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Injectable, Antibacterial, and Hemostatic Tissue Sealant

Hydrogels

Reihaneh Haghniaz, Hossein Montazerian, Atiya Rabbani, Avijit Baidya, Brent Usui,
Yangzhi Zhu, Maryam Tavafoghi, Fazli Wahid, Han-Jun Kim,* Amir Sheikhi,*

and Ali Khademhosseini*

Hemorrhage and bacterial infections are major hurdles in the management of
life-threatening surgical wounds. Most bioadhesives for wound closure lack
sufficient hemostatic and antibacterial properties. Furthermore, they suffer
from weak sealing efficacy, particularly for stretchable organs, such as the
lung and bladder. Accordingly, there is an unmet need for mechanically robust
hemostatic sealants with simultaneous antibacterial effects. Here, an
injectable, photocrosslinkable, and stretchable hydrogel sealant based on
gelatin methacryloyl (GelMA), supplemented with antibacterial zinc ferrite
(ZF) nanoparticles and hemostatic silicate nanoplatelets (SNs) for rapid blood
coagulation is nanoengineered. The hydrogel reduces the in vitro viability of
Staphylococcus aureus by more than 90%. The addition of SNs (2% w/v) and
ZF nanoparticles (1.5 mg mL~") to GelMA (20% w/v) improves the burst
pressure of perforated ex vivo porcine lungs by more than 40%. Such
enhancement translated to #250% improvement in the tissue sealing
capability compared with a commercial hemostatic sealant, Evicel.
Furthermore, the hydrogels reduce bleeding by ~50% in rat bleeding models.
The nanoengineered hydrogel may open new translational opportunities for
the effective sealing of complex wounds that require mechanical flexibility,
infection management, and hemostasis.

1. Introduction

Uncontrolled bleeding (i.e., hemorrhage)
and infections in surgical and traumatic
wounds are associated with prolonged and
inefficient healing, which may lead to mor-
tality and morbidity in severe cases.['?]
Rapid hemorrhage control by sealing the
lesion mitigates wound-associated compli-
cations. Conventional wound closure tech-
niques, such as suturing and stapling,
cause additional damage to soft tissues.
These methods are inefficient for bleed-
ing control, resulting in body fluid leak-
age and parenchyma necrosis.>*! Tissue-
adhesive hydrogels are promising alterna-
tives to arrest bleeding efficiently as they
promote blood coagulation upon adhesion
to the wound site.>7] To this end, nu-
merous bioadhesive hydrogels have been
explored as potential hemostatic sealants
to seal bleeding wounds, reducing surgery
time and complications. 81!

Naturally derived commercial hemostatic
sealants include fibrin,™ collagen,!?]
gelatin,["*l and cellulose-based glues.['*]
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Most natural sealants have gained interest for internal use as
a result of biodegradability.®*] Commercial fibrin glues (e.g.,
Evicel, Tisseel, and Hemaseel) attract platelets locally to the
wound.'®17] Despite their advantages, fibrin-based sealants lack
long-term tissue adhesion and are prone to transmitting blood-
borne diseases.['¥1%] Collagen is another hemostatic sealant that
triggers blood clot formation by attracting coagulation factors and
inducing thrombin secretion.’”) Gelatin, a denatured collagen
derivative, has been abundantly used as a hemostatic agent be-
cause of its biocompatibility and low cost.[!] Gelatin-based hydro-
gel sealants may control bleeding and provide a suitable environ-
ment for wound healing.[??] Floseal is an example of a commer-
cial hemostatic hydrogel sealant made up of bovine gelatin and
human thrombin.!?)] One of the drawbacks associated with this
class of bioadhesives is poor mechanical integrity and weak tis-
sue adhesion.**] Recently, photocrosslinkable gelatin methacry-
loyl (GelMA) hydrogels have been used as mechanically robust
and bioadhesive platforms.!*?’] In addition, GelMA hydrogels
are biocompatible and biodegradable, thus a suitable candidate
for internal wound sealing.[8-3!] Moreover, GelMA is favorable
for cell adhesion as a result of cell-binding motifs, such as arginyl-
glycyl-aspartic acid (RGD), which biodegrades in physiological
conditions. Accordingly, GelMA facilitates wound healing.[*?! De-
spite these advantages, GelMA does not offer significant hemo-
static and antimicrobial properties, which are essential to protect
the wound against bleeding and microbial infections.**]

A simple, cost-effective, and scalable approach to impart hemo-
static effects to hydrogels is to incorporate synthetic nanoparti-
cles, such as silicate nanoplatelets (SNs).>*%] One of the com-
mercial SNs is LAPONITE, which facilitates blood coagulation by
platelet attraction.3®) Furthermore, we have previously reported
that SN additives improve pre-gel control on double-curved tis-
sue surfaces via increasing viscosity.***”] Likewise, nanoparticle
additives have been used to impart adhesion®*-*° and antimicro-
bial properties to hydrogels.!**3*] Excessive use of antibiotics re-
sults in antimicrobial resistance, thereby alternative approaches
are required.!*?] Metal nanoparticles, such as silver, have fa-
vorable antiseptic properties; >~ however, these nanoparticles
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are costly and induce cytotoxicity depending on surface coat-
ing and concentration.*’] Comparatively, zinc-based nanoparti-
cles pose lower toxicity than silver nanoparticles at the same
concentration.[*®] We have previously synthesized zinc ferrite
(ZF) nanoparticles with the chemical formula of ZnFe,O,, using
a co-precipitation method.*”) The ZF nanoparticles (48 + 3 nm)
had antibacterial properties and wound-healing capabilities.

In this study, we will combine visible light crosslinkable
GelMA hydrogels with antibacterial ZF nanoparticles and hemo-
static SNs to develop injectable, antibacterial GelMA-SN-ZF
nanocomposite sealants for wound control. We will examine the
synergistic effects of SNs and ZF nanoparticles on the mechan-
ical strength, adhesion, bactericidal, and hemostatic properties
of GelMA hydrogels in vitro. Then, the in vivo efficacy of hydro-
gels will be investigated in rat liver bleeding and artery bleeding
models.

2. Results and Discussion

2.1. Synthesis and Chemical Characterization of Hydrogels

The proposed fabrication process of injectable GeIMA-SN-ZF hy-
drogels and their application for sealing open wounds are shown
in Figure 1a. The pre-polymer solution is prepared via mixing
GelMA, ZF nanoparticles, and SNs. In this study, we tailor the
ratio of ZF nanoparticles and SNs to optimize the mechanical
properties and bioadhesion of GeMA nanocomposite hydrogels.
This mixture is then injected in the lesion and cured by shining
visible light (450 < wavelength < 550 nm at ~#100 mW cm™ light
intensity for 4 min) to form a bioadhesive hydrogel. The hydro-
gel is engineered to promote blood coagulation and to kill bac-
teria simultaneously at the wound site. The use of visible light
for photocrosslinking circumvents biosafety concerns associated
with ultraviolet (UV) light and enables deeper light penetration
through the hydrogel.[>%

