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A B S T R A C T

Controlling bleeding from a raptured tissue, especially during the surgeries, is essentially important. Particularly
for soft and dynamic internal organs where use of sutures, staples, or wires is limited, treatments with hemostatic
adhesives have proven to be beneficial. However, major drawbacks with clinically used hemostats include lack of
adhesion to wet tissue and poor mechanics. In view of these, herein, we engineered a double-crosslinked sealant
which showed excellent hemostasis (comparable to existing commercial hemostat) without compromising its wet
tissue adhesion. Mechanistically, the engineered hydrogel controlled the bleeding through its wound-sealing
capability and inherent chemical activity. This mussel-inspired hemostatic adhesive hydrogel, named gelatin
methacryloyl-catechol (GelMAC), contained covalently functionalized catechol and methacrylate moieties and
showed excellent biocompatibility both in vitro and in vivo. Hemostatic property of GelMAC hydrogel was initially
demonstrated with an in vitro blood clotting assay, which showed significantly reduced clotting time compared to
the clinically used hemostat, Surgicel®. This was further assessed with an in vivo liver bleeding test in rats where
GelMAC hydrogel closed the incision rapidly and initiated blood coagulation even faster than Surgicel®. The
engineered GelMAC hydrogel-based seaalant with excellent hemostatic property and tissue adhesion can be
utilized for controlling bleeding and sealing of soft internal organs.
1. Introduction

Centers for Disease Control and Prevention (CDC) have estimated that
approximately 30 million surgical procedures are being performed
annually in the United States [1]. Most of these procedures involve in-
cisions from 1 to 2 cm in size in the case of minimally invasive surgeries,
to 10–20 cm or greater in other cases. In general, these surgical wounds
are always coupled with uncontrolled blood loss and can potentially
facilitate chronicity and complications such as surgical site infection
(SSI), prolonged hospitalization, increased cost, morbidity and mortality,
and decreased quality of life. In addition, surgical wounds possess a
greater risk for the patients suffering from host defense misfunctioning
issues such as diabetes, autoimmune diseases, cancer, and others.
Saleh made equal contribution to
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Traditionally, surgical wound closure procedures include the use of
sutures, staples, or wires. However, using these techniques, particularly
for parenchymatous tissues such as lung, liver, or kidney, can lead to
necrosis and dehiscence of the wound. Apart from this, surgical pro-
cedures often trigger severe health complications related to hemorrhage.
Even minimally invasive procedures face significant problems arising
from the bleeding (e.g., compromising the vision during ocular proced-
ure) [2]. Therefore, surgical sealants, with both hemostatic and wound
sealing ability, have become a key component of the surgical toolbox to
manage residual bleedings [3,4].

Today, in the era of sutureless surgical procedures, various protein-
based (fibrin [5,6], collagen [7,8], gelatin [9,10]), polysaccharide-based
(chitosan [11,12], and alginate [10]), and cyanoacrylate-based [13]
the work.
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adhesives are utilized for various clinical wound closure applications [14,
15]. While the primary focus of developing adhesive biomaterials is to
reconnect damaged tissues and maintaining physiological activity, it could
potentially stop bleeding from the injury sites by sealing. Meanwhile,
cyanoacrylate-based synthetic glues with high adhesive and mechanical
properties have exhibited considerable concerns related to their
exothermic polymerization reaction, slow degradation rate, toxicity, and
increased tissue inflammations [16,17]. Despite all the advantages of
naturally derived polymer-based adhesives [18], weak tissue adhesion in
wet physiological environments has shown significant concern towards
their clinical use [19]. This is very important particularly for the treatment
of wounds that are associated with bleeding, which make the environment
wet in nature. Although a few adhesive hydrogels were developed that
function well in the wet environments [10,20], their clinical applications
are limited due to several issues. These include complex synthesis protocol,
complicated application procedures, inability to control extensive
bleeding, lack of elasticity, poor adhesion, and issues related to their
biocompatibility and biodegradability [10,20–22]. Therefore, designing
materials which can control bleeding while adhere to the wound is highly
desired. Meanwhile, to explore the possibility of immediate clinical usage
of such materials, tuning the chemistry of existing chemical functionalities
could be beneficial.

To improve the adhesive properties of hydrogels to the wet tissue
surfaces, mussel-inspired adhesion mechanism was utilized by incorpora-
tion of catechol moieties [23–28], which facilitates various chemical and
physical interactions in the hydrogel-tissue interface [29]. For example,
recently, a catechol-modified gelatin-based injectable hydrogel was intro-
duced, which showed biocompatibility and considerable tissue adhesion
[30]. However, the designed hydrogel showed poor mechanical strength
due to the low crosslinking density. In another study, Kim et al. engineered
a dopamine incorporated gelatin-based adhesive with high swellability
[30]. In this case, the hydrogels exhibited low adhesion strength and dis-
solved within 24 h post-incubation period, reflecting lack of stability and
inadequate cohesiveness. Meanwhile, catechol-incorporated bioadhesives
have also been applied for antimicrobial and antifouling application,
self-healing, drug delivery, and cancer treatment, etc [31,32]. Although
several materials have been developed with catechol functionalities,
designing a mechanically stable hemostatic sealant with improved adhe-
sive characteristics can have significant clinical importance for immediate
use.

Controlling bleeding from an injured tissue is a critical step in wound
closure treatment [33]. These led to the use of different hemostatic
agents such as fibrinogen and thrombin, and others which actively in-
fluence the blood coagulation cascade and accelerate the clot formation
[2,34]. Many of these materials control hemostatic activity through their
swelling characteristics [33]. Therefore, several hemostatic hydrogels
were engineered with different coagulating agents to minimize the blood
loss from the wound site [35]. For example, Kaolin-based QuikClot ad-
hesive bandage [36] and gelatin-thrombin-based injectable Floseal [37]
have already been introduced to market. Inorganic nanostructure (e.g.,
laponite) with a large negative surface charge, was also used to improve
the hemostatic efficiency of the hydrogels [38–41]. Various naturally
derived biopolymers such as chitosan, with polycationic structural
backbone, enable nonspecific binding to cell membranes [34] and
facilitate the coagulum formation in contact with whole blood. However,
uncontrolled interaction of chitosan molecules with inflammatory cells
has led to a strong foreign body response [42,43]. Meanwhile, due to lack
of adhesive properties, oxidized cellulose-based commercially available
hemostatic agents (e.g., Surgicel®), which easily control the bleeding
and stimulate clotting, are only recommended to be used intraoperatively
and removed after surgery [44]. Therefore, there is an unmet need to
engineering a mechanically stable hemostatic sealant with improved wet
adhesive properties for the treatment of injured/raptured internal organs
that are especially associated with bleeding.

