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B I O M AT E R I A L S

Rapid closure and hemostasis of ruptured soft tissues 
using a modified human tropoelastin-based sealant in 
preclinical models
Mahsa Ghovvati1,2†, Saumya Jain1†, George Z. Cheng3, Naoki Kaneko2, Joshua A. Boys4,  
Taichiro Imahori2, Tess De Maeseneer1, Reihaneh Haghniaz5, Robert B. Cameron6,7,  
Anthony S. Weiss8,9,10, Nasim Annabi1,11*

Treatment of injuries to soft elastic organs is often hindered by challenging anatomical features and limitations of 
existing sealant materials, which may lack adequate tissue adhesion, elasticity, biocompatibility, and effective 
hemostatic properties. To address these clinical challenges, we developed an injectable elastic sealant formulated 
with methacryloyl-modified human recombinant tropoelastin (MeTro) and Laponite silicate nanoplatelets (SNs). 
We optimized the hydrogel formulation for mechanical properties, adhesion, biocompatibility, and hemostatic 
properties and used visible light for cross-linking to improve safety. MeTro/SN hydrogels had increased tissue 
adhesion strength and burst pressure in vitro and ex vivo compared with MeTro alone or commercial sealants. The 
addition of SNs to the hydrogels facilitated faster blood clotting in vitro without increasing hemolysis. Applied to 
incisional injuries on rat lungs or aortas, MeTro/SN had burst pressures comparable to those of native tissue and 
greater than those of MeTro after a 7-day in vivo application. On porcine lungs, MeTro/SN also supported effective 
lung sealing and burst pressure similar to native lung 14 days after injury sealing. In a rodent tail hemostasis 
model, MeTro/SN reduced bleeding compared with MeTro. In an injured porcine lung model, early hemostasis was 
better than the tested commercial sealants. The results demonstrated that MeTro/SN provided effective tissue 
sealing and promoted hemostasis in a time frame that minimized blood loss without causing a major inflamma-
tory response. These findings highlight the translational potential of our engineered sealant with biomimetic me-
chanics, durable tissue adhesion, and rapid hemostasis as a multipronged approach for the sealing and repair of 
traumatic injuries to soft organs.

INTRODUCTION
Traditional methods of surgical wound closure include sutures, wires, 
and staples that require tissue mechanical compliance and are often 
inappropriate for application on highly elastic soft tissues such as the 
lung, heart, muscle, and blood vessels. These methods also do not 
address the issue of hemorrhage that often accompanies traumatic 
injuries, leading to prolonged surgical treatment and necessitating 
blood transfusions. Therefore, hemostatic sealants have been devel-
oped to reduce chances of wound dehiscence and blood loss (1–4). 
These multifunctional materials require robust adhesion for wound 
closure and effective mechanisms for quick hemostasis (1). However, 
most commercially available surgical sealants (Dermabond, Coseal, 
and Progel) fail to provide both properties simultaneously (5). Others 
that are capable of hemostatic sealing (Floseal, SurgiFlo, and Tisseel) 

incorporate gelatin or fibrin as a sealing matrix and thrombin or 
coagulating factors to promote hemostasis. Such hemostatic agents 
rely on the innate coagulatory response of the patient, which might 
be compromised in certain cases, and they may activate strong coag-
ulation activators that can cause other medical problems (6, 7).

Commercial sealants are hindered by several limitations includ-
ing low elasticity, stiffness, and tissue adhesion, particularly in wet 
and dynamic physiological environments. For example, cyanoacry-
lates enable strong adhesion but also high stiffness in the gigapascal 
range that is incompatible with native tissues and often presents 
cytotoxicity issues (8, 9). Alternatively, natural polymer–based seal-
ants are biocompatible, but most have low mechanical properties 
and poor adhesion to wet, soft, or elastic tissues (10), which can pre-
vent healthy tissue movement (11, 12). Sealants for lungs must with-
stand high pressures and deformation stress while retaining durable 
mechanoadhesive properties. Commercial lung sealants such as 
poly(ethylene glycol)–based FocalSeal (a discontinued product) and 
Progel have usability issues such as prolonged application time or 
necessity for sutures to remain in place (13–15). Therefore, there is 
still a need for a sealant that combines adequate mechanical flexibil-
ity and compliance without sacrificing strength and adhesion suit-
able for application on soft elastic tissues.

We explored the use of modified recombinant human tropoelas-
tin for lung sealing because it mimics native elastin and has relevance 
in the realm of elastic tissue engineering (16–21). Our group previ-
ously developed methacryloyl-substituted tropoelastin (MeTro) to 
seal elastic tissues such as lungs and arteries (22). A natural MeTro 
polymer enables biocompatibility and also provides mechanical 
properties that are mimetic to those of native soft and elastic tissues, 
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which can facilitate biological cues necessary for tissue regeneration 
and repair after an injury (23). We have also modified MeTro with 
graphene oxide (GO) to impart conductivity and enhance toughness 
(16), and to treat peripheral nerve injury, we combined MeTro with 
methacryloyl-modified gelatin (GelMA) (20). Herein, we sought to 
adapt this material system for treating hemorrhagic wounds with the 
goal of producing a surgical sealant that minimizes blood loss and 
mitigates the need for transfusions during traumatic bleeding inci-
dents. We combined MeTro with varying amounts of silicate nano-
platelets (SNs), which provided a straightforward and easily scalable 
method to enhance the hemostatic properties of the resulting hydro-
gel (24, 25). The SN nanoclay has demonstrated hemostatic activity 
through electrostatic interactions between its charged surfaces and 
blood cells as well as by concentrating clotting factors (26–28). Re-
cently, a commercial SN (Laponite)–loaded hydrogel was approved 
by the US Food and Drug Administration for use as a vascular 
embolization device (29). Although Laponite-containing hydrogels 
have been explored for mechanical reinforcement or hemostasis, 
their applicability in sealing dynamic soft tissues remains limited. 
Given the need for a material that provides both structural stability 
and hemostatic function, we sought to integrate Laponite with MeTro.

In this study, we focus on overcoming the current drawbacks of 
hemostatic sealants by engineering a multifunctional hydrogel that 
exhibits high elasticity, strong adhesion to wet tissue, hemostatic 
properties, and biocompatibility. We first characterized the prepoly-
mer and hydrogel with proton nuclear magnetic resonance (1H NMR) 
spectroscopy and optimized the physical and mechanical properties 
by varying SN concentrations. The tissue adhesion ability was moni-
tored using in vitro and ex vivo adhesion and burst pressure tests on 
various mammalian tissues (skin, lungs, and heart) and compared 
with commercial sealants. In vitro hemostasis with fresh human 
whole blood and in vitro biocompatibility with two-dimensional 
(2D) seeded human lung fibroblast (hLFB) cells were tested directly 
on the hydrogels. Biocompatibility and biodegradability were further 
monitored in vivo using rat subcutaneous implantation. In vivo burst 
pressure was tested on incised rat lungs and aortas that were sealed 
for 7 days as well as on pig lung lacerations that were sealed for 14 days 
with MeTro, MeTro/SN, or commercial controls. In vivo hemostatic 
properties of the engineered hydrogels were also assessed using rat 
tail amputation and pig lung laceration models and compared with 
commercial controls. The host immune response was evaluated on 
tissue surrounding the sealants after the implantation period. Our 
findings from these studies emphasize the translational relevance of 
the MeTro/SN hemostatic sealant for hemorrhage control and wound 
treatment in urgent clinical settings.

RESULTS
Synthesis and characterization of MeTro/SN hydrogels
A nanocomposite hydrogel was tailored for the air-tight hemostatic 
sealing of ruptured soft tissues through the synthesis of MeTro, syn-
ergistic introduction of SNs, and optimization of mechanical, adhe-
sion, and hemostatic properties (Fig. 1A). Laponite, a commercially 
available SN, was used for its unique charge distribution, with a per-
manent negative charge on its outer oxygen-dense trioctahedral sheet 
and a positive charge on its inner magnesium oxide octahedral sheet 
(30). Prepolymer solutions of MeTro with varying amounts of SN 
were prepared in a lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP) photoinitiator solution (31). LAP can be activated at 395 to 

405 nm and does not require ultraviolet (UV) light exposure like 
other photocrosslinkers, which is an advantage for the safety and us-
ability of the material. However, LAP concentrations above 0.5% 
(w/v) can be cytotoxic (32), so we used a concentration of 0.03% 
(w/v) LAP for the formation of the MeTro/SN hydrogels. The liquid 
composite hydrogel precursor could be photopolymerized after a 
short exposure to visible light. The possible chemical interactions 
cross-linking the hydrogel include ionic interactions between the 
magnesium (Mg2+) or lithium (Li+) ions within SNs and the carboxyl 
groups of MeTro; hydrogen bonds among different moieties on MeTro, 
such as amine or hydroxyl groups, or between MeTro and epoxides 
on SNs; covalent C─C bonds formed by the methacrylate components 
of MeTro; and electrostatic interactions between the charged surfaces 
of SNs and MeTro (Fig. 1B) (16).