Electrostatically charged moieties enable hemostatic effects in
biomaterials.®! Inorganic disk-shaped SNs (diameter ~ 30 nm)
have negative charges on their faces and positive charges on their
edge.’®l As a result of such heterogenous charge distribution,
SNs enable dual electrostatic interactions with other charged
polymers or nanoparticles.**] The ¢-potential of GelMA, SNs,
ZF nanoparticles, and their mixtures were measured to under-
stand electrostatic interactions between the hydrogel compo-
nents (Figure 1b). SNs had a negative ¢-potential of —30 mV.
Similarly, ZF nanoparticles had a negative {-potential of -17 mV,
which is attributed to the electronegative species of ferrite com-
ponents. Mixing these negatively charged nanoparticles with
slightly positively charged GelMA decreased the value of ¢-
potential, as observed for the GelMA-SN or GelMA-ZF aggre-
gates compared with SNs or ZF nanoparticles, respectively. Note
that the values of ¢-potential are rough estimates as the aggre-
gates are irregular and/or non-spherical. Possible intermolecular
interactions of hydrogel components are illustrated in Figure 1c.
Negative charges of ZF nanoparticles and SNs interact with posi-
tively charged amino acid residues on GelMA backbone (such as
lysine). Furthermore, SN edges with positive charges electrostat-
ically bind to negatively charged ZF nanoparticles as well as SN
surfaces. In addition to electrostatic interactions, both SNs and
ZF nanoparticles may form hydrogen bonds with GelMA.
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Figure 1. Preparation and application of hemostatic antimicrobial hydrogels. a) Schematic of hydrogel preparation, which involves mixing GelMA (20%
w/v) with varying concentrations of SNs and ZF nanoparticles to provide hemostatic and antibacterial properties, respectively. The pre-gel mixture is
injected in the lesion, followed by visible light-mediated photocrosslinking to seal and disinfect bleeding wounds. b) {-potential of compounds used in
the hydrogels, measured at 0.1 mg mL~" in Milli-Q water. c) Schematic of interactions among GelMA, SNs, and ZF nanoparticles in the hydrogels.

2.2. Rheological and Mechanical Properties

Rheological characteristics of pre-gel solutions before and dur-
ing photocrosslinking should be tuned to ensure injectability
and timely solidification, respectively. Covalent network forma-
tion in hydrogels via photocrosslinking was monitored by the
real-time measurement of storage (G’) and loss (G”) moduli in
response to visible light exposure (Figure 2a). G’ was signifi-
cantly increased and surpassed G” sharply (corresponding to the
gel formation point) as photocrosslinking reaction progressed.
The results of photocrosslinking time are presented in Figure 2b.
The gel formation time for all conditions was <1 min. For fur-
ther experiments, a photocrosslinking time of 4 min was used
to obtain a strong covalent network according to the previous
optimizations.>2 The addition of SNs to GelMA hydrogels de-
creased the gel formation time, whereas the ZF effect was negli-
gible. We attribute the SN effect to the additional internal associa-
tions between SNs and GelMA*?] via hydrogen bonding and elec-
trostatic interactions. To further understand this effect, we evalu-
ated the flow of pre-gel solutions under gravity in a vial inversion
test,>*] performed at 37 °C. As shown in Figure S1 (Supporting
Information), increasing SN concentration increased the viscos-
ity of pre-gel mixtures, possibly as a result of additional noncova-
lent interactions introduced by SNs. As opposed to GelMA sam-
ples containing 30 mg mL~! of SNs, which formed physical gels
spontaneously, the hydrogels containing <20 mg mL™" of SNs
remained in the sol state and were injectable after 24 h storage
at 37 °C. Furthermore, the addition of ZF nanoparticles (1.5 mg
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mL1) to GelMA-SN hydrogels, containing 20 mg mL~! of SN,
did not affect the pre-gel flowability and injectability.

Mechanical properties of crosslinked hydrogels were evaluated
via oscillatory strain sweep tests, as shown in Figure 2c. The lin-
ear viscoelastic (LVE) region was obtained for all GeIMA-SN for-
mulations at the shear strain ranging between 0.1% and 10%.
This trend was followed by a gradual drop in G’, corresponding
to the irreversible network rupture or yield point (marked by the
arrows). Here, the addition of SNs to GelMA did not significantly
affect the yield strain. However, the incorporation of ZF nanopar-
ticles in GeIMA-SN composites increased the yield point drasti-
cally from ~10% to over ~70%. The values of G’ in the LVE re-
gion at the strain amplitude of 0.1% are presented in Figure 2d.
The G’ increases by increasing SN concentration due to the SN-
mediated noncovalent interactions. The addition of ZF nanopar-
ticles to GeIMA-SN hydrogels, however, resulted in an opposite
effect and decreased G’ by #50%, which may be attributed to the
partial radical scavenging effect of ZF nanoparticles.[*! Further-
more, cationic edges of SNs bind to anionic ZF nanoparticles,
disrupting SN-SN self-assembly. Note that GelMA and GelMA-
SN-ZF had statistically nonsignificant G”.

The effect of SNs and ZF nanoparticles on the hydrogel
mechanical properties was investigated using the tensile test.
Figure 2e shows the test setup schematically. The hydrogels were
glued onto a paper holder and mounted on tensile grippers
through the paper frames. Then, the sides of the paper frames
were cut before starting the tensile test. The tensile stress—
strain curves of hydrogels are presented in Figure 2f. The stress

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Rheological and mechanical characteristics of hydrogels, containing GelMA (20% w/v) and varying concentrations of SNs and ZF nanoparticles.
a) Photocrosslinking kinetics of hydrogels based on storage (G’) and loss (G”) moduli, measured under visible light exposure. b) Gel formation time,
defined based on the time required for G’ to surpass G”. c) Oscillatory strain sweep tests performed on the photocrosslinked hydrogels at a frequency
of 1 Hz. Arrows indicate the yield point. d) The values of G’ measured from the oscillatory strain sweep test at a strain amplitude of 0.1% and frequency
of 1 Hz. e) Schematic of the tensile test setup. f) Tensile stress—strain curves. g) Hydrogels stretchability at varying concentrations of SNs and ZF
nanoparticles. Data are presented as the mean of n = 4 + standard deviation. Statistically significant differences were stated with p-values less than 0.05
(*p < 0.05), 0.01 (**p < 0.01), 0.001 (***p < 0.001), and 0.0001 (****p < 0.0007). NS denotes nonsignificant differences.
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increased linearly up to the failure point, which corresponded to
the abrupt drop in stress. Although the tensile strength of hydro-
gels underwent a twofold improvement by adding 20 or 30 mg
mL~! of SN, the addition of ZF nanoparticles decreased the ten-
sile strength to the order of GelMA controls (Figure S2, Support-
ing Information). This result is consistent with the trends of G’,
as discussed in Figure 2d. In terms of stretchability, increasing
SN content up to 20 mg mL™! increased the elongation at break,
whereas a further increase in SN concentration had a detrimen-
tal effect on stretchability, potentially due to SN aggregation. The
addition of ZF nanoparticles to GelMA-SN hydrogels did not im-
prove hydrogel stretchability. Overall, the enhanced stretchabil-
ity of GeMA-SN-ZF hydrogels (containing 20 mg mL~! SNs and
1.5 mg mL™' ZF nanoparticles) compared with GelMA hydrogels
reduces GelMA brittleness, rendering it suitable for dynamic and
expandable organs, such as lung and bladder.