To address these limitations, herein, we have engineered a multi-
functional hydrogel that showed improved in vitro and in vivo hemostatic
2

activity without compromising the adhesion performance to the wet
biological surfaces. The hydrogel, named gelatin methacryloyl-catechol
(GelMAC), was synthesized with a chemically modified gelatin back-
bone which was covalently conjugated with biologically inspired cate-
chol motifs and photocrosslinkable methacrylate groups. The designed
hydrogel contained double-crosslinked 3D networks through Fe3þ ion
mediated chelation and visible-light induced covalent interactions. The
physical properties of the synthesized hemostatic sealant was charac-
terized including mechanical properties, swelling ratio, degradability,
and adhesion. In addition, the biocompatibility of GelMAC hydrogels was
evaluated through both in vitro and in vivo studies, using fibroblast cells
and a rat subcutaneous model. Finally, the in vivo hemostatic property of
GelMAC hydrogel was demonstrated in a rat liver bleeding model and
compared with clinically used hemostatic materials to highlight the po-
tential of engineered hydrogel for clinical uses.

2. Experimental section

2.1. Materials

Gelatin from porcine skin, methacrylic anhydride (MA), dopamine
hydrochloride, (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP), 1-Hydroxybenzotriazole hydrate (HOBt),
Eosin Y disodium salt, Triethanolamine (TEA), N-Vinylcaprolactam (VC),
hematoxylin-eosin y staining (H&E) solutions, Iron(III) chloride, and 3-
(Trimethoxysilyl)propyl methacrylate (TMSPMA) were purchased from
Sigma-Aldrich. Collagenase type II was purchased from Worthington
Biochemical Co. Dulbecco's modified Eagle medium (DMEM) was pur-
chased from Cellgro (Manassas, VA), Fetal Bovine Serum (FBS) and
Dulbecco's phosphate-buffered saline (DPBS) were obtained from
HyClone (Logan, UT). Live/Dead viability kit, and penicillin/strepto-
mycin (Pen-Strep) were purchased from Invitrogen (San Diego, CA), and
fresh human whole blood was purchased from ZenBio.

2.2. Synthesis of GelMA

GelMA was synthesized as described previously [45,46]. Briefly,
gelatin from porcine skin (10 g) was dissolved in 100 ml Dulbecco's
phosphate-buffered saline (DPBS) at 50 �C. A 8% (v/v) methacrylic an-
hydride (MA) solution was added dropwise under continuous stirring at
50 �C. After 3 h, the solution was diluted with 200 ml DPBS to stop the
reaction. The diluted solution was dialyzed against deionized (DI) water
at 50 �C for 5 days. The resulting solution was then filtered under sterile
conditions, frozen at �80 �C overnight, and lyophilized for 5 days.

2.3. Synthesis of GelMAC

First 800 ml of deionized (DI) water was bobbled with nitrogen gas for
30 min to remove air from the DI water. Then, 2 g of gelatin from porcine
skin was added at a final concentration of 2.5 mg/ml to water at 50 �C.
Next, 517.1 mg (~3.41 mM) of dopamine hydrochloride was dissolved in
3ml of DI water, and 353.8mg (~1.00 mM) of BOP ((benzotriazol-1-yloxy)
tris(dimethylamino)phosphonium hexafluorophosphate) and 122.5 mg
(~1.13 mM) of HOBt (1-hydroxybenzotriazole) were dissolved in 3 ml of
Dimethylsulfoxide (DMSO) and injected into the reaction mixture. Then,
1339 μl (~12 mM) of triethylamine was injected into the reaction mixture.
The reaction mixture was continuously stirred with a stir bar for 2 h under
N2 atmosphere. The reaction mixture was closely observed to ensure
achievement of a clear and color less mixture during this 2 h. Chemically
modified gelatin with dopamine was precipitated with excess cold acetone
(~1.2 L) and then re-dispersed in 100 ml of DPBS to be metacrylated
utilizing MA as previously described [45,46]. Briefly, gelatin was dissolved
in DPBS at a concentration of 2% (w/v) and heated and bubbled with ni-
trogen gas at 50 �C for 30 min. Next, 8% (v/v) MA was added to the re-
action mixture dropwise under continuous stirring at 50 �C. This step was
followed by diluting the reaction mixture after 2 h with DPBS. Finally, the
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solution was dialysis against DI water at 40–50 �C for 5 days. After sterile
filtration and lyophilization for 5 days, GelMAC prepolymer was stored at
4 �C until experimental use.

2.4. Chemical characterization of GelMAC

Chemical functionalization of gelatin molecule was confirmed with
proton nuclear magnetic resonance (1H NMR) spectroscopy analysis
using a 400 MHz Bruker AV400 spectrometer. To calculate the degree of
conjugation, recorded spectra were corrected with phase and base line
and solvent peak. The samples were prepared by dissolving 5–10 mg of
the dried polymers in 1 ml of DMSO-d6. Herein, peak at 7.2 ppmwas used
as a refence and the change in -CH2 peak at 2.75 was integrated to
calculate the degree of conjugation. Meanwhile, change in the peak at δ
¼ 5.6 ppm related to methacrylate group was integrated to calculate the
degree of crosslinking. For the Fourier-transform infrared spectroscopy
(FTIR) analysis, 2–5 mg of samples were grinded with dry KBr to make
palette and further used for the measurements in a PerkinElmer Paragon
1000 FT-IR Spectrometer.

2.5. Hydrogel preparation

The lyophilized GelMAC and GelMA prepolymers was first dissolved
in a solution containing Triethanolamine (TEA) and N-Vinylcaprolactam
(VC) in DPBS. Iron chloride solution at various iron concentrations (0, 1,
2.5, 5 mM)was prepared and stored in 4 �C prior to use. Eosin Y disodium
salt was dissolved separately in DPBS and was then added to the pre-
polymer/TEA/VC solution to form the hydrogel precursor. Finally, Feþ3

at desired concentration was added to the mixture. The final concen-
tration of each component in the mixture is as follows: 20% prepolymer,
1.875% (w/v) TEA, 1.25% (w/v) VC, 0.1 mM Eosin Y, and various
concentrations of Feþ3(0, 1, 2.5, 5 mM). To form the hydrogels, the
prepolymer solution was injected at the desired surface and immediately
photocrosslinked for 4 min, using a LS1000 FocalSeal Xenon Light Source
(Genzyme).

