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Tissue and organ-related haemorrhages can be 
life-threatening, and are challenging to treat owing to 
the highly time-sensitive and often complex nature of the 

injury1. Uncontrolled haemorrhages are one of the major causes 
of mortality in the world, accounting for more than two million 
deaths annually2,3. Existing topical haemostatic agents mostly aim 
to augment and accelerate intrinsic blood coagulation to enable 
haemostasis4–10. This is achieved either by the concentration of 
coagulation factors through rapid water absorption, or via local 
delivery of pro-coagulants3,9. However, haemostasis through 
blood coagulation cannot yield immediate haemorrhage control 
owing to the inherently gradual nature of blood-clot formation9. 
Additionally, rapid or pressurized blood flow through a wound 
bed can wash out any forming blood clot, potentially limiting 
the efficacy of coagulation-dependent haemostasis. Furthermore, 
coagulation-dependent haemostasis mechanisms are less effective 
in anticoagulated or coagulopathic patients11.

By contrast, the adhesive sealing of bleeding tissues offers a 
promising alternative to blood coagulation to achieve haemosta-
sis4–8; however, existing tissue adhesives display several substantial 
limitations. Commercially available tissue adhesives provide only 
weak and/or slow adhesion formation with tissue surfaces that are 
covered by blood9,12,13. Although a few blood-resistant tissue adhe-
sives with improved adhesion performance have been developed, 
the need for ultraviolet (UV) irradiation12–14 and/or the prolonged 
application of steady pressure (for example, more than 3 min)15–17 
to form adhesion substantially limits their utility for clinical 
applications.

In nature, marine invertebrates such as barnacles18–21, mussels22–24 
and sandcastle worms25 show a remarkable capability of forming 
strong adhesion on wet and contaminated surfaces. In particular,  

barnacles can strongly adhere to a broad range of underwater  
surfaces, ranging from man-made structures to animal skins19,26 
(Fig. 1a). Glues of barnacles are known to consist of two major com-
ponents: a lipid-rich matrix and adhesive proteins that synergisti-
cally offer strong adhesion on wet and contaminated surfaces18,26,27 
(Fig. 1b,c). The lipid-rich matrix of the barnacle glues first cleans 
the underlying substrate by repelling water and contaminants  
(Fig. 1b), and subsequently the adhesive proteins crosslink with the 
substrate to form stable and strong adhesion26,27 (Fig. 1c). Although 
the adhesive proteins of the barnacle glues have been investigated 
and synthesized to develop underwater and tissue adhesives23,28,29, 
the aforementioned mechanism—which is based on the synergistic 
interplay between the lipid-rich matrix and adhesive proteins in the 
barnacle glues—has remained unexplored for tissue adhesives.

Here we describe a barnacle-glue-inspired bioadhesive to achieve 
rapid, robust and blood-coagulation-independent haemostatic seal-
ing of diverse tissues. The bioadhesive takes the form of an inject-
able paste that consists of a hydrophobic oil matrix and bioadhesive 
microparticles (Fig. 1d,g), which take on similar functional roles to 
the lipid-rich matrix and the adhesive proteins in barnacle glues, 
respectively. On the application of gentle pressure (for example, 
10 kPa), the hydrophobic oil matrix repels the blood enabling the 
compacted bioadhesive microparticles to interact with one another 
and with the tissue surface underneath (Fig. 1e,h). Subsequently, the 
compacted bioadhesive microparticles crosslink with one another 
and with the tissue surface to form robust adhesion within 15 s 
without the need for additional adjuncts such as UV irradiation or 
blood coagulation (Fig. 1f,i, Extended Data Fig. 1, Supplementary 
Fig. 1 and Supplementary Video 1). This repel–crosslinking mecha-
nism enables the rapid and coagulation-independent haemostatic 
capability of the barnacle-glue-inspired bioadhesive paste.
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Results
Design and mechanism of the barnacle-glue-inspired paste. 
To implement the proposed design of the barnacle-glue-inspired 
paste, we first prepared the bioadhesive microparticles by cryo-
genically grinding a dry bioadhesive sheet30 (Supplementary 
Fig. 2). The resultant bioadhesive microparticles are com-
posed of crosslinked networks of poly(acrylic acid) grafted 
with N-hydroxysuccinimide ester (PAA-NHS ester) and chi-
tosan, which provide bioadhesiveness30 and robust mechani-
cal properties30–32, respectively (Supplementary Fig. 3). The 
barnacle-glue-inspired paste is then prepared by thoroughly mix-
ing the bioadhesive microparticles with a biocompatible hydro-
phobic matrix, such as silicone oil and essential oil, to form a 
stable paste33–35 (Supplementary Discussion 1).

Notably, the average size of the bioadhesive microparticles can 
be controlled by the cryogenic grinding conditions. By keeping the 
grinding time constant at 2 minutes and changing the grinding fre-
quency from 10 Hz to 30 Hz, we found that a higher grinding fre-
quency results in a smaller average size of bioadhesive microparticles 
(around 200 µm at 10 Hz and around 10 µm at 30 Hz; Supplementary 
Fig. 4). Because the smaller bioadhesive microparticles result in bet-
ter injectability of the paste and an improved ability to conform to 
the complex geometry of bleeding tissues (Supplementary Fig. 5), 
we chose a grinding frequency of 30 Hz in this study. Furthermore, 
the rheological property of the paste can be tuned by controlling the 
ratio between the bioadhesive microparticles and the hydrophobic oil 
matrix36. Upon increasing the volume fraction ! of the bioadhesive 
microparticles, the barnacle-glue-inspired paste exhibits a transition 
from a viscous fluid (! < 0.3) to a stable thixotropic paste (! > 0.4)  
(Supplementary Discussion 2). An injectable thixotropic paste is 
more favourable than an easily flowing viscous liquid, as it allows for a 
more reproducible and stable application to the bleeding target injury. 
Furthermore, the form factor of a shape-adaptable thixotropic paste 
enables it to conform to complex or hard-to-reach deep-bleeding  
tissue surfaces. We therefore chose a relatively high volume fraction 
of the bioadhesive microparticles (! = 0.4) in this study.