2.3. In Vitro and Ex Vivo Assessments of Sealing

Hydrogel bioadhesion was assessed through burst pressure and
wound closure tests. Figure 3a shows the burst pressure test
setup in which a pierced collagen sheet was sandwiched be-
tween two metal parts. The pre-gel mixture was pipetted on the
punctured collagen sheet and photocrosslinked to seal the punc-
tured area. The sealing strength was measured by increasing
air pressure until the sealant dislodged or ruptured. Figure 3b
presents the burst pressure of samples at varying concentrations
of SN-ZF compared with a commercial hemostatic hydrogel, Evi-
cel. The addition of SNs or ZF nanoparticles did not signifi-
cantly affect the burst pressure of GelMA, and the burst pres-
sure measured for hydrogels was at least ~3 times higher than
Evicel.

The wound sealing capacity of hydrogels was studied using the
experimental setup shown in Figure 3c. In this setup, porcine
skin tissue strips were cut in half and glued back together by the
topical application of hydrogels through in situ photocrosslink-
ing. A tensile deformation was then applied until adhesion failed.
Figure 3d compares the wound closure strength of hydrogels
with that of commercial sealants. The wound closure efficacy of
GelMA-SN hydrogels was maximized at the optimal SN concen-
tration of 20 mg mL~'. This trend was in agreement with the re-
sults of mechanical properties, as discussed in Figure 2g. Inter-
estingly, introducing ZF nanoparticles to GelMA-SN hydrogels
led to a significant improvement (23 + 10% compared with
GelMA hydrogels) in wound closure strength, possibly as a re-
sult of i) the enhanced compliance of hydrogels with tissue defor-
mations, and ii) ZF-induced noncovalent interactions, including
electrostatic and hydrogen bonding with biomacromolecules on
tissue surfaces. Notably, all the hydrogels had significantly higher
wound closure strengths than Evicel.

Ex vivo burst pressure experiments were conducted using
porcine lungs, following a procedure shown in Figure 3e. The
pressure at failure was measured and compared with the com-
mercial sealant in Figure 3f. Similar to the wound closure test re-
sults, an optimal bioadhesion among GelMA-SN hydrogels was
recorded for the samples containing 20 mg mL™' SNs in which
the addition of ZF nanoparticles led to further improvements in
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adhesion strength. The GelMA-SN-ZF hydrogels were able com-
pletely seal the fully expanded lungs without any visible air leak-
age under water. Excessive expansion of lungs resulted in the de-
tachment of GelMA-SN-ZF hydrogels with no observable cohe-
sive failure. The results of ex vivo burst pressure followed a sim-
ilar trend to wound closure tests (Figure 3d) and ex vivo porcine
bladder tissue adhesion tests (Figure S3, Supporting Informa-
tion), reiterating the synergistic roles of SNs and ZF nanopar-
ticles in bioadhesion enhancement.>¢]

2.4. Physical and Structural Properties of Hydrogels

The swelling kinetics of wet hydrogels was assessed in Dulbecco’s
phosphate-buffered saline (DPBS), as presented in Figure S4a
(Supporting Information). All hydrogels reached a maximum
swelling ratio of 20%-50% within 4 h. GelMA and GelMA-SN hy-
drogels at 10 mg mL~! SN content maintained the equilibrium
swelling while the other hydrogels underwent deswelling after
4 h. The deswelling of GeMA-SN hydrogels may be attributed to
the nanoparticle-induced ion uptake from the buffer.

The average swelling ratio of hydrogels at 4 h is plotted in
Figure S4b (Supporting Information). Overall, the swelling ra-
tio increased monotonically with the SN concentration. The ad-
dition of ZF nanoparticles to GelMA-SN samples increased the
swelling ratio to ~#50%. This effect may be explained by the lower
crosslinking density of ZF-incorporated hydrogels, which agrees
with their lower G’, as discussed above in Figure 2d. We note that
excess water uptake causes tissue compression and deteriorates
adhesion. The maximum swelling measured here (i.e., ®50%)
is suitable for tissues with a low risk of nerve and blood ves-
sel compression.’’] The degradation profile of hydrogels is pre-
sented in Figure S5a (Supporting Information). The degradation
rate increased monotonically by increasing SNs. ZF nanoparti-
cles further increased the degradation rate to ~61% after 21 d
of incubation in the collagenase solution (Figure S5b, Support-
ing Information). We attribute this enhanced degradation to the
lower crosslinking density after the incorporation of ZF nanopar-
ticles, as explained above in Figure 2d.

2.5. Antibacterial Effects

The antibacterial efficacy of ZF nanoparticles in GelMA-SN-ZF
hydrogels is investigated in Figure 4. Figure 4a demonstrates
the susceptibility of Gram-positive bacteria, Staphylococcus au-
reus (S. aureus) to GelMA-SN-ZF hydrogels after incubation for
12 h on an agar plate. No inhibitory area was formed surround-
ing GelMA-SN hydrogels (labeled 0), whereas a clear inhibition
zone was developed around GelMA-SN-ZF hydrogels. The zone
of inhibition expanded by increasing ZF concentration to 1.5 mg
mL~!, reaching tetracycline zone of inhibition (positive control,
+C). GeIMA-SN samples containing ZF nanoparticles (1.5 mg
mL™!) inhibited bacterial growth by ~91% (Figure 4b).
Antibacterial properties were investigated further via a
live/dead assay (Figure 4c,d). The amount of green fluorescence
(live bacteria) decreased by increasing the ZF content: bacterial
viability decreased to <7% by increasing the ZF concentration
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Figure 3. In vitro and ex vivo sealing capability of hydrogels, containing GelMA (20% w/v) and varying concentrations of SNs and ZF nanoparticles.
a) Experimental setup and procedures of in vitro burst pressure tests. b) Burst pressure of the hydrogels adhered to wet collagen sheets. ¢) Wound
closure experimental setup, representing i) the formation of an artificial wound in porcine skin, ii) applying a pre-gel mixture to the wound, iii) sealing
the wound via visible light photocrosslinking, iv) gripping the specimen between the instrument jaws, and v) measuring the wound closure strength.
d) Comparison of the wound closure strength of hydrogels with a commercial hemostat, Evicel. e) Ex vivo burst pressure experiments performed on
porcine lung tissues: i) porcine lungs were punctured using a biopsy punch, ii) the pre-gel mixture was applied to the incision, iii) photocrosslinked,
and iv) sealed the incision, and the lungs were expanded by injecting air. f) The pressure at the hydrogel failure point was registered as the sealant burst
pressure, which was compared with Evicel. Data are plotted as the mean of n > 4 samples + standard deviation. Statistically significant differences
were stated with p-values less than 0.05 (*p < 0.05), 0.01 (**p < 0.01), 0.001 (***p < 0.001), and 0.0001 (****p < 0.0001). NS denotes nonsignificant
differences.