2.6. Mechanical properties

The prepolymer solution was prepared as described above. A 70 μl
volume of the prepolymer solution was pipetted into a poly-
dimethylsiloxane (PDMS) cylindrical mold (diameter: 6 mm; height: 2.5
mm). The solution was then photopolymerized via exposure to visible
light (450–520 nm) for 4 min. The precise dimension of each sample was
measured using a digital caliper. Each sample was then carefully placed
on the compression plate of an Instron 5943 mechanical tester. The test
was conducted at a rate of 1 mm/min up to a maximum strain of 70%.
The load and compressive strain values were recorded utilizing a Blue-
hill® 3 software. The Young's modulus was calculated from the slope of
the linear region in the stress-strain curve [47].

2.7. In vitro swelling ratio

The swellability of GelMAC and GelMA hydrogels was defined by
calculating the ratio of weight change at each time point to the initial
weight of the hydrogel after inclubation in DPBS at 37 �C. For this,
hydrogels were formed as described in the previous section and weighed
(initial weight) following by submerging them into DPBS at 37 �C. Excess
buffer was gently removed using a disposable wipe, and the wet weight of
the hydrogels was measured at different time points for up to 48 h.

2.8. In vitro enzymatic degradation

To evaluate the percentage of in vitro degradation, GelMAC and GelMA
hydrogels were weighed immediately after crosslinking, and placed in
separate wells of a 24 well plate. Each well was then filled with 1 ml of
DPBS containing 20 μg/ml collagenase type II [48] and kept at 37 �C.
3

The enzyme-containing DPBS solutions were changed every 2 days during
the entire duration of this experiment. The samples were then freeze-dried
and weighed on days 1, 4, 7, 10, 12, 14, 16, 20, and 22 post-incubation.
The percentage degradation of the gels was determined using Eq. (1).

Degradationð%Þ¼W0 �Wt

W0
� 100 (1)

where Wo is the initial sample dry weight, and Wt is the dry weight after
time t.

2.9. In vitro wound closure

The adhesion strength of the GelMAC and GelMA hydrogels was
evaluated according to a modified ASTM testing methodology (ASTM
F2458-05). Briefly, a fresh porcine lung was obtained from a local
slaughterhouse and was cut into rectangular sections (10 mm � 40 mm).
The porcine lung was kept moist with DPBS prior to use. The tissues were
fixed onto two precut glass slides (30 mm � 40 mm) using Krazy Glue.
The tissue was then cut from the middle with a single edge cutter blade.
Next, 50 μl of the precursor solution was pipetted onto the tissue inter-
face covering a total surface area of 10 mm � 10 mm enclosed by each
tissue ends and subsequently crosslinked with visible light for 4 min.
Upon placing the samples between the tensile grips of an Instron me-
chanical tester, the ultimate adhesive strength was measured at failure
point.

2.10. In vitro burst pressure

The burst pressure of the GelMAC and GelMA hydrogels were
measured based on the standard ASTM F2392-04 testing methodology.
The porcine intestine tissue was first cut to a dimension of 40 mm � 40
mm and rehydrated using PBS. Next, the tissue was placed between two
stainless steel plates (35 mm � 35 mm), in which the upper plate had a
10-mm-diameter opening located at its center. A circular defect (2 mm in
diameter) was then created at the center of the tissue assembled in be-
tween the two metallic plates. A 20 μl of the prepolymer solution was
injected over the defect site and exposed to visible light. Next, using a
syringe pump (Syringe Pump NE-1000) air was continuously pumped
into the system at a rate of 10 ml/min while the pressure inside the
system was measured using a PASCO wireless pressure sensor. The sys-
tem was pressurized until a burst was observed through the escape of
bubbles from the defect site.

2.11. Cell viability and proliferation assays

The NIH 3T3 fibroblasts were mixed with the hydrogel precursor, and
a 12 μL drop of it was placed in a spacer with 150 μm height and covered
by a 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) coated glass (2
� 105 cells/samples). Then, the hydrogel precursor was photo-
polymerized for 20 s using visible light, and the samples were placed in
24-well plates with 1 ml of growth medium (DMEM þ 10% FBSþ 1%
Pen-Strep). 3D cultures were incubated at 37 �C in a 5% CO2 humidified
atmosphere for 7 days, and the growth medium was replaced every 2
days. Cell viability was determined using a calcein AM/ethidium
homodimer-1 live/dead kit (Invitrogen) following the manufacturer's
instructions. The viability of 3D encapsulated NIH 3T3 fibroblasts in
GelMAC-Fe were evaluated on days 1, 4, and 7 post-encapsulation.
Fluorescent images were taken using a Zeiss Axio Observer Z1 inverted
microscope and were analyzed with the ImageJ software. Cell viability
was calculated as the ratio of viable cells to the total number of live and
dead cells. The PrestoBlue assay was utilized to evaluate the metabolic
activity of 3D encapsulated NIH 3T3 fibroblasts inside the GelMAC-Fe
hydrogels on days 1, 4, and 7 post-incubation. The fluorescence in-
tensity of the resulting solutions was recorded at 535–560 nm excitation
and 590–615 nm emission.
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2.12. In vitro blood clotting assay

Blood clotting study on hydrogels was performed in the presence of
recalcified blood following a published protocol [41]. Briefly, a volume
of 630 μL fresh blood in addition with the anticoagulant sodium citrate
(ASC) (9:1) was pipetted into a 1.5 ml Eppendorf tube. A total of 70 μL of
0.1 M calcium chloride (CaCl2) was then added, followed by vortexing
for 10 sec. Then, 100 μL was deposited into sequential wells of a 48 well
plate. At selected time points, each well was washed with 9 g/L saline
solution to halt clotting. The liquid was immediately aspirated, and
washes were repeated until the solution was clear, indicating the removal
of all soluble blood components. In case of the GelMAC and GelMA
experimental groups, the prepolymer solutions were pipetted at the base
of the well plates, ensuring the entire bottom surface was coated with the
hydrogel and photocrosslinked in advance. After a trial was complete, the
final clotting time was marked in the well that formed a uniform clot,
with no change in clot size in the subsequent wells.