To investigate the influence of the hydrophobic oil matrix and the 
bioadhesive microparticles on haemostatic sealing, we measured the 
pull-off force between porcine heart tissues sealed by the bioadhesive 
microparticles and various matrix materials (Fig. 2a). The pull-off 
tests performed both in air and in a Dulbecco’s Modified Eagle 
Medium (DMEM) bath show similarly high pull-off forces (P = 0.25 
for air; P = 0.49 for DMEM) for the bioadhesive microparticles with 
and without a silicone oil matrix. By contrast, silicone oil without the 
bioadhesive microparticles, and the bioadhesive microparticles with 
a hydrophilic glycerol matrix, exhibit significantly lower pull-off 
forces (Fig. 2b,c). These results indicate that the bioadhesive mic-
roparticles alone can provide rapid robust sealing between wet tis-
sues in the absence of blood. It is also notable that hydrophilic matrix 
materials such as glycerol can significantly compromise the adhesive 
performance of the bioadhesive microparticles by prematurely swell-
ing the bioadhesive microparticles before they contact the wet tis-
sue surface30,37. The pull-off tests performed in a heparinized porcine 
blood bath reveal a relatively high pull-off force for the bioadhesive 
microparticles with the silicone oil matrix, whereas the bioadhesive 
microparticles without the silicone oil matrix exhibit significantly 
lower pull-off forces (Fig. 2d). In the absence of a protective hydro-
phobic matrix, the blood can readily infiltrate into and interact 
with the bioadhesive microparticles, preventing the formation of 
robust adhesion among the microparticles or with the tissue surface 
(Supplementary Fig. 7). These results indicate that the silicone oil 
matrix can effectively protect and preserve the bioadhesive mic-
roparticles and their adhesive capabilities in the presence of blood.

To further understand the role of the silicone oil as a protective 
matrix for the bioadhesive microparticles against blood, we com-
pared the total surface energies of three configurations: (1) the  

bioadhesive microparticles completely wetted by the silicone oil 
with a layer of blood below it (protected state, E1), (2) the bioadhe-
sive microparticles completely wetted by blood with a layer of the 
silicone oil below it (unprotected state, E2) and (3) the bioadhesive 
microparticles completely wetted by the silicone oil without blood 
(repelled state, E3)38,39 (Fig. 2e). To ensure the energetically stable 
protection of the bioadhesive microparticles and the repelling of 
blood by the silicone oil matrix, one should satisfy !EA = E2 " E1 > 0 
and !EB = E1 " E3 > 0, respectively, which can be expressed as 
(Supplementary Discussion 1)
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where R is the roughness factor representing the ratio of the actual 
and projected surface areas of the bioadhesive microparticles, "A 
represents the surface tension of a liquid A, "A/B represents the inter-
facial energy between A and B, and #A/B represents the equilibrium 
contact angle of A on B (subscript ‘adhesive’ represents the bioadhe-
sive microparticle). Note that we take R as approximately equal to 
2 for the bioadhesive microparticles in the barnacle-glue-inspired 
paste based on the approximation of tightly placed spherical parti-
cles with the same diameter. By substituting the values of parameters 
(R = 2, "oil = 20.9 mN m"1, "blood = 72.0 mN m"1, "oil/blood = 40 mN m"1, 
#oil/adhesive = 4.5°, #blood/adhesive = 96°, #oil/tissue = 4.2°, #blood/tissue = 84°, 
see Methods for details) into Eqs. 1 and 2, it is evident that the 
barnacle-glue-inspired paste satisfies these equations. Hence, the 
silicone oil matrix can protect the bioadhesive microparticles against 
blood and repel blood from the tissue surface, supporting our pro-
posed design and mechanism (Fig. 1d–f and Extended Data Fig. 1).

Adhesion mechanism and performance. Next, we further investi-
gated the behaviour of bioadhesive microparticles in the process of 
adhering to the tissue surface. Upon the application of gentle pres-
sure, the bioadhesive microparticles in the barnacle-glue-inspired 
paste are densely compacted and form a non-flowable jammed 
adhesive layer (Supplementary Fig. 8). During this compaction 
process, the silicone oil matrix is pushed out of the paste, repelling 
and cleaning blood from the tissue surface (Supplementary Fig. 9 
and Supplementary Video 2). Hence, the applied pressure and the 
properties of the silicone oil matrix can affect the adhesion forma-
tion of the barnacle-glue-inspired paste. To investigate the effects 
of the applied pressure and the properties of the silicone oil matrix 
on the adhesion to tissues, we measured the pull-off force for the 
porcine heart tissues sealed by the paste while varying the applied 
pressures and the viscosity of the silicone oil matrix (Fig. 2f). As 
the applied pressure increases, the pull-off force first increases and 
then reaches a plateau above a certain threshold of applied pres-
sure (for example, 10 kPa for silicone oil with 5 cSt kinematic vis-
cosity) (Fig. 2f). Moreover, the silicone oil with a higher viscosity 
shows a higher threshold of applied pressure (for example, 16 kPa 
for silicone oil with 100 cSt kinematic viscosity) (Fig. 2f), which is 
in agreement with the granular suspension theory in the literature40 
(Supplementary Discussion 3).