to 1.5 mg mL~L. Therefore, a ZF concentration of 1.5 mg mL™!  2.6. Hemocompatibility and Hemostatic Properties

was used in our formulation. The antibacterial test against Gram-

negative bacteria, Escherichia coli (E. coli) showed ~52% zone of =~ Hemocompatibility of hydrogels was characterized by a standard
inhibition and ~71% reduction in bacterial viability (Figure Sba—  hemolysis assay to evaluate the release of hemoglobin from rup-
d, Supporting Information). tured red blood cells (RBCs).[®! Figure 5a shows the hydrogels
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Data represent average + standard deviation (n = 3). Statistically significant

differences were stated with p-values less than 0.05 (*p < 0.05), 0.01 (**p < 0.07), 0.001 (***p < 0.001), and 0.0001 (****p < 0.0001). NS denotes

nonsignificant differences.

after exposure to RBCs, followed by centrifugation. The red
color of supernatant indicates hemoglobin leakage from dam-
aged RBCs. Unlike the positive controls (PC) with a reddish su-
pernatant, the supernatant for all hydrogels was clear, similar to
the negative control (NC), indicating no significant hemolysis.
Quantification of hemolysis after the subtraction of background
color showed that the incorporation of SNs (20 mg mL™') and
ZF nanoparticles (1.5 mg mL™!) did not affect hemolytic activ-
ity significantly (Figure 5b). All conditions resulted in <0.5%
hemolysis, which is below the acceptable hemolysis threshold
(ie., 59%).[495]

To evaluate the hemostatic properties of hydrogels, a clot-
ting time assay was conducted to monitor clot formation over
time (Figure 5c). Blood coagulation was accelerated with in-
creasing SN content, which is attributed to the charge-induced
blood coagulation.[*®] Likewise, the addition of ZF nanoparticles
(1.5 mg mL™") to the GelMA mixtures led to hemostatic effects.
The blood clots after treatment with GelMA-SN-ZF hydrogels
were larger and thicker than those formed by pure GelMA hy-
drogel (Figure 5d). The blood coagulation time was characterized
in Figure 5e. No statistically significant difference was found be-
tween clotting time in GelMA and controls (nontreated blood).
However, the incorporation of SNs in GelMA significantly re-
duced the clot formation time from 12.3 min (for pure GelMA) to
10.6, 9.3, and 8.3 min for 10-0, 20-0, and 30-0 mg mL~" hydrogels,
respectively. Since the clotting time for 20-0 and 30-0 hydrogels
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were in the same order, we used 20 mg mL~! of SNs in subse-
quent characterizations.

The hemostatic effect of ZF nanoparticles was evaluated in SN-
free GelMA hydrogels. As seen in Figure 5e, the addition of ZF
nanoparticles (see sample 0-1.5) reduced clotting time from ~12
to ~#10 min. The hemostatic effect of ZF nanoparticles may be
attributed to the release of Zn?*, which promotes platelet aggre-
gation, triggering blood coagulation.¥] Note that although ZF
nanoparticles have a hemostatic effect in GelMA, this effect was
negligible in GelMA-SN hydrogels, which may be attributed to i)
low ZF nanoparticle concentration compared with SNs, and ii)
attraction of Zn?* to negatively charged SNs. GelMA-SN-ZF hy-
drogels reduced the clotting time most significantly (i.e., 40%),
which was on the order of a commercial hemostat, Surgicel.
In addition, the hemostatic efficacy of hydrogels was evaluated
spectroscopically. UV-visible absorbance of samples was mea-
sured at 10 min clotting time to quantify the coagulation process
(Figure 5f).[%!] Here, the lowest absorbance value was measured
for GelMA-SN-ZF hydrogels, followed by GeIMA-SN hydrogels
at SN concentrations of 30 and 20 mg mL~!, respectively. The
absorbance was comparable with Surgicel and far below the un-
treated blood control, suggesting significant hemostatic effects in
GelMA-SN-ZF hydrogels.

We further investigated the blood clot morphology formed on
the surface of hydrogels. A thick platelet-rich blood clot layer was
formed on the hydrogel surfaces (shown by an arrow in Figure
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Figure 5. Hemocompatibility and hemostatic properties of hydrogels, containing GelMA (20% w/v) and varying concentrations of SNs and ZF nanopar-
ticles. a) In vitro evaluation of human blood hemolysis upon exposure to hydrogels containing SNs (20 mg mL~") and ZF nanoparticles (1.5 mg mL™")
for ~3.5 h. b) Hemolysis ratio, quantified based on the hemoglobin amount released in the supernatant using the cyanmethemoglobin method. NC
denotes negative control (i.e., polyethylene glycol, PEG), and PC is the positive control (i.e., Triton X-100). c) Time-dependent clot formation at varying
concentrations of SN-ZF compared with untreated blood (control) and the commercial hemostat (Surgicel). d) Images of blood clots formed 10 min
after contact with a GelMA hydrogel (20% w/v), and the same GelMA hydrogel containing SN (20 mg mL~") and ZF (1.5 mg mL™"). e) Clot formation
time. f) Absorbance (at 405 nm) of diluted blood supernatant after 10 min exposure to the hemostatic hydrogels. Data are plotted as the mean values
of n > 3 samples + standard deviation. Statistically significant differences were stated with p-values less than 0.05 (*p < 0.05), 0.01 (**p < 0.01), 0.001
(***p < 0.007), and 0.0001 (****p < 0.0001). NS denotes nonsignificant differences.

S7a, Supporting Information). Aggregations of RBCs were ob-
served within the hydrogel pores (Figure S7b, Supporting Infor-
mation). Furthermore, the activated platelets forming filopodia
structures (yellow arrows in Figure S7c, Supporting Information)
were observed, which were attached to the fibrin filaments (red
arrows in Figure S7c, Supporting Information).
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2.7. In Vitro Biocompatibility and In Vivo Systemic Toxicity
Evaluation

We have previously demonstrated the biocompatibility of ZF
nanoparticles with fibroblast cells,[*! thus here we evaluate the

biocompatibility of ZF nanoparticles in combination with SNs
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after incorporation in GelMA hydrogels. To evaluate the in vitro
biocompatibility of GeIMA-SN-ZF hydrogels, NIH/3T3 fibroblast
cells grown on the surface of hydrogels were assessed using the
live/dead and PrestoBlue assays (see Figure S8, Supporting Infor-
mation). The results showed that both GelMA-SN and GelMA-
SN-ZF hydrogels supported the proliferation and spreading of
metabolically active cells. As presented in Figure S8a (Support-
ing Information), there was no significant difference in green
fluorescence (indicating live cells) among GelMA-SN, GelMA-
SN-ZF, and GelMA controls over 7 d of culture: all conditions
yielded cell viability > 90% (Figure S8b, Supporting Informa-
tion), suggesting that the integration of SNs and ZF nanoparti-
cles in GelMA had no significant effect on cell viability. In addi-
tion, the metabolic activity of cells significantly increased from
day 1 to day 7 after cell seeding on the hydrogels without any
significant difference among the tested conditions (Figure S8c,
Supporting Information).

We assessed the systemic toxicity of the hydrogels in vivo us-
ing rat models. During the survival period (four weeks) of experi-
mental groups, no nonspecific toxic reactions such as weightloss,
death, or fever - were observed. Figure S9 (Supporting Informa-
tion) shows the histopathological analyses of main organs (heart,
lung, kidney, liver, and spleen) at four weeks after implantation.
Microscopic analyses after staining with hematoxylin and eosin
(H&E) showed no significant inflammatory or toxic reactions to
the degradation products of hydrogels. Thus, the hydrogels are
biocompatible and suitable for in vivo applications.