We characterized the physical properties of the resulting hydrogel 
to confirm the incorporation of SNs into MeTro/SN hydrogels and to 
understand the potential interactions responsible for hydrogel for-
mation. SNs are reported to exhibit negative zeta potential in both 
acidic and basic environments because of the abundance of anionic 
surface charge arising not only from the release of sodium ions in 
aqueous solution but also from the isomorphic replacement of Mg2+ 
with Li+ in the SN interlayer (33). Accordingly, the zeta potential 
of pure MeTro prepolymer solution (22 ± 0.35 mV) decreased to 
20 ± 0.31 mV after the addition of 1% (w/v) SN (Fig. 1C), indicating 
a potential for electrostatic interactions between the hydrogel con-
stituents. Pure MeTro hydrogels showed a swelling ratio of 16 ± 0.81% 
within 72 hours of incubation in Dulbecco’s phosphate-buffered 
saline (DPBS) solution. However, increasing the SN content to 1 and 
1.5% (w/v) enhanced the swelling ratio of the composites to 21 ± 1.3 
(P < 0.05) and 25 ± 1.2% (P < 0.0001), respectively, during the same 
incubation period (Fig. 1D), which may be due to infiltration of wa-
ter into the highly charged interlayers of SNs (30).

1H NMR analysis of the prepolymers and cross-linked hydrogels 
was performed to confirm the chemical identity of the modified 
biopolymers. To synthesize MeTro, pure tropoelastin was modified 
with methacrylic anhydride (MA), which resulted in the appearance 
of two vinylic proton peaks at 5.84 and 6.16 ppm (parts per million) 
(Fig. 1E). The addition of SNs to the prepolymer had no effect on the 
1H NMR spectra of MeTro. After photocrosslinking of the MeTro/
SN prepolymer, the vinyl proton peaks disappeared because of their 
contribution to the formation of the C─C covalent bonded network. 
The degree of cross-linking was then calculated as the percentage 
difference in area under the vinylic proton peaks in the prepolymer 
and hydrogel samples. The pure MeTro hydrogel showed an 89% 
degree of cross-linking, whereas MeTro/SN hydrogels containing 
0.5, 1, and 1.5% (w/v) SN had cross-linking degrees of 88, 80, and 
80%, respectively. The degree of methacrylation of MeTro was also 
assessed using 1H NMR. The percentage difference in area under the 
lysine proton peak (at 2.74 ppm, blue-shaded area) for pure tropo-
elastin and MeTro prepolymer revealed that the latter had a 94% 
degree of methacrylation (Fig. 1E).

Bonding interactions within the cross-linked hydrogels were fur-
ther analyzed with Fourier transform infrared spectroscopy. Both 
MeTro and MeTro/SN [containing 1% (w/v) SN] hydrogels exhibit-
ed broad peaks around 3200 to 3600 cm−1, indicating O─H and 
N─H stretching vibrations (fig. S1) (34). Because of their low trans-
mittance, there are likely hydrogen bonding interactions between 
hydroxyl/amino groups and other electronegative moieties on the 
MeTro polymer. Furthermore, we noted lower transmittance in 
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Fig. 1. Synthesis and physical characterization of MeTro/SN hydrogels that exhibited thixotropic properties with higher SN concentration. (A) Schematic of the 
synthesis of MeTro and combination with SN to produce the MeTro/SN hydrogel that can provide hemostatic and air-tight sealing of elastic tissue. h, hours. (B) Schematic 
of molecular interactions between MeTro and SN with cross-linking. (C) Zeta potential of MeTro and MeTro/SN [1% (w/v) SN] prepolymer solutions. Analysis by unpaired 
two-tailed Student’s t test. n = 3. (D) In vitro swelling behavior of MeTro/SN hydrogels with various concentrations of SN [0, 0.5, 1, and 1.5% (w/v)] in DPBS. n = 3. (E) Sche-
matic representation of MeTro and tropoelastin (left) and 1H NMR spectra of tropoelastin (1), MeTro prepolymer (2), MeTro/SN [1% (w/v) SN] prepolymer (3), and MeTro/
SN [1% (w/v) SN] hydrogel (4). Purple, methacryloyl protons on MeTro and MeTro/SN; blue, amine protons on lysine residues on the backbone of the tropoelastin peptide 
[abbreviated as (X)n]. (F) Viscosity of MeTro and MeTro/SN prepolymer solutions. Representative of n = 3. (G) Hysteresis area or measure of thixotropy of MeTro/SN prepoly-
mer solutions. a.u., arbitrary units. (H) Strain sweep of MeTro/SN prepolymer solutions containing various concentrations of SN [0, 0.5, 1, and 1.5% (w/v)] at a constant 
frequency of 10 rad/s. Representative of n = 3. (I) Recovery percentage of MeTro/SN hydrogels containing various concentrations of SN [0, 0.5, 1, and 1.5% (w/v)] after three 
breakdown/recovery cycles. Data in (C), (D), (G), and (I) are presented as the means ± SD; dots represent individual samples. Analysis in (D), (G), and (I) by one-way ANOVA 
with Tukey’s post hoc multiple comparisons test. For all panels, n = 3. *P < 0.05, **P < 0.01, and ****P < 0.0001. Illustrations created with BioRender.
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MeTro/SN samples (compared with the pure MeTro hydrogel) around 
2800 to 3000 cm−1, a region that typically represents C─H stretch-
ing, which could denote van der Waals interactions between MeTro 
methyl groups and SN silicate groups (35). Furthermore, the peak at 
1931 cm−1 in the MeTro/SN spectrum could signify metal-carbonyl 
complexation, which further demonstrates SN interactions with the 
MeTro polymer.

The incorporation of SN is known to increase viscosity at low 
shear rates and to impart thixotropy, or time-dependent shear-
thinning properties, to prepolymer solutions and hydrogels (35). 
Therefore, we evaluated the rotational rheological behavior of the 
prepolymer solutions and the oscillatory rheological response of the 
cross-linked hydrogels that were prepared with different concentra-
tions of SNs. As expected, there was a change in the viscosity of 
MeTro and MeTro/SN prepolymers over different shear rates (Fig. 
1F). The viscosity of the pure MeTro prepolymer (1.0 ± 0.36 Pa·s) 
was significantly lower than that of MeTro/SN containing 1.5% 
(w/v) SN (3.0 ± 0.44 Pa·s) (P < 0.01) (fig. S2A). Higher viscosity is 
desirable to ensure that the polymer precursor stays in its applied 
region over an injury without flowing into off-target surrounding 
areas before photocrosslinking. The thixotropic properties of the 
prepolymer solutions were assessed by quantifying the hysteresis 
area between the up-ramp (increasing shear rate) and the down-
ramp (decreasing shear rate) in rotational measurements. The pure 
MeTro precursor depicted almost no hysteresis, whereas the SN-
containing prepolymer solution showed more distinct signs of hys-
teresis (fig. S2B). The hysteresis area of pure MeTro was lower than 
that of MeTro/SN containing 1.5% (w/v) SN (P  <  0.05), whereas 
solutions with 0.5% (w/v) SN exhibited a significantly higher hyster-
esis area than those with either 0% (w/v) SN (P < 0.01) or 1% (w/v) 
SN (P < 0.05) (Fig. 1G). A certain amount of thixotropy is desirable 
because it allows the solution to be easily injected but still recover 
after application. However, too much thixotropy means that the 
sample will take a long time to recover, and wound sealing typically 
needs to occur quickly. Therefore, MeTro/SN solutions with 1 and 
1.5% (w/v) SN show more favorable behavior than the solution with 
0.5% (w/v) SN. We also evaluated the thixotropic behavior of the 
cross-linked hydrogels by alternating cycles of hydrogel breakdown 
and recovery, during which all samples showed a gel character with 
G′ > G″ up to 1% strain (Fig. 1H). Therefore, we assessed the elastic 
modulus of each MeTro/SN formulation when 50% strain was ap-
plied to break down the hydrogel and 0.1% strain was applied for 
recovery (fig. S2C). Hydrogels containing SNs showed lower recov-
ery compared with pure MeTro (P < 0.0001), which confirmed that 
the presence of the nanoplatelets imparted thixotropic character to 
the engineered MeTro/SN hydrogels (Fig. 1I). The relatively slow 
initial recovery could be due to the large number of reversible inter-
actions that need to reform, and it could permit the hydrogel to be 
injected as well as to adapt to diverse tissue terrains and dynamic 
organ movement.