Once the barnacle-glue-inspired paste has formed a densely 
compacted layer on the wet tissue surface, the bioadhesive mic-
roparticles in the paste establish rapid physical crosslinks between 
themselves and to the tissue surface, by means of hydrogen bonds 
between carboxylic acid and primary amine groups that are 
abundant in the bioadhesive microparticles and in biological tis-
sues30,41–44 (Extended Data Fig. 2a and Supplementary Fig. 10). 
The physically crosslinked bioadhesive microparticles further 
swell and equilibrate in the wet physiological environment over 
time37 (Extended Data Fig. 3), during which the hydrogen bonds 
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are gradually decreased by neutralization of the carboxylic acid 
groups43 (Extended Data Fig. 2a,c). The formation of covalent 
crosslinks between NHS ester groups in the bioadhesive micro-
particles and primary amine groups abundant in both biological 
tissues and chitosan in the bioadhesive microparticles within a few 
minutes15,43 further provides stable long-term adhesion to the tis-
sue surface (Extended Data Fig. 2b,c and Supplementary Fig. 11). 
Notably, when in contact with wet tissue surfaces, the bioadhesive 
microparticles rapidly swell (Extended Data Fig. 3a,b) and become 
soft hydrogels, with a Young’s modulus similar to that of soft tissues 
(Supplementary Fig. 12). This rapid transition to soft hydrogels in 
contact with the wet tissue surfaces may minimize potential tis-
sue damage during the application of the barnacle-glue-inspired 
paste. The crosslinked paste exhibits an overall equilibrium swell-
ing ratio similar to those of commercially available products (for 

example, CoSeal)45 and previously reported gelatin-based tissue 
adhesives13,14 (Extended Data Fig. 3c,d).

To evaluate the adhesion performance of the barnacle-glue- 
inspired paste, we conducted different types of mechanical test to 
measure the interfacial toughness (180-degree peel tests, ASTM 
F2256), the shear strength (lap-shear tests, ASTM F2255) and the 
tensile strength (tensile tests, ASTM F2258) (Supplementary Fig. 13).  
The paste displays robust adhesion (interfacial toughness of more 
than 240 J m"2) to blood-covered porcine skin after the applica-
tion of gentle pressure (10 kPa) for 5 s, demonstrating a rapid 
blood-resistant sealing capability (Fig. 3a). The tissues sealed by 
the paste show no significant deterioration in measured inter-
facial toughness (P = 0.78) more than 48 h after the initial pressing 
(Fig. 3b). The barnacle-glue-inspired paste demonstrates supe-
rior adhesion performance compared to existing commercially 
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Fig. 1 | Design and mechanism of the barnacle-glue-inspired paste. a, Barnacles adhered to the skin of a whale. b,c, Composition and adhesion mechanism 
of the barnacle glue on substrates covered with water and contaminants. A lipid-rich matrix in the barnacle glue cleans the substrate by repelling water and 
contaminants (b) while the adhesive proteins can crosslink and form robust adhesion on the cleaned substrate (c). d, Design of a barnacle-glue-inspired 
paste consisting of bioadhesive microparticles and a hydrophobic oil matrix. e,f, The repel–crosslinking mechanism of the barnacle-glue-inspired paste 
integrates the repelling of blood (e) and the subsequent formation of haemostatic sealing by crosslinking (f). g–i, Photographs of the barnacle-glue-inspired 
paste applied on a blood-covered porcine aorta (g), pressed with a gelatin-coated glass substrate (h) and forming a haemostatic tissue sealing (i), 
corresponding to panels d–f, respectively. Credit for a: Aleria Jensen, the US National Oceanic and Atmospheric Administration (NOAA).
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available tissue adhesives, including gelatin-based haemostatic 
adhesives (Surgiflo), fibrin-based haemostatic adhesives (Tisseel, 
TachoSil), albumin-based adhesives (BioGlue), polyethylene glycol  
(PEG)-based adhesives (CoSeal), and cyanoacrylate adhesives 
(Histoacryl). These commercially available tissue adhesives exhibit 
relatively slow adhesion formation (longer than 1 min) and limited 
adhesion performance on blood-covered porcine skin (interfacial 
toughness less than 30 J m"2 and shear and tensile strengths less than 
20 kPa) (Fig. 3c–e). By contrast, the barnacle-glue-inspired paste can 
form rapid robust adhesion with an interfacial toughness of more 
than 240 J m"2, a shear strength of more than 70 kPa and a tensile 
strength of more than 50 kPa within 5 s, substantially outperforming 
the commercially available tissue adhesives and haemostatic agents 
(Fig. 3c–e). In addition, the paste is applicable to a broad range of 
tissues covered by blood, forming robust adhesion with high inter-
facial toughness (more than 240 J m"2 for skin, 150 J m"2 for aorta, 
140 J m"2 for heart, 330 J m"2 for muscle), shear and tensile strength 
(more than 70 kPa for skin, 55 kPa for aorta, 45 kPa for heart, 50 kPa 
for muscle) in less than 5 s (Fig. 3f–h and Supplementary Fig. 14). 
Furthermore, the barnacle-glue-inspired paste can induce the rapid 
robust sealing of tissues that are covered by other body fluids such 
as mucus and gastric juice, potentially offering a broader applica-
bility for the sealing of various tissues beyond the clinical context 
of haemostasis (Fig. 3f–h and Supplementary Fig. 14). Notably, the 
superior adhesion performance of the paste can also be achieved 
using various hydrophobic matrix materials other than silicone oil, 
such as fatty acids (Supplementary Fig. 15).

