analysis, 1% (w/v) solution of iCMBA pre-polymer in deuterium oxide was
placed into a 5-mm-outside diameter tube and analyzed by Proton Nuclear Magnetic
Resonance spectroscopy (*H-NMR) using a 250 MHz JNM ECS 300 (JEOL, Tokyo, Japan).

Furthermore, the presence of unoxidzied —OH groups of catechol in the structure of iCMBA
pre-polymers was determined by UV-VIS spectroscopy [44], where absorbance of 0.02 %
(w/v) solution of various pre-polymers in DI water were measured using Shimadzu UV-VIS
spectrophotometer machine across the wavelength of 700-200 nm.

2.4. Crosslinking of iCMBAs and gel time measurement

In order to crosslink the ICMBAS and make adhesive hydrogels, pre-polymers were first
dissolved in Phosphate Buffer Saline (PBS) solution and then mixed with sodium (meta)
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periodate (PI) solution in DI water. Pl is an oxidizing agent, which triggers oxidation and
consequently crosslinking reaction of catechol-containing iCMBAS upon mixing.

Gel or set time was determined by a viscometry technique based on modified ASTM D4473
method using a cone and plate Brookfield viscometer (Brookfield Engineering Labs, Inc,
MA) equipped with temperature control unit. For this purpose 1mL of 50% (w/w) solution
of pre-polymer in PBS was mixed with equal volume of PI solution with different
concentrations to achieve various Pl/pre-polymer ratios. Immediately after mixing the
mixture was transferred to the viscometer cup and the viscosity of the mixture was measured
versus time, using a CP-42 spindle at spinning speed of 12 revolutions per minutes. The time
from the start point till onset of abrupt increase in the viscosity of the mixture, determined
according to ASTM D4473, was defined as the gel time of polymer adhesives. The
measurements were done at 25°C for all samples except for iCMBA-P4q9Dg 5 P1:8%, which
was measured at two temperatures, 25°C and 37°C, to evaluate the influence of temperature
on the gel time. Different iCMBA formulations and various ratios of Pl to iCMBA pre-
polymers were tested to study the influence of PEG molecular weight, the amount of
dopamine in the structure of pre-polymer, and the effect of initiator-to-prepolymer ratio on
the crosslinking, gel time and properties of iCMBAS.

2.6. Properties of crosslinked iCMBASs

Mechanical properties of crosslinked polymers, including ultimate tensile strength, modulus
and elongation at break, were measured according to ASTM D412A on an MTS Insight 2
fitted with a 10 N load cell (MTS, Eden Prairie, MN). Briefly, the dog bone shaped samples
(25 mm x 6 mm x 1.5 mm, length x width x thickness) were pulled at a rate of 500 mm/
minute, and elongated to failure. Values were converted to stress-strain and the initial
modulus was calculated from the initial slope of the curve (0-10% elongation). In order to
evaluate the effect of hydration on the mechanical properties of crosslinked iCMBAS, the
mechanical tests were also conducted on the fully swollen samples, i.e. samples that have
been hydrated and swollen in water for 4 hours.

For sol content measurement polymer cylindrical discs (5 mm diameter; 2 mm thick) were
cut from unpurified crosslinked films. The discs were weighed to find the initial mass (W),
and suspended in 1,4-dioxane for 48 hours while the solvent was changed every 6 hours.
Next, the samples were removed from the solvent and lyophilized for 72 hours. The dried
samples, absent of any unreacted prepolymers, were weighed to find the dry mass (/). The
sol-gel fraction was calculated using the formula from equation (1):

W: - Wu

l

Sol (%) = x 100 @

To measure swelling ratio the leached and dried samples were then suspended in water for
24 hours. Next, samples were removed from the water, blotted dry with filter paper, and
weighed (). The swelling percentage was calculated using the formula from equation (2):

W, —
Swelling (%) =—Wd x 100 %)
Wy
Degradation studies were conducted in PBS (pH 7.4). Cylindrical disc specimens (7 mm in
diameter; 2 mm thick) were cut from purified crosslinked films. The samples were weighed

(W), placed in test tubes containing 10 ml of PBS and incubated at 37°C for pre-determined
time points and till complete degradation of polymer. PBS was changed every 12 hours.
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After incubation for pre-determined time points, samples were thoroughly washed with
deionized water, lyophilized for 72 hours, and weighed. The mass loss was calculated by
comparing the initial mass (Wg) with the mass measured at the pre-determined time points
(W, as shown in equation (3).