MeTro/SN hydrogels exhibit improved physical properties 
compared with MeTro and commercial sealants
Biomaterial-based sealants for wound closure should support the me-
chanical motion required by the injured tissue structures. Therefore, 
we evaluated the mechanical properties of our engineered MeTro/SN 
hydrogels through tensile and compression testing. The duration of 
visible light exposure required to fully cross-link the MeTro hydrogels 
was optimized using compression tests, which revealed that 40 s of 

light exposure caused the hydrogel to have a compression Young’s 
modulus of 9.0 ± 1.4 kPa, whereas exposure for 80 s caused a modulus 
of 13 ± 1.0 kPa (fig. S3). After 80 s of complete photocrosslinking, the 
pure MeTro hydrogel exhibited an ultimate strength of 29 ± 8.2 kPa 
(Fig. 2A). When SN was introduced, the strength of the samples con-
taining 0.5% (w/v) SN (21 ± 4.5 kPa) was significantly enhanced in 
the samples containing 1% (w/v) SN (41 ± 4.4 kPa, P < 0.05) or 1.5% 
(w/v) SN (42 ± 3.6 kPa, P < 0.01). The increase in ultimate strength of 
the nanocomposites could be attributed to the incorporation of nano-
clays, which not only introduced an element of rigidity but also 
provided a means of noncovalent interactions with MeTro polymers, 
thereby strengthening the matrix (36). Furthermore, increasing the 
amounts of SNs did not compromise the tensile Young’s modulus, 
extensibility (fig. S4), or compressive modulus (fig. S5) of the MeTro/
SN hydrogels. The abundance of reversible noncovalent interactions 
in the MeTro/SN network could also permit energy dissipation upon 
deformations, such as those during cyclic compression tests (Fig. 2B). 
Because of this phenomenon, after five compression cycles, the ener-
gy loss experienced by MeTro/SN with 1.5% (w/v) SN (16 ± 2.2%) 
was higher than that by pure MeTro (9.5 ± 4.0%) (P < 0.05) (Fig. 2C). 
We also analyzed the conductivity of the engineered composites to 
assess their capacity for supporting cellular communication by en-
abling electrical signaling through ion movements, which can coordi-
nate cellular activities and affect wound healing (37). The pure MeTro 
hydrogel provided an ionic conductivity of 0.07 ± 0.006 S/m, whereas 
the MeTro/SN hydrogel containing 1% (w/v) SN had a higher con-
ductivity of 0.09 ± 0.003 S/m (P < 0.05) (Fig. 2D).

MeTro/SN hydrogels exhibit strong adhesion on mammalian 
tissues compared with commercial sealants
Tissue sealants must exhibit not only strong mechanics but also ro-
bust tissue adhesion to withstand the dynamic motion that accom-
panies physiological activity. Therefore, the adhesive properties of 
the engineered MeTro/SN hydrogels were quantified both in vitro 
and ex vivo. In vitro wound closure adhesion was conducted on dif-
ferent types of porcine tissues including skin, lung, and heart. We 
did not observe a difference in adhesion between MeTro and MeTro/
SN on porcine skin; however, on lung tissue, the adhesion strength 
of the pure MeTro hydrogel (12 ± 2.8 kPa) was less than that of 
MeTro/SN with 1% (w/v) SN (23 ± 0.85 kPa) (P < 0.01) (Fig. 2E). 
The MeTro/SN sealant exhibited a higher adhesion strength (16 ± 
0.05 kPa) compared with the pure MeTro hydrogel (7.8 ± 0.03 kPa) 
on heart tissue as well (P < 0.01) (Fig. 2E). The adhesion energy of 
the nanocomposite hydrogels was also higher compared with that of 
pure MeTro gels on skin tissue (5.2 ± 0.44 J/m2 versus 2.9 ± 0.43 J/
m2, P < 0.05) and on lung tissue (9.6 ± 1.1 J/m2 versus 3.0 ± 2.0 J/
m2, P < 0.05) but not on heart tissue (Fig. 2F).

To test burst pressure, hydrogels were used to seal punctured and 
pressurized skin-mimicking collagen sheets. The pure MeTro hydro-
gel burst after the application of a pressure of 7.2 ± 0.77 kPa, whereas 
MeTro/SN with 1 and 1.5% (w/v) SN burst at significantly higher 
pressures (14 ± 0.41 and 14 ± 0.64 kPa, respectively) (P < 0.0001) 
(Fig. 2G). All engineered MeTro/SN formulations exhibited higher 
burst pressures than commercially used, biomaterial-based sealants 
including Evicel (3.7 ± 1.1 kPa), Coseal (1.7 ± 0.03 kPa), and Progel 
(4.1 ± 0.64 kPa) (P < 0.0001) (Fig. 2G). The SN-containing hydro-
gels showed increased adhesive properties compared with the pure 
MeTro gel because the nanoclays permit even more avenues for 
tissue interactions, including electrostatic, hydrogen, covalent, and 
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Fig. 2. MeTro/SN hydrogels exhibit increased physical and adhesive properties compared with MeTro and commercial sealants. (A) Ultimate strength of MeTro/SN 
hydrogels. n = 3. (B) Cyclic compression strain-stress curves (five cycles) of MeTro/SN hydrogels containing 1% (w/v) SN. Representative of n = 5. (C) Energy loss of MeTro 
or MeTro/SN hydrogels. n = 5. (D) Conductivity of pure MeTro and MeTro/SN [1% (w/v) SN] hydrogels. Analysis by unpaired two-tailed Student’s t test. n = 3. (E) Adhesion 
strength and (F) adhesion energy of pure MeTro and MeTro/SN [1% (w/v) SN] hydrogels on different porcine tissues. Analysis by unpaired two-tailed Student’s t test for 
each tissue. Skin, n = 3; lung, n = 3; heart, n = 2. (G) In vitro burst pressure of MeTro/SN hydrogels compared with Evicel, Coseal, and Progel (22). n = 3. (H) Schematic of 
the sealant applied to a heart puncture wound and images of the procedure and ex vivo burst pressure evaluation of pure MeTro and MeTro/SN [1% (w/v) SN] hydrogels 
from punctured and sealed explanted rat hearts. (I) Quantification of burst pressure. Analysis by unpaired two-tailed Student’s t test. n = 2. (J) Schematic and images of 
the sealant applied to a 1-cm pleural defect model on ventilated pig lungs. Lungs were sealed with MeTro/SN hydrogels, Coseal (12), Evicel, Progel, or suture (22). 
(K) Quantification of ex vivo burst pressure test. n = 3. Data in (A), (C) to (F), (H), and (I) are presented as the means ± SD; dots represent individual samples. Analysis in (A), 
(C), (G), and (K) by one-way ANOVA with Tukey’s post hoc multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bars, 1 cm. Illustrations 
created with BioRender.
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ionic bonds (fig. S6). Representative scanning electron microscopy 
images of the surfaces of MeTro (fig. S7A) or MeTro/SN (fig. S7B) 
hydrogels show that MeTro/SN hydrogels appeared to have more 
textured surfaces. Scanning electron microscopy imaging of both the 
interface of MeTro or MeTro/SN hydrogels and porcine lung tissues 
showed tissue interaction, supporting their potential for robust ad-
hesion (fig. S7, C and D). The attachment was visible as a distinct 
interconnecting layer between the uniform hydrogel and the tex-
tured tissue. Both MeTro and MeTro/SN sealants appeared to con-
form to irregularities on the lung tissue surface, supporting a tight 
interaction between the hydrogel and tissue that would enable inter-
action with irregularly shaped wounds.

To further evaluate the adhesive properties of our engineered 
composites, we conducted ex vivo burst pressure tests on freshly iso-
lated rat hearts and pig lungs using pure MeTro and MeTro/SN hy-
drogels as well as several commercial sealants for vascular and 
pleural reconstruction (Evicel, Coseal, and Progel). After the heart 
was confirmed to be free of leaks or injuries, it was punctured with 
a 15-G needle, and either MeTro or MeTro/SN prepolymers were 
photocrosslinked over the injury to form hydrogel sealants (Fig. 
2H). The sealed heart was then subjected to increasing catheter-
delivered pressure, and the burst pressure was monitored by aque-
ous submersion. The MeTro hydrogel burst upon application of a 
pressure of 41 ± 0.72 kPa to the heart, whereas the MeTro/SN seal-
ant burst at 47 ± 0.62 kPa (P < 0.05) (Fig. 2I). To test the hydrogel 
sealing capacity on ex vivo lung tissue, a 1-cm2 pleural injury was 
created on explanted porcine lungs that were sealed with hydrogels 
and subjected to gradually increasing pressure modulated by the 
increase in ventilator tidal volume (Fig. 2J). The hydrogel burst was 
monitored by aqueous submersion and PASCO Capstone software. 
The pure MeTro hydrogel burst after a pressure of 2.8 ± 0.07 kPa, 
whereas MeTro/SN hydrogels containing 1 and 1.5% (w/v) SN burst 
at 3.6 ± 0.10 and 3.7 ± 0.12 kPa, respectively (Fig. 2K). The pleural 
defects that were sealed with the engineered nanocomposites of 1 
and 1.5% (w/v) SN experienced mostly higher burst pressure com-
pared with those treated with commercial sealants including Evicel 
(1.4 ± 0.36 kPa), Coseal (2.5 ± 0.37 kPa), and Progel (2.2 ± 0.47 kPa) 
as well as sutured lung tissue (1.8 ± 0.54 kPa) (Fig. 2K).