Biocompatibility and biodegradability. To evaluate the biocom-
patibility and biodegradability of the barnacle-glue-inspired paste, 
we performed in vitro and in vivo characterizations using rat models  
(Fig. 4). A cell culture media (DMEM) conditioned with the paste 
exhibits comparable in vitro cytotoxicity towards rat cardiomyo-
cytes to that of control media (pristine DMEM) after 24-hour  
culture (Fig. 4a). We evaluated the in vivo biocompatibility of the 
paste by dorsal subcutaneous implantation in rat models, followed 
by assessment at various time points from 1 day to 2 weeks (Fig. 4b,c 
and Supplementary Fig. 16a,b). Histological assessment by a blinded 
pathologist demonstrated that the barnacle-glue-inspired paste  
elicits very mild to mild inflammation, comparable to that of a com-
mercially available United States Food and Drug Administration 
(FDA)-approved tissue adhesive, CoSeal, at all time points (P = 0.39  
for 1 day, P = 0.54 for 3 days, P = 0.67 for 1 week, P = 0.21 for  
2 weeks post implantation; Fig. 4d). To further investigate the in vivo 
biocompatibility of the paste, we performed immunofluorescence 
staining of various markers for fibroblasts (#-smooth muscle actin; 
#SMA), type 1 collagen (collagen I), T cells (CD3) and macro-
phages (CD68) related to inflammatory and foreign-body responses  
(Fig. 4e–h and Supplementary Fig. 16c–f). The normalized immuno-
fluorescence intensity analysis shows that the barnacle-glue-inspired 
paste induces no significant difference, when compared with 
CoSeal, in the expression of #SMA, collagen I, CD3 and CD68 at all 
time points (Fig. 4i–l). Notably, the paste exhibits gradual biodeg-
radation via resorption by macrophages over a longer period (for 
example, 12 weeks) of implantation (Supplementary Fig. 17a–c), 
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and the rate of biodegradation can be accelerated by using materials 
that degrade more quickly—such as gelatin—to replace chitosan in 
the bioadhesive microparticles (Supplementary Fig. 17d).

Rapid and coagulation-independent haemostatic tissue sealing. 
The capability of the barnacle-glue-inspired paste to form rapid and 
robust adhesion on blood-covered tissues could be advantageous 
for rapid and coagulation-independent haemostatic sealing of vari-
ous tissues in clinical and biomedical applications. To evaluate this 

capability, we demonstrated haemostatic sealing in injury models of 
ex vivo porcine aorta, in vivo rat liver and heart, and in vivo antico-
agulated porcine liver.

Commercially available haemostatic agents such as TachoSil and 
Veriset lack rapid, robust and coagulation-independent haemostatic 
sealing capabilities, and thus fail to induce haemostatic sealing of 
a bleeding ex vivo porcine aorta (3 mm hole; heparinized porcine 
blood circulated with pressure at 150 mm Hg) (Supplementary 
Video 3). By contrast, the barnacle-glue-inspired paste can induce 
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Fig. 3 | Adhesion performance. a, Interfacial toughness plotted against pressing time for blood-covered porcine skin sealed by the barnacle-glue-inspired 
paste. b, Interfacial toughness plotted against storage time for blood-covered porcine skin sealed by the paste. c–e, Comparison of the interfacial 
toughness (c), shear strength (d) and tensile strength (e) of blood-covered porcine skin sealed by the paste with that of various commercially available 
products. f–h, Interfacial toughness (f), shear strength (g) and tensile strength (h) of various tissues, covered by blood or by mucus and gastric juice and 
sealed with the paste. Values represent mean ± s.d. (n = 3–4 independent samples). Statistical significance and P values are determined by one-way 
ANOVA followed by Tukey’s multiple comparison test; ***P!$!0.001.
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rapid haemostatic sealing of the bleeding ex vivo porcine aorta 
within 5 s (Extended Data Fig. 4a and Supplementary Video 4). The 
aorta, sealed by the paste, maintains a seal under continuous blood 
flow and can withstand a supraphysiological pressure (250 mm Hg) 
without leakage 6 h after the application and under continuous 
flow. Importantly, filtering of the blood bath with a mesh (100 µm 
mesh size) after the test (closed-loop flow for 6 h) does not yield 
any evidence of released, free-floating bioadhesive microparticles. 
This demonstrates robust haemostatic sealing by the paste, and a 

low potential risk of microparticle embolization (Extended Data 
Fig. 4b). We further quantitatively evaluated the strength of haemo-
static sealing by performing a standard burst pressure measurement 
(ASTM F2392-04). The barnacle-glue-inspired paste shows a burst 
pressure of more than 350 mm Hg, significantly exceeding the nor-
mal systolic arterial blood pressure in humans (around 120 mm Hg) 
and the burst pressure of haemostatic seals formed by sutures and 
commercially available haemostatic sealants (Surgiflo, Tisseel, 
TachoSil) (Extended Data Fig. 4c).
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Fig. 4 | In vitro and in vivo biocompatibility. a, In vitro cell viability of rat cardiomyocytes assessed using the LIVE/DEAD assay after 24!h culture in control 
media (DMEM), CoSeal-incubated media and paste-incubated media (bottom right). Representative confocal microscopy images of the LIVE/DEAD assay 
for control (top left), CoSeal (top right) and the barnacle-glue-inspired paste (bottom left). b,c, Representative histology images stained with haematoxylin 
and eosin (H&E) for CoSeal (top) and the paste (bottom) 1 day (b) and 2 weeks (c) after subcutaneous implantation into the rat. Four independent 
experiments were conducted with similar results. d, Degree of inflammation evaluated by a blinded pathologist (0, normal; 1, very mild; 2, mild; 3, severe; 4, 
very severe). e–h, Representative immunofluorescence images for CoSeal (e,g) and the barnacle-glue-inspired paste (f,h) 1 day (e,f) and 2 weeks (g,h) after 
subcutaneous implantation. Cell nuclei are stained with 4%,6-diamidino-2-phenylindole (DAPI, blue). Green fluorescence corresponds to the expression 
of fibroblasts (#SMA), type 1 collagen (collagen I), T cells (CD3) and macrophages (CD68) in each of the subpanels from left to right. i–l, Normalized 
fluorescence intensity from the immunofluorescence images for CoSeal and the paste 1 day (i), 3 days (j), 1 week (k) and 2 weeks (l) after subcutaneous 
implantation. Values in a,d,i–l represent mean ± s.d. (n = 4 independent samples). Statistical significance and P values are determined by a two-sided 
Student’s t-test.
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To quantitatively evaluate the haemostatic sealing capabil-
ity of the barnacle-glue-inspired paste in vivo, we measured the 
time to haemostasis and the blood loss until haemostasis in rat 
hepatic and cardiac haemostasis models (Figs. 5 and 6). The 
barnacle-glue-inspired paste can induce haemostatic sealing in the 
bleeding liver (injury of 5 mm diameter and 2 mm depth) and heart 
(2 mm diameter ventricular wall injury) within 5 s (Figs. 5a and 6a), 
showing a significantly reduced time to haemostasis (Figs. 5c and 
6c) and blood loss until haemostasis (Figs. 5d and 6d) compared 
to the injury group (without haemostasis) and to the commer-
cially available haemostatic agents Surgicel and CoSeal (Extended 
Data Fig. 4d–i). Notably, the injury, Surgicel and CoSeal groups 
were not able to form a haemostatic seal in the heart owing to the 
high-pressure and high-volume bleeding from a ventricular injury 
(Fig. 6c,d, Extended Data Fig. 4h,i and Supplementary Video 5); 
however, the barnacle-glue-inspired paste can induce rapid haemo-
static sealing of a ventricular injury within 5 s, restoring the normal  
intraventricular blood pressure immediately after haemostasis  
(Fig. 6e and Supplementary Video 6).