W()_ W[
0

Mass loss (%) =

% 100 ®3)

2.6. Adhesion strength measurement

The adhesion strengths of different formulations were determined by lap shear strength test
according to modified ASTM D1002-05 method. Briefly, strips of porcine-derived, acellular
small intestine submucosa (SIS) material (OASIS®, HealthPoint Ltd. Fort Worth, TX) were
prepared in 40x4 mm dimension. After mixing the iCMBA solution with determined
amount of PI solution, 10 pL of the mixture was dispensed and spread over an area of 6x4
mm of one strip, which was pre-soaked in water. A second wet strip was subsequently
brought in contact with the first one to form a contact area of 6x4 mm. The adhered strips
were then placed in a highly humid chamber for 2 hours. The lap shear strength of bonded
strips specimens were subsequently measured using MTS Insight 2 fitted with a 10 N load
cell and crosshead speed of 1.3 mm/min (MTS, Eden Prairie, MN). Besides various
formulations of ICMBAs, fibrin glue (Tisseel, Baxter healthcare Corp.) was also tested as a
control.

2.7. In vitro biocompatibility tests of iCMBASs

To quantitatively asses in vitro pre-polymer cytotoxicity a Methlythiazoletetrazolium (MTT)
cell proliferation and viability assay was performed. First, the solution of different iCMBAS
pre-polymers in Dulbecco's modified eagle's medium (DMEM), containing 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) streptomycin, were prepared in 3 different concentrations:
10, 1 and 0.1mg/mL (pre-polymer/medium). Next, to each well of a 96-well cell culture
plate, 200p.L of solution of NIH 3T3 fibroblast cells in DMEM, with concentration of 5x10%
cells/mL, was added and incubated for 24 hours at 37°C, 5% CO, and 95% relative
humidity. The medium of each well was then replaced by pre-polymer-containing DMEM
solutions with various concentrations and incubated for another 24 hours followed by MTT
assay analysis as per the manufacturer's protocol. Poly(ethylene glycol) diacrylate (PEGDA,
Mp=700) solutions were used as control as previously described [39]. Viability of cells in
the DMEM containing pre-polymers and PEGDA were normalized to that of cells cultured
in blank medium (DMEM without pre-polymers) as control.

Cytotoxicity of sol content or leachable fraction of crosslinked iCMBAS, referred to as
solcytotoxicity, was also assessed by incubating equal mass of crosslinked iCMBA samples
in 5mL cell culture medium for 24 hours. Next, three different solutions were prepared: 1x,
10x and 100x (1x was the solution of leached products with no dilution; 10x and 100x
means 10 times and 100 times dilution of 1x by medium, respectively) were used for cell
culture. Fibrin glue (Tisseel, Baxter Corp.) and blank medium were used as controls. To
evaluate the degradation products cytotoxicity, various formulations of crosslinked iCMBAs
films (equal weight of each polymer) were fully degraded in 10 mL complete cell culture
medium. The resultant solutions were passed through 0.2 um filter, diluted to three
concentrations (1%, 10x and 100x) using DMEM, and used for cell culture and subsequent
MTT analysis. All the above solutions were pH-neutralized and passed through a 0.2um
filter prior to use for cell culture. Qualitative cytotoxicity evaluation was also carried out by
observing the adhesion of NIH 3T3 fibroblast cells to crosslinked iCMBAs films under light
microscope. Briefly, crosslinked iCMBA films were cut in discs (5mm diameter and 1mm
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thickness) and sterilized by incubation in 70% ethanol for 3 hours followed by exposure to
UV light for 3 hours. 200p.L of 3T3 fibroblast cell solution (5x104 cells/mL) was then
seeded on the films. Using a photomicroscope, Nikon Eclipse Ti-U equipped with DS-Fil
camera (Nikon Instruments Inc, Melville NY) the morphology of cells on the films were
observed and pictured at 1,3, and 5 days.