MeTro/SN hydrogels exhibit fast in vitro hemostasis
Injuries and surgical procedures are often plagued by physiologically 
disruptive blood loss, so the biomaterials used to treat them must 
ideally facilitate hemostasis. Thus, the in vitro hemostatic perfor-
mance of MeTro/SN hydrogels as well as the commercial cellulose-
based hemostat Surgicel was assessed using fresh human whole 
blood (Fig. 3A). Untreated blood (control) that was activated with 
calcium chloride started to form a clot after 15 ± 0.83 min (Fig. 3B). 
Blood was also treated with polymerized MeTro/SN hydrogels, 
which exhibited decreased clotting time at SN concentrations of 1 or 
1.5% (w/v). Whole blood treated with the pure MeTro hydrogel clot-
ted in 14 ± 0.53 min, whereas the use of MeTro/SN hydrogels with 1 
or 1.5% (w/v) SN decreased clotting time to 12 ± 0.38 min (P < 0.01) 
or 11 ± 0.29 min (P < 0.001), respectively, which was comparable to 
that of Surgicel (12 ± 0.53 min, P < 0.01) (Fig. 3B). Within 16 min of 
treatment, the blood was fully clotted for the latter two samples, as 
indicated by their increase in clot weight compared with the untreat-
ed control (Fig. 3C) as well as through hemoglobin absorbance as-
says, which marked an increase in hemoglobin density in the forming 
clots (Fig. 3D). The MeTro/SN hydrogels appeared to promote 

hemostasis without causing hemolysis, as indicated by the hemolysis 
ratio of 20 ± 1.6%, which was far less than the 50% maximum per-
mitted for medical application and was not different between the 
hydrogel formulations (Fig. 3E) (38). To analyze the effect of SNs on 
blood clotting, we incubated pure MeTro and MeTro/SN containing 
1% (w/v) SN hydrogels in DPBS and measured the zeta potential of 
the solution over time (fig. S8). Because the surface charge of the 
solution incubated with MeTro/SN was consistently lower than that 
of MeTro, we theorized that anionic SNs could leach out of the com-
posite hydrogel and readily interact with blood cells to promote clot-
ting (fig. S8).

We further evaluated the hemostatic properties of the MeTro/SN 
materials by conducting a coagulation factor XII (FXII) activation 
assay. As confirmed through zeta potential measurements, an SN 
has a high density of negatively charged silanol groups on its surface 
that can electrostatically interact with the positively charged amino 
acid residues on FXII (39) as well as adsorb intrinsic pathway factors 
that activate prothrombin and FX (40). These interactions may fa-
cilitate the activation of FXII, thereby accelerating the coagulation 
cascade and promoting hemostasis (41). We observed that the FXIIa 
activity in the pure MeTro hydrogel (7.96 ± 3.10 plasma equivalent 
units/dl) increased significantly in the presence of 1.5% (w/v) SN 
(71.6  ±  26.7 plasma equivalent units/dl) (P  <  0.05) (fig. S9). The 
negligible FXIIa activity at low SN concentrations suggests that the 
hydrogel matrix alone did not activate FXII.

MeTro/SN hydrogels exhibit in vitro biocompatibility
Hemostatic biomaterial-based sealants that are intended for pro-
longed use in the body must be biocompatible to avoid immune 
shock or complications with recovery. In vitro cytocompatibility as-
says were thus conducted using hLFB cells that were seeded on the 
surface of polymerized MeTro or MeTro/SN hydrogels. Representa-
tive images at 1 and 7 days of culture based on live/dead assay or cyto-
skeleton (actin) and nuclear staining [4′,6-diamidino-2-phenylindole 
dihydrochloride (DAPI)] showed that hLFBs maintained viability, 
spreading, and proliferation through 7 days of incubation (Fig. 3, F 
and G). The blue signal in the actin/DAPI staining of the MeTro/SN 
hydrogel after 1 day of hLFB seeding may be attributed to the non-
specific binding of fluorescent dyes with SNs, which disappeared by 
day 7 because SNs could be dispelled from the hydrogel surface. The 
viability of cells seeded onto MeTro (97 ± 0.72%) or MeTro/SN with 
1% (w/v) SN (98 ± 0.69%) was comparable to that of cells that were 
seeded on the well plate (control) (98 ± 0.18%) after 5 (fig. S10) or 
7 days of culture (Fig. 3H). The cell number increased from day 1 to 
day 7 in all samples (Fig. 3I). Furthermore, a PrestoBlue assay was 
conducted to monitor cell viability as measured by metabolic activity. 
The enzymatic activity in viable cells reduces resazurin to fluorescent 
resorufin. The RFU (relative fluorescence unit) of resorufin produced 
by the control cells was higher than that of hLFB cells seeded on MeTro 
or MeTro/SN hydrogels. The resorufin RFU also increased in each 
individual sample throughout the incubation period, indicating an 
overall increase in cellular metabolic activity (Fig. 3J).

MeTro/SN hydrogels display in vivo biocompatibility 
and biodegradability
In vivo biocompatibility and biodegradation of the engineered hy-
drogels were evaluated through subcutaneous implantation into rat 
dorsal skin. After 7 and 28 days, the MeTro and MeTro/SN [with 1% 
(w/v) SN] hydrogels were explanted with surrounding tissue for 
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Fig. 3. MeTro/SN hydrogels exhibit faster in vitro hemostasis with higher SN concentrations, and optimized hydrogel formulation retains in vitro biocompatibil-
ity. (A) Representative images of clot formation during in vitro hemostatic tests with differing hemostatic sealants. (B) Clotting time of blood with MeTro/SN hydrogels, 
untreated blood (control), and Surgicel. (C) Quantitative clotted mass measured at 16 min. (D) Absorbance at 600-nm wavelength of lysed clots formed on hydrogels to 
detect hemoglobin over time. n = 2 or 3. (E) Hemolysis ratio as a function of nanocomposite hydrogel composition. (F and G) Representative live/dead- and actin/DAPI-
stained images of hLFB cells 2D seeded on the 24-well plate (control) or the surface of either pure MeTro or MeTro/SN [with 1% (w/v) SN] hydrogels 1 (F) and 7 days 
(G) postseeding. (H) Quantification of cellular viability over 7 days of 2D culture. (I) Quantification of cell proliferation on the basis of actin/DAPI-stained cell nuclei during 7-day 
culture. (J) Quantification of metabolic activity using a PrestoBlue assay at days 1, 5, and 7 postseeding. Data in (B) to (E) and (H) to (J) are presented as the means ± SD; 
dots represent individual samples. Analysis in (B), (C), and (E) by one-way ANOVA with Tukey’s post hoc multiple comparisons test. Analysis in (H) to (J) by two-way ANOVA 
with Tukey’s post hoc multiple comparisons test. In (A) to (C) and (E) to (J), n = 3. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bars, 
100 μm.
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hematoxylin and eosin (H&E) and immunofluorescence (IF) analy-
sis. Through H&E staining, we noted retention of MeTro/SN to 
subcutaneous tissue without fibrosis (indicator of a negative host 
immune response) (Fig. 4A). Healthy cell density and morphology 
supported the in vivo biocompatibility of the engineered hydrogels. 
Biodegradation was also noted during the 28-day implantation; the 
MeTro hydrogel degraded 30 ± 4.1%, whereas the MeTro/SN nano-
composite degraded 19 ± 2.2% (P < 0.01) (Fig. 4B). The presence of 
SNs may have delayed biodegradation of MeTro/SN samples because 
the hydrogel was reinforced with physical cross-linking, which could 
have hindered water or enzyme diffusion into the matrix (42). The 
hydrogel-tissue intersections were also stained for immune markers 
like macrophages (CD68) and lymphocytes (CD3) (Fig. 4, C and D). 
Macrophages were present in subcutaneous tissue after 7 days of im-
plantation of either MeTro or MeTro/SN hydrogels; however, there 
were fewer CD68+ cells identified by day 28 (Fig. 4C). Similarly, 
there was little lymphocyte infiltration observed in surrounding tis-
sue after 28 days of hydrogel implantation (Fig. 4D). These phenom-
ena implied that there was no long-term negative immune response 
due to the presence of MeTro or MeTro/SN hydrogels.

MeTro/SN hydrogels effectively seal tissues and achieve 
hemostasis in vivo using small animal models
Next, we assessed in vivo adhesion and hemostatic performance of 
the engineered hydrogels in small animals. A rat lung injury model 
was established where MeTro or MeTro/SN [1% (w/v) SN] prepoly-
mers were photocrosslinked onto an incised and ventilated lung 
(Fig. 4E). The animals were allowed to recover with the implanted 
sealant for 7 days before they were euthanized, and the burst pres-
sure of the sealed lungs was measured. The MeTro sealant exhibited 
a burst pressure of 1.8 ± 0.09 kPa, whereas the MeTro/SN adhesive 
burst at 2.3 ± 0.18 kPa (P < 0.05), similar to the burst pressure of a 
healthy rat lung (2.2 ± 0.17 kPa) (Fig. 4E). After 7 days, H&E stain-
ing showed that the MeTro/SN sealant remained closely adhered to 
tissue, and there were no signs of a negative host response (Fig. 4F). 
Similarly, in IF images, there were very few CD68+ inflammation-
associated macrophages in surrounding tissue, supporting the con-
clusion that the implant did not cause an immune response (Fig. 
4G). To further assess the in vivo sealing efficacy of the engineered 
hydrogels, MeTro or MeTro/SN was used to treat a ruptured artery 
model in rats wherein the aorta was clamped to restrict blood flow 
before a needle puncture was performed and sealed by the hydrogels 
(Fig. 4H). The sealants were left in place for 7 days before the ani-
mals were euthanized and burst pressure was measured. The burst 
pressure of the MeTro-sealed artery was 82 ± 4.5 kPa, whereas that 
of tissue sealed with MeTro/SN was 98 ± 3.4 kPa (P < 0.05) (Fig. 
4H). Only the nanocomposite hydrogel could withstand a similar 
pressure to native aorta (100 ± 5.2 kPa), indicating that SN was re-
quired to impart physiologically relevant adhesion to seal injured 
tissues that undergo high distortion forces. Biocompatibility was 
also noted in tissue surrounding the 7-day MeTro/SN implant be-
cause there was no visible fibrosis (Fig. 4I) or macrophage infiltra-
tion (Fig. 4J).