We also demonstrate that the barnacle-glue-inspired paste main-
tains a seal on the injured rat liver and heart in vivo 2 weeks after 
the initial haemostatic application (Figs. 5b and 6b). Furthermore, 
histological analysis of the sealed rat liver and heart tissues indicates 
that the barnacle-glue-inspired paste enables cell infiltration into the 

crosslinked bioadhesive microparticles and healing of the underly-
ing injuries (Figs. 5e and 6f,g). Immunofluorescence analysis of 
inflammatory and foreign-body-response markers (CD3 for T cells, 
CD68 for macrophages) shows that the paste induces the expression 
of CD3 and CD68 comparable to that of CoSeal and significantly 
lower than that of Surgicel (Fig. 5f–i). Furthermore, a complete 
blood count and blood chemistry analysis of the rats 2 weeks after 
haemostatic sealing demonstrates no significant difference in 
inflammation-related blood cells and markers for organ-specific dis-
eases compared to the healthy rats (Supplementary Figs. 18 and 19). 
For instance, levels of liver enzymes (such as alkaline phosphatase 
and aspartate transaminase) are normal 2 weeks after the haemo-
static sealing of the liver injury (Supplementary Fig. 18i,j), suggest-
ing that the barnacle-glue-inspired paste does not cause major liver 
impairment throughout the healing and remodelling process.

To further validate the in vivo efficacy of the barnacle-glue-inspired 
paste in a more clinically relevant setting, we demonstrated rapid 
haemostatic sealing of bleeding liver injuries in fully anticoagulated 
pigs (by intravenous heparin bolus of 300 IU kg"1 plus an additional 
100 IU kg"1 bolus as needed to yield an activated clotting time (ACT) 
of more than 1,000 s; normal being 70–120 s). We compared the 
barnacle-glue-inspired paste to a leading, commercially available, 
FDA-approved haemostatic patch (TachoSil, Baxter) (Fig. 7). Note 
that TachoSil is chosen as a representative commercially available  

3� �����

3� �����

,QMXU\ 6XUJLFHO &R6HDO 3DVWH
�

1
RU
P
DO
L]
HG
�IO
XR
UH
VF
HQ
FH
�LQ
WH
QV
LW\

���

���

���

&'��
3� ������

3� ������

3� �����

a

c d e

f g h i

,QMXU\ 6XUJLFHO &R6HDO 3DVWH
�

7L
P
H�
WR
�K
DH
P
RV
WD
VL
V�
�V
�

���

���

���

���

���




3� �������

,QMXU\ 6XUJLFHO &R6HDO 3DVWH
�

%O
RR
G�
OR
VV
��P

J�
�����

�����

�����

���

3� �����


3� �������

,QMXU\ 6XUJLFHO &R6HDO 3DVWH
�

1
RU
P
DO
L]
HG
�IO
XR
UH
VF
HQ
FH
�LQ
WH
QV
LW\

���

���

���

&'�
���

3� �����

�����P

,QMXU\ 6XUJLFHO &R6HDO 3DVWH

,QMXU\
,QMXU\

,QMXU\

,QMXU\

%LRDGKHVLYH
PLFURSDUWLFOHV

����µP ����µP

,QMXU\ 6XUJLFHO

&'�&R6HDO 3DVWH

&'�

&'�

&'�

,QMXU\

,QMXU\

,QMXU\

,QMXU\

%LRDGKHVLYH
PLFURSDUWLFOHV

,QMXU\ 6XUJLFHO

&'��&R6HDO 3DVWH

&'��

&'��

&'��

,QMXU\

,QMXU\

,QMXU\

,QMXU\

%LRDGKHVLYH
PLFURSDUWLFOHV

��PP

b

��PP

%OHHGLQJ�UDW�OLYHU

� � � �

3DVWH�DSSOLFDWLRQ 3UHVV�IRU���VHFRQGV 5DSLG�KDHPRVWDWLF�VHDOLQJ

%OHHGLQJ
���PP�GLDPHWHU�DQG
��PP�GHSWK�LQMXU\�

��ZHHNV

3DVWH +DHPRVWDWLF
VHDOLQJ6SDWXOD ,QMXU\
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haemostatic agent on the basis of its superior haemostatic sealing 
performance compared to other products (for example, Surgiflo, 
Tisseel, BioGlue and CoSeal) to serve as experimental control  
(Fig. 3c–e and Extended Data Fig. 4c). Three pigs received a com-
bined total of nine excisional liver biopsy injuries (three injuries 
per pig; 10 mm diameter and 10 mm deep). To provide haemostatic 
sealing, TachoSil was applied to a bleeding liver injury for 3 min, 
following the manufacturer’s guidelines. After 3 min of application, 
the adhered TachoSil patch exhibited major central doming owing 
to blood accumulation underneath. Eventually, the seal between 
TachoSil and the surface of the liver failed due to persistent brisk 
bleeding, and upon removal of TachoSil from the injury site it was 
evident that the liver bleeding was unabated. As a result, TachoSil 
failed to achieve haemostatic sealing in all wounds to which it was 
applied (Fig. 7a and Supplementary Video 7).