2.8. In vivo study

The in vivo biocompatibility and wound healing properties of the iCMBAs was tested using
rat skin incision model [45]. All experiments were performed with the approval of the
University of Texas at Arlington Animal Care and Use Committee (IACUC). Sprague-
Dawley rats (female, average weight of 300£50 g, 5 animals/group) were sedated with
intraperitoneal injection of ketamine (40mg/kg) and xylazine (5mg/kg). Skin surgical area
was sterilized with betadine and followed by 70% ethanol. Six full-thickness wounds (2 cm
long % 0.5 cm deep) were made on the dorsum of each rat. Three of the wounds on each rat
were closed by dropping sterilized iICMBA-P4q9Dg 5 P1:8% into the wounds followed by
finger-clamping for about 2 minutes while three other wounds were closed by conventional
suturing as control. To minimize variations in surgical intervention, one surgeon performed
all the procedures in a uniform fashion. On the 7th and 28th day post-wounding, the test
animals were sacrificed and skin tissue at wound site were excised for histological analyses.
These sections were stained with haematoxylin and eosin (H&E) for morphological
assessment and Masson trichrome staining was used to assess the collagen production. To
evaluate inflammatory cells, immunohistochemistry was performed to quantify the number
of CD11b positive cells. The tissue sections were stained with inflammatory cell marker
CD11b (rabbit anti-rat Integrin oM, H-61, Santa Cruz Biotechnology), and peroxidase-
conjugated goat anti-rabbit secondary antibodies (Santa Cruz Biotechnology). All
histological imaging analyses were performed on a Leica microscope (Leica, Wetzlar,
Germany). Cell infiltration into the incision area was quantified using Image J software [46]
by calculating cell density (number of cells per unit area) in random areas in the proximity
of incision line with area held constant for all samples. The number of CD11b positive cells
in the incision area was also determined by counting the cells in the cell infiltration area.
Collagen density (as %) was determined through Masson trichrome staining images by
calculating the ratio of blue-stained area to total area using Image J. The healing and
reconstruction of tissue in the incision area after four weeks was also evaluated by
measuring the tensile mechanical strength of the regenerated tissue treated with iCMBA and
comparing it with suture-closed wounds [45]._ENREF 40

2.9. Statistical analysis

3. Results

All data were presented as means + standard deviations, with sample number of were at least
5. The significance of differences between results was evaluated by One-Way ANOVA test.
In some tests, the value of P <0.05 (*) and in some others P<0.01(**) were considered to be
statistically significant.

3.1. Synthesis and characterization of iCMBA pre-polymers

iCMBA pre-polymers were synthesized in a convenient one-step polycondensation reaction
between citric acid, PEG, and dopamine without requiring any organic solvent or toxic
reagent. The FTIR spectra of some iCMBA pre-polymers as well as the spectrum of poly
(citrate-PEG) are shown in Fig. 2A. The peak at 1527 cm™1 were assigned to amide group
(C(=0)-NH) which is not observed in CA-PEG. Peaks between 1700-1750 cm™1 were
assigned to carbonyl group (C=0) in amide and ester bonds. The relatively broad peaks
centered at 2931 cm~1 were assigned to methylene groups which were observed in all the
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spectra of the iCMBA pre-polymers. The broad peaks centered at 3435 cm™1 were assigned
to the hydroxyl group stretching vibration and hydrogen bonded unreacted-carboxyl groups
[47].

A representative spectrum of TH-NMR analysis of purified iCMBA pre-polymer is depicted
in Fig. 2B. The chemical shifts at 6.4-6.7 ppm were assigned to protons of phenyl group
which is a characteristic of catechol group present in structure of iCMBAS [48]. The
multiple peaks between 2.55 and 2.90 ppm were assigned to the protons in methylene
groups from citric acid and dopamine [49]. The large peak at 3.45 ppm was attributed to the
protons signal of -OCH2-CH2- from PEG and the shifts detected at 4.1-4.2 ppm were from
methylene groups of PEG adjacent to ester bond. The composition of the iCMBA pre-
polymers, shown in Tablel, was calculated by comparing the area under peaks of phenyl
protons shifts with that of assigned to protons of citric acid and PEG methylene groups.

The results of UV-VIS photospectroscopy showed the absorption of UV light at 280 nm
wavelength for all samples, as displayed in Fig. 2C. iCMBA-P 400D 5 and iCMBA-P5q9Dg 3
showed the highest absorption of UV at 280 nm followed by iCMBA-P4q0Dg 3, ICMBA-
P1000D0 3 and iCMBA-P4OQDO.1.