In addition to air- and fluid-tight sealing properties, the hemo-
static activity of the engineered biomaterials was evaluated through 
an in vivo tail amputation model conducted in rats. The tail was 
amputated 6 cm from the tip before the hemostatic hydrogel was ap-
plied and cross-linked onto the injury. Blood loss was assessed by 
collection immediately on filter paper (Fig. 4K). The untreated control 

group experienced a blood loss of 3.7 ± 0.84 mg, whereas treatment 
with MeTro or MeTro/SN hydrogels resulted in a blood loss of 
1.0 ± 0.07 or 0.33 ± 0.11 mg, respectively (Fig. 4K). The enhanced 
hemostatic performance of the MeTro/SN sealant was comparable to 
treatment with the commercial control Surgicel, which resulted in a 
blood loss of 0.18 ± 0.04 mg. Therefore, the engineered hemostatic 
sealant displayed its potential as a treatment for numerous types of 
incisional injuries on small animals.

MeTro/SN hydrogels effectively seal and provide hemostasis 
in vivo using a porcine lung laceration model
Motivated by the successful application of MeTro/SN hydrogels in 
various small animal models, we further evaluated their biocompat-
ibility and capacity for sealing and hemostasis in larger injuries in a 
porcine lung laceration model. First, lateral thoracotomy was per-
formed to access the upper lobe of the lung, a 15-mm laceration was 
prepared, and an air leak was confirmed by the presence of bubbles 
(Fig. 5, A and B). Then, the engineered hemostatic sealants were ap-
plied onto the injury (Fig. 5C). MeTro and MeTro/SN [with 1% (w/v) 
SN] prepolymers were photocrosslinked over the injury to form hy-
drogels, whereas Tisseel (control) was in situ polymerized upon ap-
plication (Fig. 5, D and E). Sealing of the air leak was confirmed by 
saline submersion of the thoracic cavity (Fig. 5F) and again postop-
eration using ultrasound imaging to detect signs of pneumothorax 
caused by air leaking from the lungs into the pleural cavity (Fig. 5G). 
Given that we observed a hyperechoic pleural line, indicating healthy 
lung sliding during respiration, as well as A-lines, or horizontal re-
verberation artifacts of the pleural line, we confirmed that the lungs 
were adequately sealed without the instance of pneumothorax. After 
treatment of the lung, pigs were allowed to recover for 14 days during 
which all animals survived and experienced no signs of wound de-
hiscence or declining health (as monitored by weight) (fig. S11). Af-
ter 14 days, the sealed lungs underwent pressure testing using a 
ventilator both before and after the animals were euthanized. By in-
creasing the tidal volume from 200 ml up to 1000 ml, the pressure in 
the ventilated lung was increased to the maximum pressure capacity 
of the lungs (Fig. 5H). In live animals, injured lungs sealed with hy-
drogels could withstand the same pressure as uninjured pig lungs 
(760 mmHg or 101 kPa) (Fig. 5I). Hydrogel detachment during this 
pressure increase was monitored through ultrasound for the occur-
rence of pneumothorax (Fig. 5J). After animal euthanasia, the tho-
racic cavity was exposed, and ventilator pressure was again increased 
to monitor hydrogel detachment from the expanding lungs (Fig. 5K). 
Once again, both MeTro and MeTro/SN sealants permitted the lungs 
to withstand the maximum applied pressure.

In addition to air-tight sealing capabilities, the hemostatic activ-
ity of the adhesive hydrogels was also tested. Immediately after lung 
laceration, which caused both a pulmonary air leak and heavy hem-
orrhage, the pure MeTro hydrogel, MeTro/SN sealant, Tisseel, or 
Surgicel was applied to the injury before blood loss was measured 
using filter paper (Fig. 5L). Treatment with MeTro or MeTro/SN 
sealants resulted in similar, low amounts of blood loss (39 ± 7.7 or 
39 ± 5.1 mg, respectively) (Fig. 5L). On the other hand, treatment 
with tissue-adhesive hemostat Tisseel resulted in a blood loss of 
63 ± 8.6 mg, whereas nonadhesive hemostat Surgicel resulted in a 
loss of 80 ± 10 mg.

After 14 days of air-tight sealing, IF staining was performed on 
explanted hydrogels with surrounding lung tissue. The MeTro hydro-
gel, MeTro/SN sealant, and Tisseel all exhibited adhesion and retention 
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Fig. 4. MeTro/SN hydrogels display in vivo biocompatibility and biodegradability and higher burst pressure and hemostatic activity compared with MeTro in 
small animal models. (A) H&E staining of hydrogels with surrounding tissue after 7 and 28 days of subcutaneous implantation in rat dorsal skin. MeTro/SN contains 1% 
(w/v) SN. Scale bar, 50 μm. (B) In vivo biodegradation of hydrogels. Analysis by two-way ANOVA with Tukey’s post hoc multiple comparisons test. (C and D) Immunostain-
ing of either MeTro or MeTro/SN hydrogels with surrounding tissue for macrophages (CD68, red) (C) or lymphocytes (CD3, green) (D). Nuclei were counterstained with 
DAPI (blue). Scale bar, 100 μm. (E) Image of model of in vivo sealing evaluation of MeTro and MeTro/SN hydrogels using a rat lung incision model and quantified burst 
pressure on day 7 postsurgery compared with healthy lung. (F) H&E and (G) IF staining for CD68 (green) and DAPI (blue) on the hydrogel-tissue interface 7 days postsur-
gery. Scale bars, 200 μm. (H) In vivo sealing evaluation of the hydrogels using a rat artery incision model and quantified burst pressure compared with healthy aorta. 
(I) H&E and (J) IF staining for CD68 (green) and DAPI (blue) on the sealed incision site on day 7 postsurgery. Scale bar, 100 μm. (K) Evaluation of in vivo hemostatic proper-
ties by a 6-cm rat tail amputation model. Data in (B), (E), (H), and (K) are presented as the means ± SD; dots represent individual samples. Analysis in (E), (H), and (K) by 
one-way ANOVA with Tukey’s post hoc multiple comparisons test. In (A) to (K), n = 3. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. MeTro/SN hyrogels provide effective in vivo sealing and hemostasis in a porcine lung laceration model. (A to F) Representative images of the in vivo surgical 
procedure including preparation of a 15-mm laceration on the lung (A), observation of an air leak created by the injury (B), application of MeTro or MeTro/SN [with 1% 
(w/v) SN] prepolymer (C), photocrosslinking with visible light (D), observation of the injury sealed with hydrogel (E), and confirmation of sealed leak with water submer-
sion test (F). Scale bars, 1 cm. (G) Ultrasound image after surgery showing the location of the ribs and the pleural line. (H) Representative graph depicting the incremental 
increase in lung pressure during ventilation. (I) Maximum pressure lung sealants could withstand relative to that of healthy lung (dotted line). Analysis by two-way ANOVA 
with Tukey’s post hoc multiple comparisons test. (J) Representative ultrasound image of pig lungs to assess for pneumothorax (hydrogel detachment), while increasing 
ventilator pressure was applied to live animal. (K) Representative images of lungs at rest and at maximum expansion upon increasing ventilator pressure to euthanized 
animals. (L) Representative images and average amount of blood collected on filter paper after hemostatic biomaterials were immediately applied on lacerated lung for 
1-min hemostatic test. Analysis by one-way ANOVA with Tukey’s post hoc multiple comparisons test. (M) H&E staining of the explanted hydrogel and tissue samples on 
day 14 postsurgery where dashes indicate approximate boundaries. (N and O) IF staining for CD68 (green), CD80 (red), and DAPI (blue) (N) or for CD3 (red) and DAPI (blue) 
(O) on the incision site 14 days postsurgery. Data are presented as the means ± SD; dots represent individual samples. n = 3. *P < 0.05 and **P < 0.01.
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on the lung tissue, as confirmed by H&E staining (Fig. 5M). Tissue 
surrounding the MeTro and MeTro/SN hydrogels had appropriate 
morphology and density and did not appear to have fibrosis. Fur-
thermore, there was cell infiltration into the engineered MeTro and 
MeTro/SN hydrogels, which could be promising for tissue regenera-
tion (fig. S12). On the other hand, tissue near Tisseel showed signs of 
inflammation or fibrosis, as seen by the overgrown network of cells 
(Fig. 5M) (43). This fibrotic behavior could be a result of diffusive 
constraints of the fibrin sealant that hindered the flow of nutrients 
and the ingrowth of fibroblasts (44). Immune activity was further 
characterized by fluorescence staining for inflammation-associated 
biomarkers such as active macrophages (CD80), pan-macrophages 
(CD68) (Fig. 5N), and lymphocytes (CD3) (Fig. 5O). After 14 days of 
implantation, there was little immune response visible in the lung 
tissue adjacent to either MeTro or MeTro/SN sealants. There was 
very little presence of active macrophages (those directly associated 
with the inflammatory response) (Fig. 5N) and lymphocytes (Fig. 
5O) in tissue near the MeTro and MeTro/SN hydrogels. On the con-
trary, there was notable infiltration of both immune markers in the 
tissue near the commercial sealant Tisseel, which was in accordance 
with the fibrosis observed in histology (Fig. 5M). In conclusion, the 
flexible, hemostatic, and adhesive MeTro/SN hydrogel was able to 
provide air-tight sealing of a bleeding injury without inducing an ab-
normal immune response.