2.8. In Vivo Hemostatic Efficacy of Sealants

We assessed the in vivo sealing performance of engineered
GelMA-SN-ZF hydrogels at the optimum composition (i.e., at SN
and ZF concentrations of 20 and 1.5 mg mL™, respectively) us-
ing liver and arterial (aortic) bleeding rat models. As shown in
Figure 6a, a standard liver hemorrhage model was developed by
puncturing a median lobe of rat liver with a biopsy punch (4 mm)
and applying the pre-gel sealant on the incision, followed by im-
mediate photocrosslinking. To investigate the hemostatic efficacy
of hydrogel, the amount of bleeding absorbed by a filter paper
was measured immediately after the bleeding stopped. As seen
in Figure 6b,c, in the no treatment injury group, the amount of
bleeding was significantly higher than other conditions. Treat-
ment of bleeding using GelMA hydrogels did not result in any
significant difference from the untreated group. GelMA-SN-ZF
hydrogels, however, led to a more efficient wound sealing than
GelMA and untreated controls. Hemostatic efficacy of GelMA-
SN-ZF hydrogels was on the order of commercial hemostat, Evi-
cel. Both GelMA-SN-ZF hydrogels and Evicel reduced bleeding
by more than ~50%.

We further evaluated the hemostatic efficacy of hydrogels in an
arterial (aorta) bleeding model. Figure 6d shows the artery perfo-
ration and sealing procedure. In the no-treatment injury group,
the perforation of infrarenal aorta resulted in continuous bleed-
ing until the animal was sacrificed, whereas the application of
GelMA-SN-ZF hydrogels enabled the sealing of artery and com-
plete prevention of bleeding. The commercial hemostat, Evicel
did not stop aorta bleeding and was washed away under blood
pressure due to the lack of adhesion. These results suggest that
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GelMA-SN-ZF hydrogels seal parenchymal bleeding in tissues
such as the liver and also withstand blood pressures of abdominal
aorta. Future work should investigate the tissue regenerative ca-
pability and immunoactivity of hydrogels. In addition, the perfor-
mance of sealants in larger animals should be studied for clinical
translation.

3. Conclusions

Injectable hydrogels are growing rapidly to replace conventional
wound closure techniques, such as suturing and stapling. There-
fore, biocompatible tissue adhesive hydrogels with hemostatic
and antibacterial properties are in high demand, particularly in
patients with wound healing disorders. In this study, a naturally
derived GelMA-based hydrogel containing SNs and ZF nanopar-
ticles with bioadhesion, hemostatic, and antibacterial proper-
ties was developed for sutureless wound closure applications.
The hydrogel formulation was engineered to maximize adhe-
sion, hemostasis, and antibacterial efficacy using the lowest pos-
sible concentration of nanoparticle additives. The SN additives
enabled rapid blood coagulation (up to ~40% faster coagula-
tion time in vitro and >50% less bleeding in vivo). Furthermore,
the hydrogels had significant improvements in bactericidal prop-
erties against some Gram-negative and Gram-positive strains.
The GeIMA-SN-ZF were biocompatible, promoted cell growth in
vitro, and did not cause systemic toxicity in rats. Furthermore, the
addition of SNs and ZF nanoparticles improved hydrogel tissue
adhesion. This work shows that GeIMA-SN-ZF hydrogels are a
promising candidate for sealing complex wounds.

4. Experimental Section

Materials:  Zinc chloride, oleic acid, iron (lll) chloride hexahydrate,
tetracycline hydrochloride, calcium chloride (0.1 m), sodium hydroxide,
porcine skin gelatin type A (300 g bloom strength), N-vinylcaprolactam
(VC, >98% purity), triethanolamine (TEA, >99% purity), eosin Y, Triton X-
100, polyethylene glycol (PEG, Mn = 400), methacrylic anhydride (MA,
>90% purity), pure human hemoglobin, and Drabkin’s solution were sup-
plied by Sigma-Aldrich (MO, USA). Different sizes of biopsy punches
were procured from Integra Miltex (NJ, USA). LAPONITE XLG-XR with
low heavy metal content was bought from BYK Additives & Instruments
(MO, USA). Evicel fibrin sealant by Ethicon was obtained from DOTmed
(NY, USA). Ultrapure Milli-Q water was purchased from Millipore (MA,
USA). Neutral buffered formalin (NBF, 10% v/v) and hematoxylin were
purchased from Leica Biosystems, IL, USA. Isoflurane was procured by
Piramal (PA, USA). Collagen sheets (collagen sausage casing, 33 mm)
were supplied by Weston (NC, USA). S. aureus, 25923, E. coli, 25922, and
murine fibroblast cells (NIH/3T3) were supplied by ATCC (VA, USA). Spec-
trum dialysis tubing with molecular weight cutoff (MWCO) of 12-14 kDa,
Surgicel by Ethicon, Sylgard 184 silicone elastomer kit for fabrication of
polydimethylsiloxane (PDMS) mold, carprofen, enrofloxacin, Bacto tryptic
soy broth (TSB), tryptic soy agar (TSA), ethanol, paraformaldehyde (PFA,
4% v/v), normal saline (0.9% w/v), PrestoBlue cell viability reagent, and
both the cell as well as bacterial LIVE/DEAD viability/cytotoxicity kits were
bought from Fisher Scientific (PA, USA). All the supplies for maintaining
and passaging the cells, all the cell culture supplies such as media, serum,
antibiotic, trypsin-EDTA 0.25%, 1x), and DPBS (1x) were bought from
Gibco (NY, USA).

Preparation of ZF Nanoparticles: ZF nanoparticles with the chemical
formula of ZnFe, O, were prepared following a co-precipitation method
as explained previously.[*°] Briefly, an aqueous solution of iron (I11) chlo-
ride (FeCl;) and zinc chloride (ZnCl,) was made at a Zn/Fe molar ratio of
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Figure 6. Hemostatic efficacy of hydrogels in rat liver and artery bleeding models. a) Application of engineered GelMA-SN-ZF hydrogels, containing
GelMA (20% w/v), SNs (20 mg mL™"), and ZF nanoparticles (1.5 mg mL™") to prevent hemorrhage in a rat liver hemorrhage model. b) Snapshots
of blood uptake by filter papers in different experimental groups. c) The relative amount of bleeding following treatment with GelMA-SN-ZF sealants
as compared with the untreated injury group and commercial hemostat, Evicel. d) Sealing arterial bleeding using the GelMA-SN-ZF sealants. In the
no treatment injury experiment, the arterial puncture resulted in fatal bleeding, whereas the hydrogel sealants effectively prevented the post-puncture
bleeding. Data are shown for n = 6 animals per group. Statistically significant differences were stated with p-values less than 0.05 (*p < 0.05), 0.01 (**p
< 0.01), 0.001 (***p < 0.001), and 0.0001 (****p < 0.0001). NS denotes nonsignificant differences.