3.2. Crosslinking and gel time of iCMBASs

The gel time of different compositions is shown in Table 2, which has been derived from
viscosity measurements (Fig. 2D) of iCMBAs during crosslinking reaction after mixing with
initiator. The measured gel time was in the range of 18 seconds for iCMBA-P4q9Dg 5 P1:8%
at 37°C up to slightly over 5 minutes for iCMBA-P490Dg 3 P1:2%. Higher amount of
dopamine in the structure of pre-polymer decreased the gel time as did higher initiator-to-
prepolymer ratio. iCMBA pre-polymers made with higher molecular weight PEG exhibited
longer gel time, when crosslinked with the same amount of PlI.

3.3. Properties of crosslinked iCMBASs

Mechanical properties of crosslinked iCMBAs in dry and fully hydrated states are tabulated
in Table 3. In the dry state, the highest measured values for tensile strength, elongation at
break and tensile modulus were 8515.1+1167 kPa (iCMBA-P9Dg 3 P1:8%), 1582.5+144.6
% (ICMBA-P400Dg 3 P1:4%) and 35.7+6.7 MPa (iCMBA-P»q9Dg 3 P1:8%), respectively.
The stress-strain curves of crosslinked iCMBAs are also shown in Fig. 3A. All iCMBAs
demonstrated a rubber-like (elastomer) behavior. As shown in Table 3, the mechanical
properties decreased when samples were hydrated and swollen, which is expected for
hydrophilic iCMBAs.

The degradation studies of the polymers revealed that the disintegration rate was inversely
related to the degree of crosslinking, as expected. As shown in Fig. 3B, iCMBA-P4q0Dg 5 Pl:
8% exhibited the slowest rate of degradation, 25 days for complete degradation in PBS at
37°C. For the same reason, ICMBA-P490Dg 1 was rapidly disintegrated within less than one
day. On the other hand, using PEG with higher molecular weight accelerated the degradation
of polymers as can be observed from faster degradation of iCMBA-P1499Dg 3 (PEG 1000)
compared to iICMBA-P4q0Dg 3 (PEG 400) and iCMBA-P,q0Dg 3 (PEG 200) with an
identical PlI-to-prepolymer ratio (8%).

Sol contents of different crosslinked iCMBAs are shown in Fig. 3C. iCMBA-P499Dg 5 and
iCMBA-P5qgDg 3, both crosslinked with P1:8% (w/w Pl/pre-polymer), showed the lowest
amount of sol content of 2.37% and 2.86%, respectively. iCMBA-P4q0Dg 3 P1:2% had the
highest sol content of about 34%. The evaluation of swelling ratios of crosslinked polymers
showed that iCMBA-P4q9Dg 5 P1:8%, having the highest amount of dopamine content and
crosslinked with high PI-to-iCMBA ratio, demonstrated the lowest swelling percentage with
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471.8% as shown in Fig. 3D. On the other hand iCMBA-P1q99Dg 3 P1:8%, which consists of
PEG 1000, displayed the highest swollen ratio at approximately 3400%.

3.4. Adhesion strength

The lap shear adhesion strength of different iCMBA formulations varied between 33.4+8.9
kPa (for iCMBA-P,poDg 3 P1:2%) and 123.2+13.2 kPa (for iCMBA-P1pp0Dg 3 P1:8%),
which were at least two folds stronger than commercially available fibrin glue with the
adhesion strength measured at 15.4+2.8 kPa, as shown in Fig. 4 and Table 4.

3.5. In vitro cell viability and proliferation

The results of cytotoxicity of pre-polymers are shown in Fig. 5A. At the concentration of
10mg/mL (pre-polymer/cell culture medium) the cell viability was between 66+6 and 78+11
% of that in the blank medium, which was comparable to the value for control solution
(PEGDA 700) at 78+7 %, and there were no significant differences between different pre-
polymers. In diluted solutions of 1 and 0.1 mg/mL the cell viability was approximately
similar to what measured for blank medium and PEGDA. The cytotoxicity of the leachable
content (sol content) of crosslinked iICMBAS at 1x concentration was between of 60+4 and
83+14 %, showing minor to moderate cytotoxicity, which was directly proportional to the
sol content of each polymer and the amount of Pl (8%) (Fig. 5B). Furthermore, iCMBA
degradation products (1x) showed a cell viability of at least 72.9+9 %, suggesting that the
degradation products of all crosslinked iCMBAs did not induce significant cytotoxicity (Fig.
5C). The qualitative examination of NIH 3T3 fibroblast cells by light microscopy
demonstrated an excellent cell attachment to the iCMBA films and the expected
morphology. The proliferation of the cells was also observable through three time points
(Fig.5D-F).