2.13. In vitro blood compatibility test and hemolysis ratio measurement

In vitro blood compatibility study on hydrogels was performed as
described in a previously published article [48]. Briefly, the crosslinked
hydrogels were rinsed three times with DI water and DPBS before being
Relative Bleeding Amount¼ Weight of the collected blood
Average weight of the collected blood in the injury only group

� 100 (3)
placed into 15 ml falcon tubes. Then, 10 ml DPBS was added into the
tubes and kept at 37 �C on a shaker incubator for 3 h. In the next step, 4
ml of ASC-whole blood was first diluted with 5 ml DPBS and 0.2 ml of
this solution was dropped into the tubes allowing the hydrogels to be
soaked in the blood solution for 1 h. Next, the solutions were aspirated
and centrifuged at 100�g for 10 min and the absorbance of the super-
natants was measured at 542 nm by using a spectrophotometer. The
hemolysis ratio (HR) was obtained by using the following equation

HR ¼ ðAS� ANÞ=ðAP� ANÞ (2)

Where AS is the absorbance of the sample supernatant, and AN and AP
are the absorbance of the negative control (10 ml DPBS þ 0.2 ml diluted
ASC-whole blood), and the positive control (10 ml pure water þ 0.2 ml
diluted ASC-whole blood), respectively.
2.14. Subcutaneous implantation in rats

All animal experiments were reviewed and approved by Institutional
Animal Care and Use Committee (ICAUC; protocol15e1248R) at North-
eastern University (Boston, MA, USA). MaleWistar rats (200–250 g) were
obtained from Charles River (Boston MA, USA) and housed in the local
animal care facility under conditions of circadian day-night rhythm and
feeding ad libitum. Anesthesia was achieved by isoflurane (2.5%) inha-
lation, followed by the administration of SC buprenorphine (0.02–0.05
mg/kg). After inducing anesthesia, eight 1-cm incisions were made on
the posterior dorsomedial skin, and small lateral subcutaneous pockets
were prepared by blunt dissection. Sterile, lyophilized, and pre-weighted
cylindrical-shaped GelMA-Fe and GelMAC-Fe hydrogels samples were
implanted in subcutaneous pockets along the dorsomedial skin of male
Wistar rats. At days 7, 28, and 56 post-implantation, animals were
euthanized, and the hydrogels were retrieved along with the surrounding
tissues for histological assessment and were immediately placed in a 4%
paraformaldehyde solution. Hydrogel samples used for biodegradation
studies were immediately weighted, lyophilized, and re-weighted.
4

2.15. Liver bleeding tests in rats

All animal experiments were approved by the UCLA Animal Research
Committee (UCLA ARC #2017-096-01) and coducted in accordance with
the relevant guidelines. The animals were weighed and monitored daily
for signs of pain or discomfort during the experimental period. A set of 6
experimental groups were selected for this study which included the no
treatment group (injury only) as the negative control, the GelMA
hydrogel with or without Fe3þ ions, the GelMAC hydrogel with or
without Fe3þ ions, and the commercial absorbable hemostatic agent,
Surgicel® (Ethicon, Cincinnati, OH, USA) to serve as positive control
group. Under general anesthesia (1.5% isoflurane in 100% O2), median
laparotomy was conducted, a wound retractor was placed, and the
operating field around the liver was draped with filter paper to collect the
entire amount of blood loss from the incision site. A standardized liver
wound was made using a 2 mm-sized biopsy punch. Immediately, the
sterile hydrogel prepolymer solution was applied to the bleeding lesion
and crosslinked for 4 min with visible light. The amount of blood
absorbed by the filter paper was immediately measured and recorded.
Afterward, the abdominal wound was anatomically closed using 4–0
absorbable sutures and 4–0 non-absorbable sutures/staples by closing
the peritoneum and the abdominal skin separately. The relative bleeding
amount was calculated using Eq. (3).
2.16. Morphological assessment and histopathological evaluation

Hydrogel samples along with surrounding tissue regions were
explanted and used for histopathological analysis (8-μm cryosection
slides). The extracted hydrogel-tissue samples were incubated with 30%
sucrose solution overnight, followed by overnight incubation in 100%
FBS. Next, they were flash-frozen in liquid nitrogen in Optimal Cutting
Temperature (OCT) Compound. 8-μm cryosections were acquired using a
Leica Biosystems CM3050 S Research Cryostat and processed with H&E
staining.
2.17. Data analysis

Data analysis was carried out using a 1- or 2-way ANOVA test with
GraphPad Prism 6.0 software. Error bars represent mean � standard
deviation (SD) of measurements (*p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001).

3. Results and discussions

3.1. Synthesis and chemical characterization of GelMAC hemostatic
sealant

The chemical synthesis of gelatin methacryloyl-catechol (GelMAC)
and its application over injured tissue surface is schematically repre-
sented in Fig. 1A. Here, the use of naturally derived gelatin biopolymer
with hydroxyl (-OH), amine (NH2), and carboxylic acid (COOH) groups
facilitated the chemical conjugation of biologically inspired catechol
motifs and photocrosslinkable methacrylate groups (Fig. S1). In addition,
it is also known that gelatin-based hydrogels provide biocompatibility
and biodegradability which are important for tissue engineering appli-
cations [45]. During the synthesis, in the first step, dopamine molecules
were covalently linked with carboxylic acid groups through the forma-
tion of amide bonds [49]. After that, the methacrylate group was
chemically functionalized with amine (NH2) and hydroxyl (-OH) residues



Fig. 1. Synthesis and chemical characterization of GelMAC prepolymer. A) Schematic illustration for the synthesis of GelMAC and its application as a hemostatic
sealant. B) Covalent and non-covalent interaction in GelMAC hydrogel. (i) Fe3þion mediated chelation, (ii) C-C covalent bond formation between methacrylate groups
upon photocrosslinking, and (iii) π-π interactions between aromatic moieties of chemically conjugated dopamine molecules. C) Representative FTIR spectra of GelMA
and GelMAC prepolymers. D) 1H NMR spectra of GelMA and GelMAC before and after crosslinking.