1:2. Oleic acid, as a surfactant, was added dropwise to the solution (2-3
droplets in 75 mL of the solution). Thereafter, 3 mol L™! sodium hydrox-
ide as a precipitating agent was incorporated into the metal solution in a
dropwise manner under continuous shaking until the desired pH (>12)
was attained. The reaction was continued for ~2 h at 80 °C, followed by
centrifugation (6000 rpm, 5 min, at room temperature, Fisher Scientific,
PA, USA) to collect the precipitates. The resultant precipitates were rinsed
repeatedly with Milli-Q water and ethanol (70% v/v), and heated up to
80 °C to dry, followed by annealing at 500 °C to yield fine powders.[6?]

Adv. Healthcare Mater. 2023, 12, 2301551 2301551 (10 of 14)

Synthesis of GelMA: GelMA was prepared following protocols ex-
plained in our previously published studies.[6*%4] Briefly, gelatin from
porcine skin (10% w/v) was thoroughly dissolved in DPBS (100 mL) un-
der continuous stirring (240 rpm) at 50 °C. MA (8% v/v) was added
to the mixture and stirred in dark for ~2 h while maintaining the
temperature at 50 °C. Equal volumes of DPBS were added to the re-
actants to halt the reaction. Subsequently, the solution was dialyzed
against Milli-Q water for one week using 12-14 kD dialysis tubing, and
freeze-dried (Labconco, MO, USA) for 5-7 d until thoroughly dried.
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The dried foams were then stored in moist-free condition at room
temperature.

Synthesis of Hydrogels: Initially, a stock solution of concentrated
GelMA was produced by dissolving the freeze-dried GelMA (40% w/v)
in Milli-Q water, containing a double concentration of VC co-monomers
(2% w/v), TEA co-initiators (3% w/v), and eosin Y initiators (0.2 x 1073
M). The mixture was kept at 80 °C in dark for ~15 min until GelMA was
dissolved thoroughly. The solution was then maintained at 37 °C until pho-
tocrosslinking. To synthesize GelMA-SN mixtures, the stocks of SN disper-
sion at varying concentrations (0, 20, 40, or 60 mg mL™") were made in
Milli-Q water using a SpeedMixer (3000 rpm, 5 min, FlackTek, Germany),
and mixed with an equal volume of the GelMA stock (40% w/v) to yield
the mixture with the final SN concentration of 0, 10, 20, or 30 mg mL™"
and 20% w/v GelMA. To prepare GelMA-SN-ZF mixture, the concentra-
tions of GelMA and SNs were kept constant at 20% w/v, and 20 mg mL~",
respectively, while the final concentration of ZF nanoparticles varied (0.1,
0.5,0.75, and 1.5 mg mL™"), followed by the similar mixing procedure ex-
plained for the synthesis of GelMA-SN.

To form hydrogels, 200 pL of the pre-gel mixtures were pipetted into
disk-shaped PDMS molds (0.8 cm diameter, 0.2 cm height) and cova-
lently crosslinked by visible light irradiation (wavelength of 450-550 nm)
for 4 min at an intensity of ~100 m\W cm~2 using a Focal Seal Xenon Light
Source (LS1000, Genzyme Corporation, Cambridge, MA).

{-Potential Measurement:  ¢-potentials of GelMA, SNs, ZF nanoparti-
cles, and their mixtures were determined in Milli-Q water using a Malvern
panalytical Zetasizer (Nano ZS, WR, UK) supplied with a laser (wavelength
= 633 nm). The samples were prepared by vigorous mixing using the
speed mixer (3500 rpm, 10 min). All the samples were diluted to the con-
centration of 0.1 mg mL~" and transferred to the folded capillary cell for
measurement. All the measurements were performed in triplicates and 12
counts at room temperature with an equilibration time of 60 s.

Rheological Characterization: An MCR 302 series of Anton Paar’s mod-
ular compact rheometer (Graz, Austria) attached to a parallel stainless-
steel sandblasted plate (PP08/S, diameter = 8 mm) was used to analyze
the rheological properties. To characterize sol-gel behavior of the sam-
ples, hydrogel precursor mixtures (100 pL) were heated to 37 °C. Visible
light was continuously exposed to the samples from underneath using a
custom-made fixture. All the measurements were conducted at 1 mm gap
size where G’ and G” were assessed as a function of time at the constant
strain of 1% and the frequency of 1Hz.

For oscillatory strain sweep tests, hydrogels were soaked in DPBS for
~8 h to attain equilibrium swelling. The swollen hydrogels were cut into
8 mm diameter disks by a biopsy punch. Oscillatory strains were applied
to the samples while G’ and G” were measured at varying oscillatory shear
strains over 0.1%-1000%. All measurements were conducted at room
temperature with a solvent trap installed on the rheometer to minimize
solvent evaporation. The yield point was identified as the intersection of
linear fits to data at intervals of 10%-30% and 70%—-90% of the oscillatory
strain span.

Mechanical Characterization: A mechanical testing equipment (In-
stron 5943, MA, USA) attached to a 100 N load cell was used to char-
acterize mechanical properties of the hydrogels. The data were recorded
using Bluehill software (version 3, USA). Tensile tests were conducted on
the crosslinked GelMA-SN and GelMA-SN-ZF hydrogels by pipetting the
pre-gel mixes (2200 pL) onto rectangular PDMS molds (2 cm X 0.5 cm X
0.1 cm), followed by photocrosslinking. The cured hydrogels were soaked
in DPBS to reach equilibrium swelling. The stress-strain measurements
were performed at a steady displacement rate of 4 mm min~. The slope
of linear stress-strain curves at 10% of strain at break was assigned to elas-
tic modulus. Tensile strength was measured based on the maximal stress
at the break point.

In Vitro Burst Pressure Assessment: The hydrogel burst pressure
was determined following ASTM F2392-04 procedure with minor
modifications.[%°] In brief, collagen sheets were cut into disks of ~3 cm di-
ameter and soaked in DPBS for Th. The sheets were punctured at their cen-
ter using a 3 mm biopsy punch and clamped in a custom-designed burst
pressure device. Subsequently, 40 uL of the pre-gel was spread over the
punctured area and was photocrosslinked. The device was then attached
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to a pressure sensor (Pasco Scientific, CA, USA), and air was pumped into
the device by a peristaltic pump (BT100-1I, Longer Pump, NJ, USA) at a
flow rate of 20 mL min~". Pressure versus time was continuously recorded
by the SPARKvue software (version 3.2.1.3, Pasco Scientific, CA, USA). The
maximal pressure at the burst point was used to define the burst pressure.

Ex Vivo Wound Closure Experiment:  The adhesion strength of hydrogels
to tissues was evaluated using porcine skin following the ASTM F2458-
05 standard procedure with slight modifications.[®¢] Fresh porcine skin
(2 mm thickness) was purchased from a local butcher shop and was cut
into rectangular-shaped pieces of 4 cm x 0.5 cm. The pre-gel mixtures
were injected on top of head-to-head contacted skin cuts, followed by pho-
tocrosslinking. Subsequently, a tensile displacement was applied to the
specimen at a rate of 4 mm min~'. The stress at which the sealant failed
was reported as wound closure strength.