3.6. In vivo Study

During animal study, upon applying iCMBAs the bleeding of created incisions on the
dorsum of Sprague-Dawley rats was immediately impeded and the wound openings were
closed within two minutes (Fig. 6A). Furthermore, the visual examination and comparison
of iCMBA-treated and sutured wounds at different time points demonstrated the high
efficiency of iCMBAs in the wound healing process (Fig. 6B, C and 7A-C). The
histological evaluation (H&E staining) at day seven showed only minor acute inflammation
when iCMBA was utilized. The difference between total cell densities in the incision area
treated by iCMBA (71" day= 3996+264 #/mm?; 28! day= 32024227 #/mm?2) and suture (7
day: 4117+269 #/mm?; 28 day: 2992+163 #/mm?) was not significant (Fig. 6D-G, P).
Similarly the number of CD11b positive inflammatory cells in the incisions area at seventh
day post treatment was not significantly different in iCMBA-treated wounds (1771242 #/
mm?2) and sutured wounds (1592+142 #/mm?). By day 28 there was a negligible number of
inflammatory cells for both groups (ICMBA: 92+42 #/mm?; suture: 107+50 #/mm?) (Fig.
6H-K, Q). In addition, a higher amount of collagen was found at the sites of rat's ICMBA-
treated wounds (7t day= 15+12 %:; 28™ day= 634 %) than those treated with sutures (7t
day= 1749 %; 28 day= 58+7 %) on day 28! (Fig. 6L-O, R). The measurement of
mechanical properties of rat skin revealed that the iCMBA-treated skin had better tensile
strength (1250£315 kPa) than suture-closed skin (810+355 kPa), while modulus and
elongation at break were similar for both groups (Fig. 7D, E). The examination of the healed
wounds after 28 days showed no trace of polymer at the location of healed tissue, suggesting
that iCMBAs were fully degraded in the rat body (Fig. 7C).
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4. Discussion

iCMBAs were synthesized by a single-step polycondensation reaction between citric acid,
polyethylene glycol and dopamine (Fig. 1). The FTIR and IHNMR characterizations
confirmed the esterification reaction between CA and PEG, and formation of amid linkage
between the unreacted -COOH groups of CA and dopamine’'s —NH, groups (Fig. 2A,

B). ITHNMR also revealed that the compositional ratio of iCMBA pre-polymers was
consistent with the feeding ratio, a sign of high yield of this synthesis method (Table 1).

The UV-VIS photospectroscopy proved the availability of catechol hydroxyl groups in the
pre-polymers structure through the observation of UV light absorption at 280 nm
wavelength for all samples (Fig. 2C) [44]. The presence of unoxidized catechol groups is
essential for adhesion and crosslinking processes to take place [14, 16, 18-22]. In the pre-
polymers with high molecular weight PEG (M,=1000, for example) the UV absorption was
weaker than expected, which can be related to the reduced amount of available unoxidized
hydroxyl groups presumably due to the possible partial oxidation of the catechol groups over
the course of longer synthesis time of these pre-polymers. This was evident from the smaller
absorption peak of iCMBA-P19g0Dg.3 at 280 nm compared to iCMBA-P4q0Dg 3 and
iCMBA-P,9Dg 3. Oxidation of catechol hydroxyl groups to quinone could also be verified
by UV absorption of quinone group at around 390 nm [44].

Based on proposed crosslinking mechanisms of mussel adhesive proteins [48], the plausible
crosslinking and adhesion mechanisms for iCMBASs are shown in Fig. 8. The gel time
ranged between 18+2 and 313+10 seconds (Fig. 2D and table) and was a function of
multiple factors. Increasing the oxidant (P1)-to-prepolymer ratio, incorporating more
dopamine in the pre-polymer structure, and using PEG with smaller molecular weight
resulted in faster gel formation. The sol content and swelling data also confirmed the
crosslinking of the pre-polymers, which were in agreement with the expected degree of
crosslinking (Fig. 3C,D).