S. Baghdasarian et al. Materials Today Bio 13 (2022) 100199
of the gelatin backbone [10,46] (Figs. 1A and S1). To fabricate the Gel-
MAC hydrogel, along with mixing with Fe3þ ions, prepolymer solution
was further irradiated with visible light. The visible-light-initiated pho-
tocrosslinking, using Eosin Y as a photoinitiator, Triethanolamine (TEA)
as a co-initiator and N-vinylcaprolactam (VC) as a co-monomer has been
explained thoroughly before [50]. While photocrosslinking reaction
facilitated the formation of C-C covalent bond between the MA groups
[10,49], Fe3þ ions introduced non-covalent interactions between the
catechol groups through chelation mechanism (Fig. 1B–i,ii) [31].
5

Chemically, these covalent interactions (C-C) contributed to the primary
structure of the GelMAC hydrogel. The catechol-induced non-covalent
functional interactions [31,51] in the GelMAC hydrogel is also shown in
Fig. 1B–iii. Eventually, incorporation of such sequential inter and intra-
molecular covalent and non-covalent interactions led to the formation of
a double-crosslinked hydrogel network.

Chemical conjugation of dopamine molecules was confirmed with
Fourier-transform infrared spectroscopy (FTIR). Fig. 1C represents the
FTIR spectra of GelMAC and GelMA. Peak around 1000 cm�1 in GelMAC
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spectrum, which corresponds to aromatic C-H bending of catechol moi-
eties, proved the presence of dopamine molecules in gelatin backbone
[52,53]. This was further confirmed with the peak at 1550 cm�1 related
to aromatic C-C stretching of dopamine moieties [53]. Meanwhile, the
appearance of vinyl C-H peaks in proton nuclear magnetic resonance (1H
NMR) spectra of GelMA and GelMAC at δ ¼ 5.3 and 5.6 ppm (Fig. 1D,
marked in yellow), respectively, confirmed the covalent linkage of
methacrylate groups with gelatin biomacromolecules. Multiple peaks in
the region of 6.5 ppm in 1H NMR spectrum of GelMAC could be related to
the catechol moieties which was not seen for GelMA (Fig. S2). The degree
of the conjugation of methacrylate groups in GelMA and GelMAC poly-
mers was calculated from the 1H NMR spectra [45] and observed to be
~55% and ~50%, respectively. This difference could be attributed to
molecular steric hindrance due to the presence of covalently linked
dopamine molecules on GelMAC polymers [54–56]. Meanwhile, the
degree of crosslinking for both GelMA and GelMAC were calculated with
1H NMR spectra of crosslinked and uncrosslinked hydrogels as presented
in Fig. 1D. While the degree of crosslinking for GelMA hydrogel was
observed to be over 90%, GelMAC, containing dopamine moieties,
exhibited a reduced degree of crosslinking in the range of 65%. This
could be attributed to the radical scavenging characteristic of dopamine
moieties with an aromatic ring, which hindered the photopolymerization
[57–60]. Moreover, GelMAC prepolymer solution was found to exhibit
higher viscosity compared to the GelMA as shown in Fig. S3. This might
be associated with the existence of catechol moieties that form intra and
inter molecular π- π interactions.

3.2. Physical characterization of GelMAC hemostatic sealant

For a soft hydrogel to be used as a hemostatic sealant, a balance be-
tween mechancial properties (cohesion), and adhesion is required [34].
Based on Fig. 2A, the Young's modulus of GelMAC hydrogel formed using
various Fe3þ ion concentrations in compression test were lower than
respective GelMA hydrogels. This decreased mechanical stiffness in
GelMAC hydrogels compared to GelMA could be due to the lower degree
of crosslinking in GelMAC system as confirmed by 1H NMR analysis in
Fig. 1D. Meanwhile, both GelMAC and GelMA hydrogels formed with 2.5
mM Fe3þ ion concentration showed a significant increase in Young's
modulus as compared to GelMAC and GelMA hydrogels engineered
without Fe3þ (Fig. 2A). For example, the Young's modulus for GelMAC
hydrogels without and with Fe3þ (2.5 mM) were 172.5 � 9.2 and 260.2
� 19.4 kPa, respectively. Similarly, the Young's modulus for GelMA
hydrogels without and with (2.5 mM) Fe3þ were 275.2 � 40.5 and 377.9
� 60 kPa, respectively. Such improvement could be related to
non-covalent interactions of Fe3þ ions with gelatin backbone in both
GelMAC and GelMA networks [61]. In addition, particularly for GelMAC
hydrogel with catechol moieties, Fe3þ ions could easily form a secondary
network through noncovalent chelation interactions that could
contribute towards improved mechanics [62–65]. The obtained stiffness
for GelMAC hydrogel was significantly higher than UV light crosslinked
GelMA-DOPA hydrogel (120 � 12 kPa) reported by Cheng et al. [66].
Meanwhile, the Young's modulus of GelMAC and GelMA hydrogels were
not changed significantly upon further increase in Fe3þ ions concentra-
tion from 2.5 to 5 mM, which could be due to the saturation in ionic
interactions between Fe3þ ions and gelatin backbone.

The adhesive property of GelMAC hydrogel was studied by using a
standard wound closure test where pig lung tissue was used as the bio-
logical substrate (Fig. 2B). For GelMAC and GelMA hydrogels without
Fe3þ, the adhesive strength was 33 � 3.2 kPa and 19.2 � 1.4 kPa,
respectively. Similarly, GelMAC and GelMA hydrogels formed with 2.5
mM Feþ3 ion concentration exhibited the adhesive strength of 33.7� 3.8
and 22 � 1.32 kPa, respectively. The increased adhesive strength for
GelMAC hydrogel as compared to GelMA could be due to the presence of
the catechol moieties in the hydrogel backbone [31]. To be used as a
surgical hemostatic sealant, the adhesive performance of the GelMAC
hydrogels were compared with clinically used bioadhesives and
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hemostatic materials (Fig. 2B), including Coseal® (sealant, polyethylene
glycol-based), Evicel® (hemostatic sealant, human fibrin-based), and
Surgicel® (hemostat, oxidized cellulose-based). The adhesion strength of
GelMAC hydrogel formed with 2.5 mM Fe3þ ion concentration was
comparable with the adhesion strength of clinically used surgical sealant,
Coseal® (Fig. 2B). Meanwhile, all the hydrogel compositions, including
GelMAC-based hydrogels, formed with 2.5 mM Fe3þ ion concentration,
showed significantly improved adhesion capability compared to both
hemostatic materials, Evicel® and Surgicel® (Fig. 2B). This increase
could be due to the interfacial interactions between GelMAC hydrogel
and tissue surfaces as presented in Fig. 3C. These include both covalent
and non-covalent interactions formed due to photocrosslinking, and the
presence of catechol moieties and other functional groups present in
GelMAC backbone [10,31]. Therefore, the engineered hydrogel with
excellent adhesive characteristic and improved mechanical stability can
potentially be used clinically for sealing and controlling hemorrhage
from a raptured tissue or incision during the surgeries.