By contrast, the barnacle-glue-inspired paste can provide 
rapid haemostatic sealing of bleeding porcine liver injuries within 
15 s (for example, Fig. 7b and Supplementary Video 8), requir-
ing significantly less time (Fig. 7c) and less blood loss (Fig. 7d) 
to achieve haemostasis compared to TachoSil. Furthermore, we 
also demonstrate that the failed haemostatic sealing of a bleed-
ing liver injury treated with TachoSil can be readily rescued by the 
barnacle-glue-inspired paste, supporting the superior rapid, robust 
and coagulation-independent haemostatic capability of the paste 
(Supplementary Fig. 20 and Supplementary Video 9). After hae-
mostasis of a total of 9 potentially lethal severe hepatic bleedings 

(10.1 ± 4.31 ml min"1 blood loss under fully anticoagulated condi-
tions) by the paste, all pigs survived without signs of adverse reac-
tions during the study period of 4 weeks. Histological analysis of 
the sealed porcine liver tissues 4 weeks after the initial haemostatic 
application showed that the barnacle-glue-inspired paste maintains 
a seal on the liver lesion, enabling cell infiltration and healing of the 
injury (Supplementary Fig. 21). Notably, the histological analysis 
indicates that the barnacle-glue-inspired paste is not fully degraded 
4 weeks after haemostatic sealing, and that the complete degrada-
tion and tissue remodelling of the repaired organ may require a lon-
ger period of time (Supplementary Fig. 17a–c).

Notably, patch-form haemostatic agents such as TachoSil fail 
to conform to complex, uneven, and hard-to-reach bleeding tis-
sue surfaces (Fig. 7e,f). These bleeding tissue surfaces seem to be 
challenging for such haemostatic agents, potentially limiting their 
haemostatic efficacy (Fig. 7a and Supplementary Video 6). On the 
contrary, the flowable and shape-adaptable characteristics of the 
barnacle-glue-inspired paste enables it to conform to, and form 
contact with, the irregular and deep-bleeding tissue surfaces, form-
ing an effective haemostatic seal (Fig. 7g,h).

Discussion
Despite the significant research pertaining to haemostatic technolo-
gies and devices in both academic and commercial settings, incom-
plete haemorrhage control and associated complications are ongoing 
clinical challenges46. The majority of FDA-approved haemostatic 
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products rely on the formation of blood clots for haemostatic seal-
ing of bleeding injuries by the use of coagulation-promoting mate-
rials (for example, gelatin, collagen, oxidized cellulose) and/or 
concentrated coagulation factors (for example, fibrin, thrombin). 
However, the inherently gradual nature of blood-clot formation 
limits the speed of haemostasis and cannot offer rapid haemor-
rhage control9. Moreover, the coagulation-dependent mecha-
nism further limits its haemostasis efficacy in situations in which 
patients receive anticoagulation therapy or are coagulopathic for 
other reasons11 (for example, cardiac bypass surgery, liver failure, 
septic shock, trauma-induced coagulopathy). More recently, several 
blood-resistant tissue adhesives have been developed to achieve hae-
mostatic sealing independent of blood coagulation12–15,17. However, 
these existing blood-resistant tissue adhesives require UV irradia-
tion12–14 and/or prolonged steady pressure application (for example, 
for more than 3 min)15,17 to achieve haemostatic sealing, substan-
tially limiting their efficacy and utility in clinical applications.

In this Article, we report a barnacle-glue-inspired paste 
that incorporates a biologically inspired mechanism to achieve 
coagulation-independent haemostatic sealing of bleeding tis-
sues. The barnacle-glue-inspired paste synergistically combines a 
blood-repelling hydrophobic oil matrix and bioadhesive micropar-
ticles to provide a preparation-free and shape-adaptable paste that is 
capable of rapid, robust and coagulation-independent haemostatic 
tissue sealing. Although the bioadhesive microparticles in the paste 
share compositional similarities with the previously developed dry 
bioadhesive tape30, the rapid haemostatic sealing capability of the 
barnacle-glue-inspired paste, as well as its shape-adaptable form factor  

that could facilitate the treatment of complex and hard-to-reach 
bleeding injuries, represent major technological advancements.

We have performed systematic characterizations and analyses of 
the proposed barnacle-glue-inspired mechanism and the haemo-
static sealing performance of the paste. Comprehensive in vitro and 
in vivo biocompatibility and biodegradability evaluations show that 
the barnacle-glue-inspired paste exhibits biocompatibility compa-
rable to that of FDA-approved commercially available haemostatic 
agents such as CoSeal, while being degradable in the long-term 
(for example, 12 weeks post implantation). The in vivo rodent and 
porcine models validate the efficacy of the barnacle-glue-inspired 
paste as a promising haemostatic agent to achieve rapid, robust and 
coagulation-independent haemostatic tissue sealing, superior to 
that of widely adopted, FDA-approved, commercially available hae-
mostatic agents such as Surgicel, CoSeal and TachoSil.

However, future studies are required to further validate the 
efficacy and potential of the barnacle-glue-inspired paste in clini-
cal applications. Although the haemostatic sealing of heart and 
liver injuries is demonstrated using small- and large-animal mod-
els, clinical translation and potential regulatory approval of the 
barnacle-glue-inspired paste for specific indications in human 
use will require further investigations and optimization in terms 
of adhesion performance, application process and swelling ratio. 
The current study illustrates the in vivo biodegradation of the 
barnacle-glue-inspired paste in the long-term (for example, 12 
weeks post implantation; Supplementary Fig. 17). However, fur-
ther in-depth investigations will be required to fully understand 
long-term in vivo degradation of the paste and associated toxicology, 
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tissue healing and ultimate clearing of the degradation by-products 
by means of future pre-clinical large-animal studies and human clin-
ical trials. Although in the early stages, the barnacle-glue-inspired 
paste offers a promising option for achieving rapid control of severe 
bleeding even in the presence of coagulopathy—scenarios in which 
current commercial haemostatic agents are known to fail. We envi-
sion that the barnacle-glue-inspired paste will not only provide an 
effective tool for rapid and coagulation-independent haemostasis, 
wound closure and surgical repair, but also offer valuable insights 
for the future design and development of adhesives in wet and con-
taminated environments.