The evaluation of mechanical properties of crosslinked iCMBA suggested that these
materials demonstrated rubber-like behavior with typical stress-strain curves of elastomers
(Fig. 3A), which is especially important for soft tissue adhesives, which must mechanically
remain in harmony with flexible soft tissues for better load bearing and stress transferring.
Tensile strength, elongation at break and modulus of iCMBAs varied with the molecular
weight of PEG and the degree of crosslinking, which was itself a function of the amount of
dopamine in the pre-polymer structure and the amount of crosslinking initiator (P1) (Table
3). Thus, the mechanical properties can be easily tuned according to requirements.

The degradation profile of the crosslinked iCMBAS revealed one of the unique features of
our synthesized adhesives: the degradability of these adhesive biomaterials within a limited
period of time (Fig. 3B). The degradation rate was inversely related to the level of
crosslinking, as expected. iICMBA-P499Dg 5 P1:8% exhibited the slowest rate of degradation,
25 days for complete degradation in PBS at 37°C, due to higher crosslinking level. On the
contrary, iCMBA-P409Dg 1 P1:8%, which was inadequately crosslinked due to low catechol
(dopamine) content, rapidly disintegrated within less than one day. The presence of higher-
molecular-weight PEG in the polymer structure, which conferred more hydrophilicity to the
polymer, accelerated the degradation of polymers, as can be observed from faster
degradation of iICMBA-P1099Dg 3 compared to iCMBA-P4q9Dg 3 and iCMBA-P2q0Dg 3, all
crosslinked with the same Pl-to-prepolymer ratio (8%).

Within the formulations investigated, the wet tissue bonding strength of the iICMBAS was
2.5-8.0 folds higher than that of fibrin glue (p<0.01)(Fig. 4 and Table 4). Thereof, the
lowest bonding strength among iCMBAs belonged to iCMBA-PygpDg 3 P1:2% (33.41+8.93
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kPa), which was at least two folds higher than that of the gold standard, fibrin glue,
measured at 15.38+2.82 kPa. Adhesives based on iCMBA-P1gq0Dg.3 demonstrated the
strongest adhesion to SIS adherents, followed by iCMBA-P400Dg 5. Bonding strength of
iICMBA-P 409D 3 adhesive polymers were higher than iCMBA-P,qoDg 3 polymers (p<0.05).
However, there were no significant differences within iCMBA-P499Dg 3 group or iCMBA-
P200Dg.3 group when crosslinked with different PI ratios (Table 4).

The quantitative in-vitro cytotoxicity evaluations of iCMBA pre-polymers, sol (leachable),
and degradation products of crosslinked iCMBASs suggested that the tested formulations did
not induce significant cytotoxicity to NIH 3T3 fibroblast cells (Fig. 5A-C). These results
along with qualitative cell proliferation and morphological assessment (Fig. 5SD—F)
supported that this family of bioadhesive polymers are suitable candidates for biological and
biomedical applications.

In vivo studies confirmed the effectiveness and convenience of using iCMBAs in wound
closure and bleeding control. The proposed tissue adhesion mechanisms of iCMBAs are
schematically shown in Fig. 9. Upon dropping iCMBA solution inside the full-thickness
cutaneous incisions, created on the back of Sprague-Dawley rats, the bleeding was
immediately ceased and the wound opening was closed within a few minutes (Fig. 6A). In
contrary to suture, no blood leakage was then sighted, which could be related to superior
hemostatic property of iCMBAS to suture. In addition to the formation of a mechanical
barrier against blood loss due to the bulk of adhesive, the hemostatic effects of iCMBAs
could also partially attributed to the rich carboxyl groups on iCMBAs, which can readily
interact with blood protein to form insoluble interpolymeric complexes. In addition, using
iCMBA lead to an improved and accelerated wound healing when compared to suture (Fig.
6B, C, 7A-C). The histological evaluation (H&E staining) at 7" day post application of
iCMBAs showed only minor acute inflammation, while total cell infiltration into the
incision area at both 7t and 28t day time points, defined by cell density, was not
significantly different for iCMBA-treated and sutured wounds (Fig. 6D-G, P). Moreover,
the insignificant difference between number of CD11b positive inflammatory cells in the
proximity of iCMBA-treated and sutured wounds at 71" day post treatment indicated the
minimal inflammatory response to iCMBA. After 28 days the number of inflammatory cells
for both groups was negligible (Fig. 6H-K, Q). The existence of slightly higher amount of
collagen at the sites of iCMBA-treated wounds compared with sutured wounds (Fig. 6L-0O,
R) suggests that iCMBAs may be used to improve wound healing with better outcome than
suture stitches. The measurement of mechanical properties of the healed rat skin revealed
that the ICMBA-treated skin had superior tensile strength (1250+315 kPa) over suture-
closed skin (810+355 kPa), while modulus and elongation at break were similar for both
(Fig. 7D, E). These findings suggested that the healing process and tissue reconstruction was
facilitated by iCMBA polymers, which presumably provided a suitable scaffold for cell
growth and tissue repair, accelerating the tissue regeneration process. Interestingly, after 28
days no trace of polymer was observed at the location of healed tissues, a sign of complete
in-vivo degradation of the iCMBAs (Fig. 7C). These results support that this family of
bioadhesive polymers is suitable candidates for biological applications, particularly where
the employed biomaterial is required to be degraded and absorbed after intended time of
service with minimal toxicity on the host body. Another observed advantage of iCMBA
adhesive over suture was the absence of needle holes (wounds), inevitably created in
suturing, when using the adhesive, as evident from Fig. 7A-C.