The adhesive properties of the engineered GelMAC hydrogel were
further characterized with a standard ASTM burst pressure test (Fig. S4).
The pressure values for both GelMAC and GelMA hydrogels formed by
using various concentrations of Fe3þ ions were measured. As shown in
Fig. S4, burst pressure for GelMAC hydrogels containing 5 mM Fe3þ ions
(44.8 � 3.1 kPa) was significantly higher than the GelMA hydrogels
formed with 5 mM Fe3þ ions (21.2 � 4.8 kPa), confirming the contri-
bution of catechol groups in improving the adhesion strength of the
resulting bioadhesives.

Ability to absorb water is another characteristics of material that can
control hemostasis [67]. In vitro swellability of the engineered GelMAC
hydrogels was tested at 37 �C for 48 h. GelMAC hydrogels, formed with
different concentrations of Fe3þ ions, reached maximum swelling at a
longer time as compared to the GelMA hydrogels formed with the same
Fe3þ ion concentration (Figs. 2D and S5A). For example, the maximum
swelling for GelMA and GelMAC hydrogels, formed with different con-
centrations of Fe3þ ions, was achieved within 1 h and 4 h, respectively.
This could be related to the additional interactions in GelMAC network
due to the presence of catechol moieties in its backbone. Meanwhile, the
higher swelling ratio for GelMAC hydrogels, formed with 2.5 mM Fe3þ

ion concentration, as compared to GelMA hydrogels (Fig. 2E) were due to
the lower degree of crosslinking in GelMAC network which enabled
water molecules to diffuse easily inside the hydrogel matrix. In addition,
GelMAC hydrogel contained hydrophilic catechol functionalities, which
might also influence the swelling ratio of the resulting hydrogel. To
demonstrate the biodegradability of GelMAC hydrogels, in vitro enzy-
matic degradation was performed in DPBS containing collagenase type II
(20 μg/ml) over 21 days. Although, GelMAC hydrogels had lower degree
of covalent crosslinking through photopolymerization, both GelMAC and
GelMA hydrogels, formedwith different Fe3þ ion concentrations, showed
similar degradation pattern (Fig. 2F,G and S5B). This could be related to
the effect of dual crosslinking in GelMAC hydrogel formed with cat-
echol-Fe3þ interactions.

3.3. In vitro clotting time and blood compatibility of GelMAC hemostatic
sealant

Controlling bleeding from the wound site, especially during surgery,
is highly desired. In this context, different hemostatic materials are
widely used in various clinical settings and combat environments [3,33].
These materials mostly control absorption of blood fluid and coagulation
mechanism with the clotting factors [33,67]. Surgicel® is an example of
commercially available hemostatic material which is known to perform
better than other commercial materials and widely used in clinical
practice [4,68]. Meanwhile, to control the bleeding, hemostatic sealants
were also developed which offered both tissue sealing and hemostasis.
For example, Wang and coworkers recently developed
tetra-poly(ethylene glycol) based composite hydrogel that showed wet
adhesion and hemostatic capability at the same time [69]. Similarly,



Fig. 2. Physical characteristics of GelMAC and GelMA hydrogels. A) Young modulus of hydrogels containing various Fe3þ ion concentrations based on compression
test, B) In vitro adhesion strength of hydrogels containing various Fe3þ ion concentrations compared with Coseal®, Evicel®, and Surgicel® using porcine lung tissue. C)
Schematic representation of functional interactions at GelMAC hydrogel-tissue interface. D) Swelling ratio of GelMAC hydrogels containing various concentrations of
Fe3þ ion in DPBS E) Swelling ratio of GelMA and GelMAC hydrogels containing 2.5 mM Fe3þ ion concentration in DPBS, F) Degradation rate of GelMAC hydrogels
containing various concentrations of Fe3þ ion in enzyme-containing DPBS solution, G) Degradation rate of GelMA and GelMAC hydrogels containing 2.5 mM Fe3þ ion
concentration in enzyme-containing DPBS solution. Data are represented as mean � SD (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, n � 6).
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Fig. 3. In vitro hemostatic properties of the of GelMAC and GelMA hydrogels. A) Time-dependent clot formation of GelMA, GelMAC, GelMA-Fe, and GelMAC-Fe
hydrogels compared with untreated blood (negative control) and Surgicel® absorbable hemostatic gauze (positive control), B) Quantitative clot formation time,
C) Absorbance at 405 nm wavelength performed on clotted samples at various time points of 7, 12, 16, and 20 min. D) Clot weight collected at 16 min time point. Data
are represented as mean � SD (*p < 0.05, ***p < 0.001, ****p < 0.0001 and n ¼ 4).
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Ouyang et al. designed extracellular matrix mimicked GelMA-based ad-
hesive hydrogel that rapidly adhered and sealed bleeding arteries and
cardiac walls upon UV light irradiation [35]. However, clinical utility of
these materials are limited due to long gelling time, poor mechanical
properties, and low biocompatibility [20,69,70]. Therefore, engineering
tissue adhesives with hemostasis ability similar to Surgicel® is beneficial.
Herein, GelMAC and GelMA hydrogels, formed with 2.5 mM Fe3þ ion,
were chosen and tested for hemostasis due to their improved mechanics
and adhesion properties as compared to the others hydrogel formed with
different Fe3þ ion concentration. Superior hemostatic ability of GelMAC
hydrogel (with and without Fe3þ) as compared to GelMA (with and
without Fe3þ), and most widely clinically used hemostatic material,
Surgicel® is demonstrated in Fig. 3A. Meanwhile, blood clotting times
were calculated for 6 test groups including whole blood (negative con-
trol), GelMA, GelMA-Fe, GelMAC, GelMAC-Fe, and Surgicel® and pre-
sented in Fig. 3B. The GelMAC hydrogel significantly reduced the blood
clotting time to 11 � 1 min, compared to the GelMA hydrogels (with
blood clotting time of 14.3 � 0.6 min) which is similar to the clotting
time for untreated blood (15.6 � 0.3 min). In this case, along with the
catechol moieties on the GelMAC backbone that facilitated the in-
teractions with serum proteins and other blood cells (e.g., erythrocytes,
white blood cells, or platelets), higher swelling of GelMAC (Fig. 2E)
played an important role for blood coagulation [71,72]. Whereas lower
swelling ratio of crosslinked GelMA could limit the hemostatic ability of
hydrogel. Chemically, Fe3þ ions readily interact with blood proteins
through the extended electrostatic and hydrogen bonding interactions
[73]. Therefore, incorporation of Fe3þ ions in both GelMAC and GelMA
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hydrogels further decreased the blood clotting time to 9.3 � 0.6 and 9.7
� 0.6 min, respectively. Effect of Fe3þ ions in blood coagulation [74] was
clearly observed in case of GelMA-Fe where unbound Fe3þ ions in
hydrogel structure could easily diffuse and contribute towards hemo-
static activity. Thus, GelMAC-Fe hydrogel showed dual functionality
(adhesion and hemostatic), which is required for the treatment of
bleeding wounds. Blood clotting efficiency for both GelMAC-Fe and
GelMA-Fe were comparable to Surgicel® (with blood coagulation time of
8.7 � 0.6 min), which lacked any kind of tissue adhesion (Fig. 2B).
Enhanced hemostatic activities of the engineered bioadhesives were
further characterized with absorbance and clot weight measurements. To
further evaluate the coagulation process, UV-visible absorbance at 405
nm [75] was measured at different time points (at 7, 12, 16, and 20 min)
and presented in Fig. 3C. No significant change in absorbance after 16
min confirmed the completion of the blood coagulation process. Mean-
while, higher absorbance values for GelMAC-Fe hydrogel compared to
Surgicel®, confirmed its enhanced hemostatic activity. In addition,
weight of the collected blood clot associated with GelMAC-Fe hydrogel at
16 min time point was observed to be higher than GelMA hydrogel,
GelMA-Fe hydrogel, and Surgicel® (Figs. 4D and S6). These data
collectively highlighted the in vitro hemostatic efficacy of GelMAC-Fe
hydrogel for wound management.