Ex Vivo Burst Pressure Test: The adhesion of hydrogels to tissues was
evaluated by a burst pressure test according to the protocols published
in our previous studies.’®67] Freshly excised porcine lungs and blad-
ders were purchased from Sierra for Medical Science (CA, USA). Prior
to the test, the tissues were examined for defects and leakage. The tis-
sues were punctured using a biopsy punch (diameter = 3 mm). Pre-
gel mixtures (200 uL) were administered on the incision site and were
photocrosslinked. Finally, the lungs were filled with air until the sealants
failed. The maximum pressure corresponding to the failure point was
recorded using a pressure sensor (Pasco Scientific, CA, USA) controlled
by SPARKvue software.

A similar process was followed to test the burst pressure of porcine
bladder tissues. For this purpose, the bladders were punctured using a
3 mm biopsy punch, pre-gel mixtures (200 pL) were pipetted on the inci-
sion and photocrosslinked as described before. Subsequently, water was
pumped into the bladder at 20 mL min~', and pressure was monitored
continuously. The pressure at the failure point was recorded as the burst
pressure.

Scanning Electron Microscopy: Freeze-dried samples were fixed on
scanning electron microscopy (SEM) stubs using conductive carbon
tapes. The specimens were rinsed with saline and fixed in PFA (4% in
DPBS) for 20 min, followed by dehydration using multiple cycles of ethanol
rinsing and freeze-drying. The samples were coated with iridium (44 A
thickness) using a sputter coater (South Bay Technology, USA). Supra 40
VP (Zeiss, Germany) SEM was used to capture images at an accelerating
voltage of 12 kV.

In Vitro Swelling and Degradation Tests:  Swelling tests were performed
to determine the water uptake and stability of hydrogels in physiological
conditions. To prepare the hydrogels, 200 pL of the pre-gel mixtures were
pipetted into the PDMS molds (1 cm diameter, 0.2 cm height) and were
photocrosslinked. The initial weight of hydrogels was recorded (W;). The
samples were transferred to a 12-well plate containing DPBS (3 mL) and
stored at 37 °C. At each time point, the hydrogels were weighed (W,,), and
the swelling ratio was determined based on Equation (1)
Swelling ratio (%) =[(W,,—W;) /W;] X100 W)

For the degradation tests, the initial weight of freeze-dried samples was
recorded (W,). Then, the samples were transferred to a 12-well plate con-
taining 3 mL of freshly prepared collagenase type Il enzyme (2.5 U mL™!
in DPBS), followed by incubating at 37 °C. At the different time points, the
hydrogels were washed with distilled water, dried using a freeze-dryer, and
weighed (W;). The enzyme solution was changed twice a week to maintain
enzymatic activity. The degradation rate was calculated using the below
Equation (2)

Degradation rate (%) =[(Wyq—W,) /W4] X100 (2)

Zone of Inhibition Test: A lyophilized pellet of E. coli or S. aureus was
suspended in 1 mL of TSB and incubated in a shaking incubator (200 rpm,
Barnstead MaxQ 4000-7, Cambridge Scientific, MA, USA) overnight at
37 °C. ZF nanoparticles at different concentrations were incorporated in
GelMA hydrogels containing 20 mg mL™! SNs. Photocrosslinked hydro-
gels were sterilized under UV irradiation (wavelength =250 nm) for at least
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1h prior to the experiment. Subsequently, 100 pL of the bacterial inoculum
(=108 CFU mL~") was evenly spread on a sterile TSA, and hydrogels were
placed on TSA. As a positive control, 20 uL of tetracycline solution (500 pg
mL~" in Mill-Q water) was pipetted onto a filter paper and exposed to the
bacteria on an agar plate. The plates were incubated at 37 °C for 12 h. Fur-
ther, the clear zone around each sample was measured and normalized
by the zone around positive control to calculate the percent (%) zone of
inhibition.

Bacterial Viability Assays: Hydrogels were prepared by dispensing the
pre-gel mixture (100 pL) to a 96-well plate, by photocrosslinking. The hy-
drogels were thoroughly washed with DPBS followed by TSB to remove
non-crosslinked moieties and subsequently sterilized by UV irradiation for
~1 h. A single colony of each strain of bacteria was suspended in 1 mL of
TSB and optical density at 600 nm (ODggq nm) Was adjusted to ~108 CFU
mL~" by the addition of TSB. Finally, 100 uL of the bacteria suspension
was added to the hydrogel surfaces in each well. Empty wells served as
controls. The plates were incubated at 37 °C overnight. Then, ODgy0 1m
of bacteria suspension on each hydrogel was measured. Bacterial viability
was measured via Equation (3)

Bacterial viability (%) = (ODggpmof A — ODgognm Of B)

%100/ (ODgypum ©f € — ODgpgnmof D) (3)

where Ais hydrogel + TSB + Bacteria, B is hydrogel + TSB without bacteria,
Cis TSB + Bacteria without hydrogel, and D is TSB without bacteria.

Bacterial live/dead assay was performed following the procedure be-
low. The hydrogels photocrosslinked in a 96-well plate were washed with
DPBS and TSB. The bacteria of each strain (150 L, ~10® CFU mL~") were
added to wells and incubated in a shaking incubator (200 rpm) for ~8 h
at 37 °C. The supernatant of each well was transferred to a separate Ep-
pendorf tube and centrifuged at 12 000 rpm for 1 min. The pellets were
rinsed with DPBS and resuspended in 500 uL DPBS. SYTO 9 (green flu-
orescence) and propidium iodide (red fluorescence) were added to the
bacteria suspension at concentrations of 3 and 15 x 1076 m, respectively,
and incubated in dark for 15 min at 37 °C. A small volume of the mix-
ture (~5 pL) was added to a glass slide, shielded by a cover glass, and
imaged by a fluorescence microscope (Axio Observer 5, Zeiss, Germany)
excitation/emission of 490/520 nm for SYTO 9 and excitation/emission of
490/635 nm for propidium iodide.

Hemocompatibility Assay:  To evaluate hemocompatibility of the hydro-
gels, a hemolysis assay was performed according to the standard protocol,
ASTM E2524-08.8] Heparinized whole blood from healthy human donors
was supplied by Zenbio (NC, USA). Prior to the assay, a standard curve was
obtained using varying concentrations of pure human hemoglobin (0.025—
18 mg L™1). Blood (20 uL) was mixed with Drabkin’s reagent (5 mL) and
absorbance was read at 540 nm using a UV-vis spectrometer, Synergy mi-
croplate reader (BioTek, VT, USA), to measure hemoglobin content in the
blood. The concentration of the hemoglobin was then adjusted to 10 +
2 mg L~" by diluting the blood with DPBS. Subsequently, hydrogels were
prepared as explained earlier and placed in Eppendorf tubes containing
900 pL of diluted blood (ratio 1:8 in DPBS). PEG (4.4% v/v in DPBS) and
triton X-100 (1% v/v in DPBS) were also added to the diluted blood as neg-
ative and positive controls, respectively. The samples were then incubated
in water bath shaker (Fisher Scientific) for 3 h + 15 min at 37 °C. Subse-
quently, the samples were centrifuged at 14 000 rpm for 15 min. 100 pL
of the supernatant was added to a 96-well plate containing an equivalent
amount of Drabkin’s reagent. The plate was shaken (100 rpm, room tem-
perature) for ~15 min in dark. Then, the absorbance at 540 nm was mea-
sured against the blank reagent. The concentration of cell-free hemoglobin
in each sample was calculated based on the standard curve. Ultimately,
hemolysis (%) was measured using Equation (4)

Hemolysis (%) = 100 x sample’s hemoglobin concentration

/total blood hemoglobin (~ 10 mg L") (4)
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In Vitro Blood Clotting Test: Whole human blood with sodium citrate
(~3.8% w/v) anticoagulant was purchased from Zenbio (NC, USA) and
used in the experiments following an approved protocol by the Institu-
tional Review Board. The collected blood was used in the experiment
within 24 h of withdrawal.