DISCUSSION
Our nanocomposite hydrogel–based hemostatic sealant was engi-
neered to overcome the limitations that often accompany current 
methods of surgical treatment of hemorrhagic soft tissue injuries. 
Ideal treatments for such inflictions involve a hemostatic agent com-
bined with a sealing material that can biodegrade as the wound regen-
erates. However, there are limited surgical materials that provide 
combined characteristics of appropriate mechanical properties, strong 
wet tissue adhesion, biocompatibility, and effective hemostasis. There-
fore, we engineered MeTro/SN nanocomposites to be an easy-to-use 
wound sealing platform suitable for soft and elastic organ injuries.

Appropriate mechanical properties are essential for hydrogel ap-
plications in dynamic tissues; therefore, we first optimized the com-
position of the MeTro/SN sealant through mechanical testing. To be 
compatible with dynamic soft tissues, we sought to engineer a hydro-
gel with a Young’s modulus in the range of 0.1 to 200 kPa (45). Many 
surgical sealants rely on polymers or proteins such as poly(ethylene 
glycol) (Coseal), bovine serum albumin (BioGlue), and fibrin (Tisseel) 
to provide a strong matrix. BioGlue has a Young’s modulus of 3.1 
MPa, 30-fold higher than that of either Coseal or Tisseel, making the 
hydrogel very stiff and nonstretchable (46). Gelatin-based sealants 
have been investigated to treat soft ruptured tissues, but they tend to 
have a relatively low Young’s modulus (47). On the other hand, syn-
thetic polymers like polyacrylic acid (PAA) have been used to make 
strong hydrogels, and although they can enhance the Young’s modu-
lus of the gel (48), they also reduce its flexibility (49). Inorganic com-
pounds like GO have also been incorporated into hydrogels to tune 
their mechanical and thermal properties (50). Tensile tests confirmed 
that GO promoted matrix cohesion even under high stress and strain. 
However, synthetic polymers are often not biodegradable, which in-
creases the risk of cytotoxicity (51), and inorganic components are 
known to induce DNA damage (52). Our previous work on a UV-
crosslinked MeTro lung sealant exhibited more hysteresis, as seen 

through the higher energy loss after cyclic compression (35%) (22) 
compared with that of the MeTro/SN hemostatic sealant in this study 
(14%). We also engineered elastic hydrogel adhesives using MeTro 
and GelMA and observed that although adding MeTro enhanced the 
extensibility of the composite, it also compromised the Young’s mod-
ulus (4 kPa), which was lower than that of many soft tissues (19). 
Another MeTro/GelMA composite that was designed for peripheral 
nerve repair exhibited a Young’s modulus of 15 kPa, which is much 
lower than that of native neural tissues (20, 53). Herein, the mechan-
ical properties of our MeTro/SN hydrogel were improved from previ-
ous formulations and were also within the range of native soft tissues 
such as lungs (54) and arteries (55), and its conductivity was within 
the range of native cardiovascular tissue (0.005 to 0.16 S/m) (56) and 
the nervous system (0.08 to 1.3 S/m) (57).

The MeTro/SN hydrogels also depicted robust adhesion on vari-
ous types of tissues. Many surgical sealants like Evicel, Coseal, and 
Progel exhibit low tissue adhesion properties, which may limit their 
utility on elastic or dynamic organs. Other synthetic sealants such as 
cyanoacrylate-based Dermabond have high adhesion strength (710 kPa 
to rat skin) (58) but also high mechanical stiffness (which can en-
cumber normal tissue movement) (59) and cytotoxicity (from po-
lymerization and degradation by-products) (60), both of which may 
limit their clinical translation. Prior literature has also reported bio-
adhesive hydrogels for wound closure based on a blend of natural 
(gelatin and alginate) and synthetic (PAA and polyacrylamide) poly-
mers that exhibited strong in vitro adhesion in the range of 120 to 
400 kPa but weaker adhesion under conditions that mimicked body 
fluids (phosphate-buffered saline and cysteine) (61, 62). To enhance 
wet tissue adhesion, catechol-containing compounds have been used 
to repel the hydration layer on tissue surfaces and interact with sur-
face moieties (63). For instance, hydrogels containing polydopamine-
grafted carbon nanotubes displayed an adhesion strength of 60 kPa 
even at varying temperatures or duration of application (64); how-
ever, the inorganic nanomaterials can exhibit cytotoxicity (65). Mus-
sel adhesive proteins were also used to enable an adhesion strength 
of 150 kPa from a hyaluronic acid hydrogel; however, they caused 
lower cell viability compared with untreated control cells (66). Even 
our MeTro lung sealant with a similar methacrylation degree exhib-
ited an in vitro adhesion strength of 54 kPa (22), whereas an antibac-
terial peptide–containing MeTro and GelMA gel exhibited a strength 
of 45 kPa (19). Herein, our MeTro/SN nanocomposite displayed 
robust adhesion mediated by electrostatic, hydrogen, covalent, and 
ionic bonding interactions with tissue surfaces.

In addition to enhancing tissue adhesion, increasing the SN 
concentration within MeTro/SN hydrogels correlated with en-
hanced hemostatic activity. Clay minerals such as SN enact hemo-
stasis primarily by engaging with and aggregating red blood cells 
through their high water absorbance capacity, unique nanopore 
structures, hydrophilic and zwitterionic surfaces that enable elec-
trostatic interactions with blood (67), and their enhancement of 
hydrogel adhesion to produce a physical barrier on the wound site 
(30). Furthermore, hydrogels absorbed clotting factors from the blood, 
whereas the electronegative surface of SN promoted the binding of 
Hageman factor (or coagulation FXII), activating the intrinsic 
coagulation cascade (68). As a result, hydrogels containing he-
mostatic clays like kaolin or Laponite had reduced blood clotting 
time (28, 34, 69–71). For example, GO-containing hydrogels in-
fused with kaolin exhibited high water absorption, which could 
bolster the innate hemostatic properties of GO, but high kaolin 
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concentrations resulted in lower cell viability (69). Polyvinyl alcohol 
and alginate hydrogels incorporated Laponite to decrease clotting 
time, but they had high mechanical properties (Young’s modulus of 
300 to 1000 kPa) (34) that were unsuitable for soft and elastic tissues 
such as lungs (1 to 5 kPa) and vascular tissue (10 to 100 kPa) (54, 55). 
Herein, the MeTro/SN hydrogels enacted rapid hemostasis without 
compromising mechanical strength, biocompatibility, or other es-
sential properties required for tissue regeneration.

MeTro/SN hydrogels showcased their simultaneous adhesive and 
hemostatic abilities during in vivo assessments. Many commercial 
hemostats such as Surgicel or ferric sulfate–based Quick-Stat do not 
have mechanisms in place for tissue adhesion. Other hemostats like 
BioGlue exhibit an adhesion strength of 35 kPa (72), but the high-
tensile Young’s modulus (3.1 MPa) (46) could be too stiff to seal inju-
ries on elastic organs like lungs. Our lab previously developed soft 
and elastic GelMA sealants that sealed in vivo rat lung defects so that 
the sealed lungs could withstand the same pressure as uninjured 
lungs (73). We also noted the in vivo hemostatic properties of GelMA 
sealants on rat liver punctures where the sealant caused 40% less 
blood loss compared with the untreated injury (control) (11). Hemo-
static efficacy was enhanced to 50% less blood loss than the control 
for dopamine-modified and iron-chelated GelMA or GelMAC-Fe 
(11). Dopamine-grafted chitosan and zinc ions produced hemostatic 
wound dressings that decreased blood loss by 90% after rat tail am-
putation (74). Another hemostatic hydrogel containing tannic acid 
stopped 80% of blood loss after rat liver puncture (75). Gelatin (28) 
or PAA/carboxymethylcellulose (76) hydrogels containing Laponite 
also reduced blood loss after liver hemorrhage compared with the 
untreated injury. Herein, the MeTro/SN hydrogels exemplified their 
two-pronged approach to establish hemostasis and tissue sealing for 
the treatment of hemorrhagic tissue injuries. Blood loss after tail am-
putation was decreased by 99% (compared with control), and physi-
ologically relevant adhesion was observed even after long-term in 
vivo implantation. Potent hemostatic properties often increase the 
risk of system thrombosis, but we did not notice any such effects dur-
ing in vivo experiments. This was likely because of the key safety 
measures we implemented such as using low SN concentrations and 
embedding the nanoclay in a hydrophilic polymer matrix that not 
only engaged in chemical/physical interactions with SN but also pro-
moted strong tissue adhesion that could further prevent SNs dislodg-
ing into the bloodstream (40, 77).