We also evaluated blood compatibility of the hydrogels in vitro by
measuring HR values, which indicate the extent of red blood cells (RBC)
broken by the hydrogels in contact with blood. A smaller HR value
translates into increased blood compatibility of biomaterials (indicating
small amount of broken RBC) [48]. In addition, it is known that the HR
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values of biomaterials should be below 5 for medical applications [76].
As shown in Fig. S7, the HR values for all tested hydrogels (GelMA,
GelMA-Fe, GelMAC, and GelMAC-Fe) was less than 0.25, confirming
their blood compatibility.
3.4. In vitro and in vivo biocompatibility of GelMAC hemostatic sealant

For designing a surgical sealant, biocompatibility of the material is
considered as one of the most important parameters. Therefore,
Fig. 4. In vitro and in vivo biocompatibility of GelMA and GelMAC hydrogels after sub
fibroblasts in GelMAC and GelMAC-Fe hydrogels, and B) Cell viability of 3D-encapsu
Fe3þ ion concentration on day 1, 4, and 7 post-encapsulation, C) Metabolic activity o
post-incubation. D) H&E-stained sections of subcutaneously implanted hydrogels aft
days 7, 28, and 56 post-implantation (n ¼ 4). Data are represented as mean � SD (
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cytocompatibility of GelMAC-Fe and GelMAC-Fe hydrogels (20% (w/v))
were studied both in vitro and in vivo to ensure that there was no toxicity
due to the introduction of MA, catechol moieties and Fe3þ ions. For the in
vitro test, NIH 3T3 fibroblasts were encapsulated within the hydrogel,
and photocrosslinked using visible light. The 3D cultures were incubated
at 37 �C in a 5% CO2 humidified atmosphere for 7 days, and the growth
medium was replaced every 2 days. Fig. 4 showed cell viability and
metabolic activity of 3D encapsulated NIH 3T3 fibroblast cells inside
GelMAC-Fe and GelMA-Fe hydrogels. Live/dead images of the 3D
cutaneous implantation. A) Representative live/dead images of 3D encapsulated
lated NIH 3T3 fibroblast cells in GelMAC hydrogels containing 0, 1, and 2.5 mM
f fibroblasts measured by PrestoBlue™ cell viability reagents on 1, 4, and 7 days
er 7, 28, and 56 days of implantation. E) In vivo biodegradation of hydrogels on
*p < 0.05, **p < 0.01, and ****p < 0.0001, n � 6).
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encapsulated fibroblasts in GelMAC-Fe and GelMAC-Fe hydrogels are
presented in Fig. 4A. Cell-laden GelMAC-Fe hydrogels were predomi-
nantly comprised of viable and proliferating fibroblast cells over the 7
days post-encapsulation. Cell viability inside GelMAC hydrogels incor-
porating different Fe3þ ion concentrations were found to be>95% over 7
days of post-encapsulation (Fig. 4B). The metabolic activity of 3T3 fi-
broblasts was also measured on 1, 4, and 7 days post-incubations
(Fig. 4C) which were observed to consistently increase until day 7.
These results demonstrated that the GelMAC-Fe hydrogel could support
the viability, proliferation, and spreading of NIH 3T3 fibroblast cells in
vitro. This also suggests that GelMAC-Fe hydrogels can be potentially
used as a platform for cell delivery for different kinds of wounds [77].

In vivo biocompatibility and biodegradation of GelMA-Fe and
GelMAC-Fe hydrogels were also assessed by using a rat subcutaneous
implantation model. Here, hydrogels were implanted in subcutaneous
pockets, prepared along the dorsomedial skin of male Wistar rats and
examined after 7, 28 and 56 days post-implantation. Fig. 4D presents the
H&E-stained histological images of retrieved hydrogels at different days
post-surgery. Interestingly, cells were observed to make their way inside
the GelMAC-Fe hydrogel easier than GelMA-Fe due to the loser hydrogel
network of GelMAC-Fe. This was observed by higher cell infiltration in-
side GelMAC-Fe hydrogel while a dense layer of cells (indicated by black
dashed lines) was observed around GelMA-Fe at day 7 after surgery. This
is in accordance with previous studies that points out to the infiltration of
different kind of cells (i.e., leukocytes, macrophages, fibroblasts) to the
hydrogel implantation site [78–80]. On the other hand, thickness of the
dense cell layer (indicated by black dashed lines) around GelMA-Fe im-
plants decreased significantly by day 28 (Fig. 4D). Hereafter, the in vivo
biodegradation of the hydrogels was evaluated by measuring the changes
in the weight (percentage value) of the explanted samples at 7, 28, and 56
days post-implantation (Fig. 4E). For the GelMAC-Fe sealant, weight of
the explanted hydrogel was observed to increase slightly at day 7 fol-
lowed by a significant decrease at day 28 and complete elimination at
Fig. 5. In vivo hemostatic efficacy of the GelMA and GelMAC hydrogels in a rat liver
puncture and without any treatment. C) Application and photocrosslinking of the Ge
agent Surgicel®. E) A schematic depicting the application and photocrosslinking of
group in comparison to the blood mass collected on the filter paper for the injury onl
each experimental group. Data are represented as mean � SD (*p < 0.05, **p < 0.0