Methods
Materials. All chemicals were obtained from Sigma-Aldrich unless otherwise 
mentioned and used without further puri!cation. For preparation of the dry 
bioadhesive, acrylic acid, acrylic acid N-hydroxysuccinimide ester (AAc-NHS 
ester), #-ketoglutaric acid, chitosan (weight average molecular weight (Mw)  
250-300 kDa, degree of deacetylation >90 %; ChitoLytic) and gelatin (type A bloom 
300 from porcine skin) were used. For the matrix of bioadhesive microparticles, 
silicone oils with di"erent viscosities (5 cSt and 100 cSt), oleic acid or glycerol were 
used. For visualization of the barnacle-glue-inspired paste, #uorescein-labelled 
chitosan (KITO-8, PolySciTech) was used for confocal microscopy images. 
Heparinized porcine blood was purchased from Lampire Biological Laboratories. 
All porcine tissues and organs for ex vivo experiments were purchased from a 
research-grade porcine tissue vendor (Sierra Medical).

Preparation of the barnacle-glue-inspired paste. To prepare a bioadhesive, 
30 w/w% acrylic acid, 2 w/w% chitosan, 1 w/w% AAc-NHS ester and 0.5 w/w 
#-ketoglutaric acid were dissolved in deionized water. The precursor solution 
was then filtered with 0.4 µm sterile syringe filters and poured on a glass mould 
with 500 µm spacers. The bioadhesive was cured in a UV chamber (354 nm, 12 W 
power) for 60 min and completely dried under nitrogen flow for 24 h. The dry 
bioadhesive was sealed in plastic bags with desiccants (silica gel packets) and 
stored at "20 °C before use. To aid visualization of the barnacle-glue-inspired 
paste for confocal microscopy images, 0.2 w/w% fluorescein-labelled chitosan 
was further added into the precursor solution before curing. To prepare the 
gelatin-based barnacle-glue-inspired paste, 2 w/w% chitosan in the precursor 
solution was replaced with 10 w/w% gelatin. To prepare a barnacle-glue-inspired 
paste without NHS ester, AAc-NHS ester was not included in the bioadhesive 
precursor solution.

To prepare bioadhesive microparticles, the dry bioadhesive was cut into small 
pieces and added into the container of a cryogenic grinder (CryoMill, Retsch), 
then subject to a cryogenic grinding process (30 Hz frequency for 2 min). The 
barnacle-glue-inspired paste was prepared by thoroughly mixing the bioadhesive 
microparticles and a hydrophobic matrix. The prepared barnacle-glue-inspired 
paste was sealed in plastic bags with desiccant (silica gel packets) and stored at 
"20 °C before use. Unless otherwise specified, the silicone oil with a viscosity of 
5 cSt and a 1:1 mass ratio (equivalent to ! = 0.4) of the bioadhesive microparticles 
and the silicone oil were used.

Mechanical tests. Unless otherwise indicated, all tissues were adhered by the 
barnacle-glue-inspired paste after covering with blood or gastric juice followed 
by 5 s pressing (with 10 kPa pressure applied using either a mechanical testing 
machine or the equivalent weight). Unless otherwise indicated, all mechanical tests 
on adhesion samples were performed 6 h after initial pressing to ensure equilibrium 
swelling of the adhered paste. The application of commercially available products 
was performed according to the provided manual for each product.

For pull-off tests, porcine heart was cut to a surface area of 1 cm2 and a 
thickness of 5 mm. On one side, the porcine heart was adhered to an empty 
glass container (the air group in Fig. 2b) or a glass container filled with DMEM 
or heparinized porcine blood bath using a cyanoacrylate glue (Krazy Glue). On 
another side, the porcine heart was adhered to an aluminium fixture using the 
cyanoacrylate glue and the surface of the tissue was covered with the bioadhesive 
microparticles without or with various matrix materials. Note that the DMEM bath 
was used to mimic body fluids47. The adhesive-covered porcine heart was pressed 
against the tissue submerged in the bath at varying pressures using a mechanical 
tester (2.5 kN load-cell, Zwick/Roell Z2.5) for 5 s. The adhered tissues were then 
pulled by lifting the aluminium fixture and the maximum tensile force was 
measured as the pull-off force.

To measure interfacial toughness, adhered samples with a width of 2.5 cm were 
prepared and tested using the standard 180-degree peel test (ASTM F2256) and a 
mechanical tester (2.5 kN load-cell, Zwick/Roell Z2.5). All tests were conducted at 
a constant peeling speed of 50 mm min"1. The measured force reached a plateau as 
the peeling process entered the steady state. Interfacial toughness was determined 
by dividing two times the plateau force (for the 180-degree peel test) by the width 
of the tissue sample (Supplementary Fig. 13a). Poly(methyl methacrylate) (PMMA) 

film (50 µm thickness, Goodfellow) was applied using the cyanoacrylate glue as a 
stiff backing for the tissues.

To measure shear strength, adhered samples with an adhesion area measuring 
2.5 cm wide and 1 cm long were prepared and tested using the standard lap-shear 
test (ASTM F2255) and the mechanical tester. All tests were conducted at a 
constant tensile speed of 50 mm min"1. Shear strength was determined by dividing 
the maximum force by the adhesion area (Supplementary Fig. 13b). The PMMA 
film was applied using the cyanoacrylate glue as a stiff backing for the tissues.