For the clotting test, the pre-gel mixture (200 uL) was photocrosslinked
in a 48 well-plate. To start clotting, calcium chloride (0.1 M) was mixed
with the blood at a ratio of 1:9 and shaken for 10 s. The blood was then
pipetted (200 uL) onto each hydrogel sample or into the empty wells as
a control. At each time point, the wells were gently washed with saline
repeatedly, until soluble blood thoroughly washed away and only the clots
were left behind. The time point at which a uniform clot was formed in the
wells was registered as a clotting time.

To compare the extent of clot formation by different types of hydrogels,
10 mL of Milli-Q water was added to the clot at 10 min of clotting time and
the solution was centrifuged (100 g, 30 s). Eventually, the absorbance of
the supernatant at 405 nm was measured using a microplate reader. The
lower value of absorbance was correlated with the greater extent of clot
formation.

Biocompatibility Assay: The biocompatibility of hydrogels was deter-
mined by culturing NIH/3T3 murine fibroblast cells on the surface of the
UV-sterilized crosslinked hydrogels in a 24-well plate. For this purpose,
the cells (with confluency of >90%) were trypsinized with 0.25% trypsin-
EDTA and counted using an automated cell counter (Countless 3, Thermo
Fisher Scientific, USA). The cell suspension was prepared in DMEM, sup-
plemented with fetal bovine serum (10% v/v) and penicillin-streptomycin
(1% v/v of 10000 U mL~"), and seeded on the surface of the hydrogels at a
cell density of 5000 per well, followed by incubation at 37 °Cin a humidified
(~95% humidity) CO, (5%) incubator (Forma incubators, ThermoFisher
Scientific, USA). To evaluate cells’ metabolic activity and proliferation, Pre-
soBlue cell viability assay was conducted after 1, 3, and 7 d of culture.
The medium was aspirated from the wells, 100 uL of PresoBlue reagent in
900 pL of the complete medium was added to each well and incubated for
~1.5 hin dark at 37 °C. Subsequently, the supernatant (100 uL) from each
well was transferred to a 96-well plate and the fluorescence was read at
the excitation of 530 nm and emission of 590 nm by the plate reader. The
hydrogels were thoroughly washed with DPBS and the cells attached to the
surface of the hydrogels were stained with LIVE/DEAD viability/cytotoxicity
kit on day 7 of culture. The live/dead staining solution was prepared by
the mixture of ethidium homodimer-1 (red fluorescence dye, 20 uL) and
calcein-AM (green fluorescence dye, 5 uL) in 10 mL of DPBS. This reagent
(500 uL) was added to each well and incubated at dark for 15 min in the
incubator. Fluorescence images were obtained and were used to quantify
cell viability (i.e., the number of live cells divided by total cells) using Im-
age] software.

In Vivo Systemic Toxicity Evaluation: All animal trials were approved
by the Lundquist Institute (#22590/91-02) Animal Care and Use Commit-
tee. The animal experiments were executed aligned with approved guide-
lines. Sprague-Dawley male rats (seven weeks old, weight range of 250—
300 g) were purchased from Charles River Laboratories (CA, USA) and
housed at a licensed animal facility. In the biocompatibility assessment
study, rats were anesthetized with inhalable anesthesia using isoflurane
(1.5% in 100% O,). The dorsal side (incision line) was shaved and dis-
infected with iodophor (0.2% w/v) and 70% v/v ethanol. A longitudinal
incision of 2 cm was created on the posterior dorsal skin, and two subcu-
taneous pockets were created on either side of the incision where a hydro-
gel disc (8 mm diameter, 2 mm thickness) was implanted in each pocket
(n = 4 per animal). Implanted hydrogels were UV sterilized for 1 h (254
nm wavelength) before implantation. Post implantation, the incision was
closed using surgical staples.

To analyze the systemic toxicological response to the hydrogel, animals
were euthanized by CO, inhalation at four weeks post-implantation. Vital
organs (liver, heart, lung, spleen, and kidney) were immediately harvested
and fixed in 10% v/v NBF. Fixed organs were trimmed and processed
using standard methods and embedded in paraffin. Paraffin-embedded
tissues were cut into 7 um thick sections and stained with H&E. Histol-
ogy images were acquired using a Keyence (BZ-X710, IL, USA) inverted
microscope.
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In Vivo Liver and Artery Bleeding Models: ~ All animal experiments were
approved by the Lundquist Institute (#22590/91-02) Animal Care and Use
Committee. In vivo bleeding models were conducted on twenty-seven-
week-old, male Sprague Dawley rats. Similar to the systemic toxicity eval-
uation study, under inhalation anesthesia, the ventral side of the hair was
clipped and disinfected. For the liver bleeding model, a 1-2 cm incision
was made under the ribcage to access the liver. The excess blood at the in-
cision site was absorbed using sterilized gauze. A filter paper was placed
surrounding the liver lobe. The liver was then punctured using a biopsy
punch (4 mm) and the sterilized pre-gel mixtures (200 pL) were pipetted
onto the puncture site, followed photocrosslinking. After that, the bleeding
was stopped, and the weight of the blood absorbed to the filter paper was
measured.

For the artery (aortic) bleeding model, 27-week-old, male Sprague Daw-
ley rats were used. As described above, all surgical operations were per-
formed under inhalational anesthesia. After median laparotomy, a retrac-
tor was placed, and the intestine was gently lateralized to access the in-
frarenal aorta. Then, the curved forceps were placed under the infra-aorta
and caudal vena cava and lifted to block the blood flow from the proximal
side. A standardized aortic puncture was set with a 25G needle. Immedi-
ately after needle puncture, the pre-gel sealant (100 uL) was applied and
photocrosslinked to adhere to the tissue and seal the wound. Finally, after
removing the curved forceps, the incisions were checked for bleeding.

Statistical Analyses:  All the in vitro tests were conducted in quadru-
plicates unless noted otherwise. The statistical analyses were carried out
using GraphPad Prism version 9.0 (La Jolla, USA). The one-way analysis of
variance (ANOVA), followed by Tukey's post-hoc test for multiple compar-
isons was used in all the experiments except the cytocompatibility Presto-
Blue assay, wherein the two-way ANOVA was performed. Statistically sig-
nificant differences were stated with p-values less than 0.05 (*p < 0.05),
0.01 (**p < 0.01), 0.001 (***p < 0.001), and 0.0001 (****p < 0.0001).
Nonsignificant differences are noted as NS.
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