10
day 56. Such increase in the weight of the hydrogel could be related to
the cell infiltration inside the hydrogels and the deposition of extracel-
lular matrix (ECM) components while hydrogel network is almost intact
(Fig. 4D). Meanwhile, GelMAC-Fe also enabled cellular ingrowth and
facilitated the complete replacement of the hydrogel with autologous
tissue 28 days post-implantation (Fig. 4D). This finding is most likely
associated with the catechol mediated production of reactive oxygen
species (ROS) which accelerate the immune cell metabolism (e.g., T
Cells, Macrophages) [81–83]. Moreover, natural healing response starts
with inflammatory cell infiltration stages [84]. Therefore, catechol
groups in GelMAC-Fe improved tissue adhesiveness of hydrogel and can
facilitate tissue healing, which causes the faster resorption of the
implanted hydrogel as compared to GelMA-Fe.
3.5. In vivo hemostatic efficacy of GelMAC hemostatic sealant

In vivo hemostatic efficacy of the GelMAC hydrogel was tested and
analyzed using a rat liver bleeding model. Six experimental groups were
tested, which included four groups of bioadhesives (GelMA, GelMAC,
GelMA-Fe, and GelMAC-Fe), and two control groups (injury only as
negative control and commercially available Surgicel® as the positive
control), and four animals per experimental group were tested. Imme-
diately after creating a standardized liver wound using a 2 mm-biopsy
punch, hemostatic bioadhesives were applied to the bleeding lesion and
crosslinked for 4 min using a visible light source (Fig. 5A–E). Any blood
loss from the incision site (from the time of incision to complete coagu-
lation) was collected on a filter paper for the duration of 4 min and
weighted immediately afterward. Although after applying the prepol-
ymer solution, visible light was irradiated for 4 min to achieve maximum
crosslinking and improved mechanical properties, the prepolymer solu-
tion could immediately interact with the blood, adhere to the wound
surface, initiate clotting on the injury site, and stop bleeding after around
40 s (Video S1). This was shown in Fig. 5C, where application of GelMAC
bleeding model. A) Images of the surgical procedure. B) Liver wound site post-
lMAC hydrogels at the wound site. D) Application of the commercial hemostatic
the GelMA and GelMAC hydrogels. F) Relative bleeding amount for each study
y group. G) Representative images of the blood collected on the filter papers for
1, and ****p < 0.0001, n ¼ 4).
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prepolymer solution and in situ photocrosslinking stopped bleeding
immediately with minimal wetting of the filter paper. Meanwhile,
GelMAC-Fe and GelMA-Fe groups demonstrated 48.1 � 4.9% and 28.6 �
11.4% reduction in bleeding, respectively (Fig. 5F). The percentage of
reduction in bleeding for GelMAC and GelMA hydrogels were 41.8 �
26.6% and 36.2 � 8.3%, respectively (Fig. 5F). Interestingly, GelMAC
and GelMAC-Fe groups showed comparable reduction in bleeding with
Surgicel® (positive control), 66.3 � 7.6%. However, Surgicel® lacks
adhesive characteristics in the injury site. On the other hand, GelMAC-Fe
hemostatic sealant along with its excellent hemostatic efficacy (compa-
rable to Surgicel®), it also adhered to the tissue site and stayed intact
after 1-week post-operation.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2021.100199.

Representative images of the collected blood mass on the filter paper
are shown for each experimental group in Fig. 5G. These representative
images allowed us to further qualitatively analyze the mass of the blood
collected post-treatment, which was in agreement with our quantitative
measurements and analysis. All the hydrogel-treated experimental
groups were effectively covered and remained adhered to the original
incision sites, with no abdominal organ adhesion or prominent discol-
oration observed. The utility of low concentration of Fe3þ ions in the
formation of GelMA-Fe and GelMAC-Fe hydrogels did not demonstrate
any toxicity in vivo, which is in agreement with the in vitro and in vivo
cytotoxicity results obtained (Fig. 5A and B). Overall, our results
confirmed the excellent hemostatic activity of GelMAC-Fe hydrogels
through the synergistic effect of catechol groups and ferric ions.

4. Conclusions

In this work, we have engineered a new multifunctional hemostatic
sealant, named as GelMAC, for the sealing of internal soft tissues. Double-
crosslinked GelMAC hydrogels were synthesized based on chemically
modified gelatin molecules which contained covalently conjugated
catechol motifs and MA functionalities. While incorporation of Fe3þ ion
enhanced the mechanical properties of the resulting hydrogel, catechol
moieties facilitated the wet tissue adhesion. Adhesion strength of Gel-
MAC hydrogel was comparable with the commercial surgical sealants
and superior with respect to the commercial hemostatic sealant. Cyto-
compatibility of GelMAC hydrogel was confirmed in vitro and in vivo
using fibroblast cells and a rat subcutaneous model. Finally, hemostatic
capability of the GelMAC hydrogel was demonstrated and compared with
Surgicel®, a widely used clinical hemostat with no tissue adhesive
property. In vitro blood clotting assay showed a significantly decreased
clotting time for GelMAC compared to Surgical. During in vivo liver
bleeding test in rats, GelMAC hydrogel was observed to close the incision
rapidly and stop bleeding. This performance was comparable with Sur-
gicel®, while adhesive characteristics of the GelMAC was unaltered.
Therefore, GelMAC based hemostatic sealant can potentially be used to
control hemorrhage in soft and dynamic internal organs where the use of
sutures, staples, or wires is limited.

Future work will focus on evaluating the ability of this system to
reduce the risk of infection after traumatic injury as well as incorporating
a more physiologically relevant animal model for surgical wounds. This is
mainly because wounds are highly susceptible to microbial infection and
biofilm formation, especially in patients with impaired and dysfunctional
immune system.
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