To the best our knowledge, iCMBAs were the first biodegradable strong wet-tissue
adhesives that could effectively seal a bleeding open wound (2 cm long x 0.5 cm deep),
instantly stop bleeding, and promote tissue regeneration without the aid of other surgical
tools, such as suture and staples, or other adhesive mechanisms. The sutureless wound
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closure may be particularly very useful for those wounds on which sutures are hard to be
placed due to the lack of surrounding healthy collagenous structure and fascia supports. The
convenient handling procedures, strong tissue adhesion, controlled degradability, and
elastomeric mechanical properties make iCMBA promising for any topical and non-topical
applications across all disciplines of surgical practice ranging from suture/staple
replacement; tissue grafts to treat hernias, ulcers, and burns; hemostatic wound dressing for
laparoscopic partial nephrectomy (LPN); waterproof sealants for vascular anastomoses; and
treatment of gastrointestinal (GI) fistulas, leaks, mucosal oozing or bleeding, and
perforation.

5. Conclusion

The experimental results presented above demonstrate the syntheses of a family of injectable
citrate-based mussel-inspired biodegradable adhesives, iICMBAS, from safe and inexpensive
constituents and via a one-step synthesis technique without involvement of any toxic
reagents, and their applications in hemostasis and sutureless wound closure. The syntheses
of iCMBA enrich the methodology of citrate-based biomaterial development and represent
an innovation for tissue adhesive biomaterial design.
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iCMBAs. B) IH-NMR spectrum of a representative iCMBA. C) UV-VIS absorption spectra
of iCMBAs, measured on 0.02% pre-polymer solutions in deionized water. D) Viscosity
changes versus time for different iCMBASs being crosslinked with various ratios of sodium

periodate (PI).
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Mechanical properties, degradation, sol content and swelling of crosslinked iCMBAS. A)
Stress-strain curve of crosslinked iCMBAs. B) Degradation profile of crosslinked iCMBAs

incubated in PBS (pH7.4) at 37°C. C) Sol content, and D) Swelling ratios of iCMBAs

crosslinked with various sodium periodate (PI) to pre-polymer ratios.
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Adhesion strength of iCMBASs and fibrin glue to wet porcine small intestine submucosa
measured through lap shear strength test (** p<0.01, * p<0.05).
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In vitro cytotoxicity evaluation of iCMBAs. Cytotoxicity study using NIH 3T3 fibroblast

cells by MTT assay for: A) iCMBA pre-polymers and poly(ethylene glycol) diacrylate

(PEGDA) control, B) Leachable products (sol content) of crosslinked iCMBASs and fibrin

glue control, and C) Ddegradation products of crosslinked-iCMBAs. All data were

normalized to cell viability in blank medium. D, E, and F) Light micrographs of NIH 3T3

fibroblast cells seeded on iCMBA films at 15t day, 3™ day, and 5™ day post seeding,

respectively.
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Fig. 6.