The hemostatic sealant was also tested on porcine lung injuries 
where it effectively minimized blood loss and provided prolonged, 
air-tight sealing of the lacerated lung. We also noted a negligible im-
mune response to the MeTro/SN hydrogel, which correlated with 
prior reports on the minimal cytotoxic effects of Laponite at concen-
trations ranging from 2% (w/v) (78) to 10% (w/v) (79). Laponite can 
biodegrade into nontoxic ions, such as Na+, Mg2+, Li+, and Si(OH)4, 
that have the potential to enhance bone tissue regeneration by mod-
ulating specific differentiation processes (80). We previously tested 
the sealing ability of GelMA (73) or MeTro (22) on pig lung pleural 
defects. The GelMA sealant effectively sealed the air leak up to 
14 days without signs of pneumothorax, but there was notable macro-
phage infiltration in tissue surrounding the hydrogel (73). MeTro 
displayed similar sealing efficacy with less macrophage activation 
compared with the GelMA-treated tissue (22). Furthermore, both 
sealants required UV light for cross-linking, which can cause photo-
carcinogenesis and other biosafety concerns (81). The sealing ability 

of a dextran and chitosan hydrogel on sheep lung parenchymal in-
jury was comparable to that of BioGlue, but its ability to withstand 
dynamic pressure conditions was not adequately assessed through 
increasing pressure tests, nor was its hemostatic efficacy or cytocom-
patibility evaluated (43). Herein, the MeTro/SN hemostatic sealant 
was appropriately evaluated for all claimed applications (hemostasis, 
tissue adhesion, and biocompatibility) and proved to be more effec-
tive compared with commercial competitors in such regard.

Although Tisseel, MeTro, and MeTro/SN hydrogels displayed 
similar sealing abilities on porcine lung injuries, it is important to 
consider the distinct risks associated with the use of fibrin-based 
sealants like Tisseel, including potential allergic reactions or trans-
mission of infectious agents, that necessitate careful consideration 
in their clinical application (82). In comparison, the MeTro/SN 
hydrogel presented notable advantages. Its composition not only 
ensured reliable sealing of wounds but also actively contributed to 
the healing process. Because tropoelastin is a soluble precursor of 
elastin, it plays a role in cell signaling in numerous tissue struc-
tures, which indirectly mediates angiogenesis (23,  83). Further-
more, the MeTro/SN hydrogel acted as a scaffold for cell regrowth, 
thereby promoting wound closure in the areas surrounding the 
injury. Such characteristics are particularly beneficial in biomedi-
cal applications where tissue regeneration is crucial. In addition, 
the ease of application and the controllability in the delivery of 
MeTro/SN make it a user-friendly option in surgical settings, ulti-
mately enhancing its practicality and effectiveness. These attributes 
highlight the potential of the MeTro/SN hydrogel as a superior al-
ternative in certain clinical scenarios and also underscores the 
importance of tailored approaches in surgical wound manage-
ment. Ultimately, we showcased the potential of MeTro/SN hy-
drogels for clinical translation as hemostatic sealants for ruptured 
soft tissues.

Although this study demonstrates the strong potential of the 
MeTro/SN hydrogel as an effective hemostatic sealant, certain limi-
tations should be considered. The in vivo degradation profile of the 
hydrogel has not been fully characterized over extended periods, 
and further studies are needed to understand its breakdown prod-
ucts and long-term biocompatibility. In addition, although the hy-
drogel has shown strong adhesion and hemostatic properties, its 
performance with high-pressure vascular injuries and in minimally 
invasive procedures, such as laparoscopic or robotic-assisted sur-
geries where precise application and adhesion under restricted ac-
cess conditions are critical, remains to be fully evaluated. The 
efficacy of this material in patients with coagulopathy or those on 
anticoagulant therapy also requires further investigation to determine 
its suitability for a broader patient population. Another consideration 
is the biodistribution and clearance of SNs, because long-term accumu-
lation could pose safety concerns, necessitating further studies 
to confirm their systemic impact. Although the hydrogel’s tunabil-
ity offers promising opportunities for patient-specific formula-
tions, additional research is required to optimize its properties for 
different tissue types and injury severities. Last, the large-scale pro-
duction and cost-effectiveness of MeTro/SN hydrogels have not yet 
been assessed, which will be essential for ensuring their practical 
translation into clinical settings. These limitations do not diminish 
the significance of this study but highlight key areas for future 
research to further enhance the hydrogel’s safety, efficacy, and clin-
ical applicability.
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MATERIALS AND METHODS
Study design
This study characterizes and evaluates the performance of a hemo-
static sealant based on MeTro and SNs for the rapid and effective 
closure of ruptured soft tissues. Physical, adhesion, in vitro hemo-
static efficacy, in vitro cell, and in vivo tests on rats and pigs were 
conducted to assess the safety and efficacy of the engineered MeTro/
SN sealant. The in vivo rat experiments were approved by the Uni-
versity of California, Los Angeles (UCLA) Animal Research Com-
mittee protocol ARC-2021-113, and the in vivo pig experiments 
were approved by the Institutional Animal Care and Use Committee 
protocol S22108 at the University of California, San Diego. Sample 
sizes were determined on the basis of prior literature to ensure statis-
tically significant results while minimizing the number of animals 
used in accordance with ethical guidelines. Experiments were repli-
cated thrice to ensure reproducibility, and sample sizes for each 
study are reported in the figure legends. For in vivo studies, animals 
were randomly assigned to experimental groups to reduce selection 
bias. Blinding was applied during outcome analysis, with investiga-
tors analyzing histological, hemostatic, and adhesion-related out-
comes blinded to treatment conditions. Data collection was stopped 
once prespecified end points were reached, including mechanical 
failure, clot formation, adhesion strength thresholds, hemostatic 
performance, or predefined survival periods in vivo. Data inclusion 
criteria required samples to meet experimental conditions without 
visible contamination or procedural errors, and exclusion criteria 
involved incomplete datasets, procedural inconsistencies, or abnor-
mal physiological responses unrelated to the hydrogel. Outliers, 
identified visually using a quartile-quartile (Q-Q) plot and statisti-
cally using either a Shapiro-Wilk test or Kolmogorov-Smirnov test 
(for n > 3) where the significance level was defined as α = 0.05, were 
evaluated for experimental errors. If they were due to method-
ological inconsistencies, they were excluded, whereas biologi-
cally relevant variations were retained. Standard guidelines have 
been followed to provide sufficient information detailing the 
methods used in this work, and a Materials Design Analysis Report-
ing Checklist has been provided.

Materials
MeTro was synthesized using human recombinant tropoelastin 
(University of Sydney). SNs (or Laponite-XLG XR) were purchased 
from BYK Additives. MA, paraformaldehyde, Triton X-100, and bo-
vine serum albumin were purchased from Sigma-Aldrich. DPBS, 
PrestoBlue reagent, deuterated dimethyl sulfoxide, and Slide-A-
Lyzer MINI were purchased from Thermo Fisher Scientific. hLFB 
cells (CC2512) were purchased from Lonza Bioscience. Anti-CD68, 
anti-CD3, and anti-CD80 antibodies were purchased from Abcam. 
Dulbecco’s modified Eagle’s medium was purchased from American 
Type Culture Collection, fetal bovine serum (FBS) was from Corn-
ing, and penicillin/streptomycin was from Life Technologies. Com-
mercial live/dead kits, Alexa Fluor 594 (phalloidin), and DAPI were 
purchased from Invitrogen. Mayer’s hematoxylin was purchased 
from Electron Microscopy Sciences. Polypropylene sutures were 
purchased from Ad Surgical.

Synthesis of MeTro and fabrication of MeTro/SN hydrogels
MeTro was synthesized by adding 15% (v/v) MA into a 10% (w/v) 
solution of tropoelastin prepared in Milli-Q water. This reaction was 
performed at 4°C for 16 hours. The solutions were diluted and 

dialyzed with distilled water (Slide-A-Lyzer MINI; molecular weight 
cutoff, 35 kDa) at 4°C for 7 days to remove the excess MA and MA 
by-products. After dialysis, the solution was frozen at −80°C for 
24 hours, lyophilized, and stored at 4°C. To prepare MeTro/SN 
hydrogels, we first dissolved 15% (w/v) MeTro and either 0, 0.5, 1, or 
1.5% (w/v) SN in 0.03% (w/v) LAP solution prepared in Milli-Q wa-
ter. Then, the prepolymer solution was photocrosslinked with visible 
light (100 mW/cm2, 395 to 405 nm) with an exposure time of 80 s.