Histological evaluation of rat skin closure and wound repair. Images of a rat's dorsum skin
with created wounds that were closed by iCMBA (a) and suture (s): A) 2 minutes, B) 7days,
and C, 28 days post operation. D-O) Images of H&E (hematoxylin and eosin),
immunohistochemical (for CD11b), and Masson trichrome stainings of sections of wounds
at 71" day post treatment with iCMBA (D, H and L) and suture (E, 1, and M); and at 28t day
post treatment with iCMBA (F, J, and N) and suture (G, K, and O) (original magnification:
200x for D-G, and L-O and 400x for H-K). P) Total cell density infiltrated into the area
surrounding the incision 1 week and 4 weeks post treatment with iCMBA and suture. Q)
Number of CD11b positive cells in the vicinity of wounds treated with iCMBA and suture.
R) Collagen density in the wound area at 1- and 4-week time points (# p>0.05).
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Healthy skin
iCMBAed skin
Sutured skin

I

Tensile tests on healed skins closed by iCMBA (a) and suture (s). The pieces of excised skin
tissue of sacrificed rats at the site of wounds treated with iCMBA and suture at 7! day (A)
and 28t day (B and C: reverse side) post operation. Note the enhanced healing of the
wounds closed by iCMBA over sutured wounds. D) Tensile strength and Young's modulus
of healthy skin and healed skin closed by iCMBA and suture at 28t days. E) Elongation at
failure for the same study groups (** p<0.01, * p<0.05 and # p>0.05).
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Schematic representation of possible crosslinking and adhesion pathways of iCMBA pre-

polymers.
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Fig. 9.

Schematic of iCMBA application for wound closure. A) Preparation and application of 2-
component adhesive: iCMBA and oxidizing (sodium periodate) solutions. B) Schematic
representation of iCMBA utilized for sutureless wound closure. C) Proposed mechanisms of
iCMBAs adhesion to tissues.
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Table 1

Nomenclature, feeding ratio, and final composition ratio of pre-polymers.

Page 23

Molecular
Polymer name L\:\;iigrlltE(g CA:PEG:Dopamine (moles) CA:PEG:Dopamine Feeding Ratio CA:PEG:Dopmaine Composition Ratio
(Da)
iICMBA-P40 Do 1 400 1.1:1:0.1 0.50:0.45:0.05 0.49:0.46:0.05
ICMBA-P40 Do 3 400 1.1:1:0.3 0.46:0.42:0.12 0.46:0.43:0.11
ICMBA-P4q0 Do 5 400 1.1:1:05 0.42:0.38:0.20 0.41:0.42:0.17
iICMBA-P,q0 Do 3 200 1.1:1:0.3 0.46:0.42:0.12 0.46:0.44:0.10
ICMBA-P1q09 Do 3 1000 1.1:1:0.3 0.46:0.42:0.12 0.45:0.46:0.09
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Table 2

Gel time of iCMBAs crosslinked by various PI ratios (measured by viscometry).

Polymer name

PI to pre-polymer ratio (w/w%o)

Test temperature (°C)

Measured gel time (Sec)

iICMBA-P450 Do 5
iICMBA-P40 Dos
iCMBA-P00 Do 3
iCMBA-P400 Do 3
iCMBA-P400 Do 3
iCMBA-P1000 Do 3

iCMBA-P490 Do 3

8%
8%
8%
8%
4%
8%
2%

37
25
25
25
25
25
25

18+2
46+4
9743
163+9
175+13
244+11
313+10
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Table 4

Page 26

Adhesion strength of iCMBAs and fibrin glue to wet porcine small intestine submucosa measured through lap
shear strength test.

Polymer name

P1 to pre-polymer Ratio (w/w%b)

Lap shear strength(kPa)

iCMBA-P400 Do 3
iICMBA-P400 Do 3
iCMBA-Pg0 Do 3
iCMBA-P400 Doss
iCMBA-P;00 Do 3
iCMBA-P;00 Do 3
iCMBA-P;00 Do 3
iCMBA-P1000 Do 3
iCMBA-P1000 Do 3
iCMBA-P1000 Do 3

Fibrin glue

2%
4%
8%
8%
2%
4%
8%
2%
4%
8%

39.09+7
40.4+2.79
50.73+2.43
61.3+10.87
33.41+8.93
33.84+5.26
44.99+5.76
49.34+6.49
90.25+11.25
123.23+13.23
15.38+2.82
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