Mechanical characterization
The mechanical properties of MeTro/SN hydrogels were character-
ized through tensile and compression tests. For tensile tests, the pre-
polymers were photocrosslinked in rectangular polydimethylsiloxane 
molds (length: 12 mm; width: 5 mm; depth: 1 mm) using visible 
light for 80 s. The hydrogels were then secured in tape and loaded 
into a mechanical tester (Instron 5943) where they were stretched 
until failure at a strain rate of 1 mm/min. Data were collected using 
Bluehill Universal software where ultimate strength and extensibili-
ty were directly reported, Young’s modulus was calculated as the 
initial slope of the stress-versus-strain curve from 0 to 20% strain 
(84, 85), and toughness was quantified as the area under the stress-
versus-strain curve. For compression tests, the prepolymers were 
cross-linked in cylindrical polydimethylsiloxane molds (diameter: 
5 mm; height: 3 mm) using visible light for 80 s. The hydrogels were 
loaded into the Instron mechanical tester and compressed until fail-
ure at a rate of 1 mm/min. The compression modulus was calculated 
as the initial slope of the stress-versus-strain curve (from 0 to 20% 
strain) using the data collected on Bluehill Universal software. For 
cyclic compression testing, the cylindrical hydrogels compressed 
until 50% strain at a rate of 1 mm/min and then relaxed until 0% 
strain at the same rate for five cycles. The energy loss was calculated 
using the last cycle as the difference between the area under the 
loading and unloading curves.

In vitro hemostatic activity
In vitro hemostatic activity of MeTro/SN was assessed using fresh 
whole human (Zen-Bio Inc.) blood that was inoculated with 3.6% 
(w/v) sodium citrate to prevent premature clotting. The citrated 
blood was activated with 0.3 M calcium chloride (9:1 ratio) to initi-
ate coagulation after 10 s of vortexing. Simultaneously, all formula-
tions of MeTro/SN hydrogels were prepared at the bottom of 48-well 
plates. The activated blood was pipetted on top of the hydrogels, and 
at predetermined time points, the wells were washed with 0.9% 
(w/v) saline solution to halt the clotting process. The liquid was as-
pirated and washed repeatedly until the solution was clear to ensure 
the removal of soluble blood components. After the trial of time 
points was complete, the clotting time was determined on the basis 
of the observation of a visible clot, and the hemoglobin concentra-
tion was measured by lysing the clots and measuring the absorbance 
at 600 nm. In addition, clots were dried and weighed to determine 
the clot mass with respect to clotting time.

In vivo sealing efficacy using a rat lung incision model
The rat lung incision test was performed under protocol ARC-
2021-113 at UCLA. Male Wistar rats (200 to 250 g) were purchased 
from Charles River Laboratories. Spontaneous respiration of the rats 
was assessed after inhalable anesthesia was introduced. Under general 
anesthesia, animals were quickly intubated by mouth (in less than a 
minute) using a catheter guidewire as a guide for an endotracheal 
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tube. Afterward, the endotracheal tube of the animals was connected 
to the ventilation system. The skin on the ventral thorax was shaved 
and disinfected. Lateral thoracotomy was performed on the right side, 
and the thorax was incised (2 cm) laterally at the position of the third 
intercostal space. Next, the underlying pectoral muscles were dissect-
ed to expose the ribs and intercostal muscles, so that intercostal spac-
es 3 to 5 were accessible. The intercostal muscles in the intercostal 
space were incised, starting about 3 mm from the edge of the sternum 
(to avoid injury to the internal thoracic arteries, which passed behind 
the sternocostal joints) and continuing sideways for about 1 to 1.5 cm. 
Blunt-ended surgical scissors were inserted through the third inter-
costal space, passing under the sternum and emerging through the 
third intercostal space on the other side of the sternum while slightly 
raising the rib cage. Raising the rib cage was necessary to prevent in-
jury to major vessels and to access the pleural cavity and lung to make 
the surgical incision. After lateral thoracotomy, a wound retractor was 
placed and the operating field around the lung was draped with filter 
paper. A standardized lung incision (2 mm) was prepared with a sur-
gical blade. After the application of the MeTro or MeTro/SN [with 1% 
(w/v) SN] hydrogels, a thoracic catheter was placed as a chest tube to 
remove chest air during closure (chest tube was removed before re-
covery). The thoracic wound was anatomically closed with polypro-
pylene sutures (4-0 and 5-0) by closing the intercostal space and the 
skin separately. The intercostal space was closed by suturing the adja-
cent rips together. To prevent postoperative pneumothorax, the skin 
incision was set one intercostal space caudal from the thoracotomy. 
Furthermore, the lung was gently inflated during the final closure of 
the thorax. Rats were euthanized 7 days postsurgery to assess the du-
rability and biocompatibility of the hydrogels. Some hydrogels were 
explanted with surrounding tissue for H&E and IF analysis using pre-
viously described methods. For some euthanized animals, the ex vivo 
burst pressure of the hydrogel sealants was measured using a sy-
ringe pump.

In vivo sealing and hemostatic efficacy using a pig lung 
incision model
The pig lung incision test was performed under Institutional Animal 
Care and Use Committee protocol S22108 at the University of California, 
San Diego, using adult Yorkshire pigs (male or female). After sterile 
surgical preparation and induction of general anesthesia, a 4- to 
6-cm lateral chest incision was created, and thoracotomy was per-
formed to access the pleural space. Right thoracotomy was per-
formed at the fourth intercostal space using the muscle-sparing 
thoracotomy technique. A laceration of 15 mm in length and about 
3 mm in depth was made with a surgical scalpel, and an air leak was 
confirmed by bubble formation in the expelled blood. The animals 
were placed on short periods of apnea (15 to 30 s), while either MeTro, 
MeTro/SN [with 1% (w/v) SN], or commercial hemostatic sealant 
Tisseel was cross-linked on top of the injury. Hemostatic efficacy 
was assessed through a 1-min hemostatic test wherein blood loss 
was measured on preweighed filter paper after biomaterial treat-
ment. Air-tight sealing was confirmed by saline submersion of the 
thoracic cavity through the lack of bubble formation after inflation 
of the lung with a pressure of 15 to 25 cmH2O. The thoracic wound 
was then anatomically closed with polypropylene sutures (3-0) by 
closing the intercostal space and the skin separately. To prevent a 
postoperative pneumothorax, the skin incision was set one intercos-
tal space (fifth) caudal from the thoracotomy. Furthermore, the 
lungs were gently inflated during the final closure of the thorax. The 

animals were extubated, and the thoracostomy tube, which was 
placed into the right pleural space percutaneously before the closure 
of the surgical incision and was secured posteriorly to a one-way 
Heimlich valve, was removed postoperatively. The skin was com-
pletely closed with an absorbable monofilament subcuticular suture. 
After the operation, thoracic ultrasound was performed to evaluate 
for any radiographic signs of pneumothorax. Ultrasound gel was ap-
plied to both left and right sides of the thorax. Lungs were evaluated 
for healthy lung sliding, B-lines, comet tail artifacts, and A-lines. A 
linear surface ultrasound probe was used to assess for the presence 
of lung sliding bilaterally.

After 14 days of treatment of the lung laceration with the hemo-
static hydrogel–based sealants, the sealing efficacy and biocompati-
bility of the hydrogels were evaluated. Before animal euthanasia, the 
tidal volume was increased to build ventilator pressure in the intu-
bated lungs. Ultrasound was performed simultaneously to assess for 
pneumothorax amid the increasing pressure, ultimately denoting 
the sealing efficacy of the implanted hydrogels. After the animals 
were euthanized, thoracotomy was performed to expose the lacer-
ated region before another pressure test was conducted on the sealed 
lungs. Hydrogel detachment due to high pressure was observed 
by saline submersion, and pressure data were recorded using PASCO 
Capstone software. Then, the lung tissue samples treated with either 
MeTro, MeTro/SN, or Tisseel were explanted for IF analysis.

Statistical analysis
Statistical analysis of all numerical data was carried out using 
GraphPad Prism software (version 8). Data are presented as the 
means ± SD. Data normality was tested using both visual methods, 
such as a Q-Q plot, and statistical methods, including Shapiro-Wilk 
test and Kolmogorov-Smirnov test. Unpaired two-tailed Student’s t 
test was performed for analysis of two groups, and an analysis of 
variance (ANOVA) test followed by Tukey’s post hoc test for multi-
ple comparisons was performed for multiple-group analysis. A one-
way ANOVA was performed to analyze the effect of one independent 
variable upon a dependent variable, whereas a two-way ANOVA 
was conducted when there were two independent variables. The dif-
ferences between groups were considered to be statistically signifi-
cant at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All 
individual-level data are available in data file S1.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S12
Legend for data file S1

Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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