To measure tensile strength, adhered samples with an adhesion area 
measuring 2.5 cm wide and 2.5 cm long were prepared and tested using the 
standard tensile test (ASTM F2258) and the mechanical tester (Supplementary 
Fig. 13c). All tests were conducted at a constant tensile speed of 50 mm min"1. 
Tensile strength was determined by dividing the maximum force by the adhesion 
area. Aluminium fixtures were applied using the cyanoacrylate glue to provide 
grips for the tensile tests.

To measure burst pressure, a porcine aorta with a width of 2.5 cm and a length 
of 2.5 cm was prepared and tested using the standard burst pressure test (ASTM 
F2392-04) (Supplementary Fig. 13d). A 3 mm hole was introduced to the porcine 
aorta using a biopsy punch (Dynarex). The punctured porcine aorta was then 
covered with heparinized porcine blood and sealed using various adhesives (the 
barnacle-glue-inspired paste, suture (Ethicon 4-0 Vicryl), Surgiflo, Tisseel and 
TachoSil). For the paste, Surgiflo and Tisseel, a 2 ml volume was used to form a seal 
of approximately 5 mm thick. For TachoSil, an aorta sample with a width of 1.5 cm 
and a length of 1.5 cm was used. Thirty minutes after the sealing, pressure was 
applied to the sealed porcine aorta by pumping phosphate buffered saline (PBS) 
using a syringe pump at a flow rate of 2 ml min"1. The maximum pressure was 
recorded as the burst pressure using a digital pressure gauge (Omega).

Microscope imaging. Scanning electron microscopy images of the cryogenically 
ground bioadhesive microparticles were taken using a scanning electron 
microscope (JSM-6010LA, JEOL) with 5 nm gold sputtering to enhance image 
contrasts. Confocal microscopy images of the barnacle-glue-inspired paste were 
obtained using an upright confocal microscope (SP8, Leica) with an excitation 
wavelength of 490 nm for fluorescein isothiocyanate (FITC).

Contact-angle measurement. The dry bioadhesive or porcine skin tissue were 
bonded on a glass substrate and the contact angle of the silicone oil and porcine 
blood was measured using a contact angle apparatus (Ramé-Hart). The contact 
angle measurements were conducted at room temperature (23–26 °C) and at  
a relative humidity of 35%. The interfacial energies between silicone oil–air,  
blood–air and silicone oil–blood were obtained from the reported values in  
the literature48–50.

Characterization of physical and covalent crosslinks. To validate the presence 
of physical crosslinks in the form of hydrogen bonds, the barnacle-glue-inspired 
paste without NHS ester (to avoid covalent crosslinks) was incubated in DMEM 
containing fluorescent microbeads without functional groups, coupled with 
carboxylic acid groups, or coupled with primary amine groups (FluoSpheres, 
Thermo Fisher Scientific) for 30 s at room temperature. The samples were 
then thoroughly washed with clean PBS to remove non-adhered fluorescent 
microparticles.

To validate the presence of covalent crosslinks in the form of amide bonds, the 
barnacle-glue-inspired paste with and without NHS ester was incubated in DMEM 
with fluorescent microbeads coupled with primary amine groups (FluoSpheres, 
Thermo Fisher Scientific) for 10 min at room temperature. Then, the samples were 
thoroughly washed with 0.5 M sodium bicarbonate solution to remove fluorescent 
microparticles adhered by hydrogen bonds43. The presence of the adhered 
microbeads was characterized using a fluorescence microscope (LV10, Nikon) and 
the number of adhered microbeads was counted using ImageJ (v.2.1.0).

Ex vivo tests. All ex vivo experiments were reviewed and approved by the 
Committee on Animal Care at the Massachusetts Institute of Technology (MIT). 
For haemostatic sealing of a bleeding aorta, a porcine aorta was connected to 
a heparinized porcine blood bath and a pump via silicone tubes to generate 
closed-loop blood flow at a pressure of 150 mm Hg (Extended Data Fig. 4a). 
A 3 mm diameter hole was made in the porcine aorta using a biopsy punch 
(Dynarex). To form a haemostatic seal, 1 ml of the barnacle-glue-inspired paste 
was injected on a surgical gauze of 2.5 cm in width and 2.5 cm in length to aid 
handling, and then gently pressed onto the bleeding site for 5 s. The sealed porcine 
aorta was kept for 6 h at room temperature with continuous blood flow to monitor 
the haemostatic sealing made by the barnacle-glue-inspired paste. A sodium 
azide solution (0.01 w/v% in PBS) was sprayed on the porcine aorta to avoid tissue 
dehydration and degradation during the test. After the test, the blood bath was 
filtered using a 100 µm mesh to check for the presence of free-floating bioadhesive 
microparticles in the blood.

Evaluation of in vitro biocompatibility evaluation. In vitro biocompatibility 
tests were conducted using the paste-conditioned media for cell culture. To 
prepare the paste-conditioned or CoSeal-conditioned media, 0.5 ml of the paste 
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or CoSeal (Baxter) were incubated in 10 ml DMEM supplemented with 10 v/v% 
fetal bovine serum and 100 U ml"1 penicillin–streptomycin at 37 °C for 24 h. The 
supplemented DMEM without incubating with paste was used as a control. Rat 
embryonic cardiomyocytes (H9c2(2-1), ATCC) were plated in a confocal dish 
(20 mm diameter) at a density of 0.5 & 105 cells (n = 4 per group). The cells were 
then treated with the paste-conditioned media and incubated at 37 °C for 24 h in 
5% CO2. The cell viability was determined by a LIVE/DEAD viability/cytotoxicity 
kit for mammalian cells (Thermo Fisher Scientific). A laser confocal microscope 
(SP8, Leica) was used to image live cells at excitation/emission wavelengths of 
495 nm/515 nm, and dead cells at 495 nm/635 nm, respectively. The cell viability 
was calculated by counting the number of live (green fluorescence) and dead  
(red fluorescence) cells using ImageJ (v.2.1.0).

Evaluation of in vivo biocompatibility and biodegradability. All studies in rats 
were approved by the MIT Committee on Animal Care and all surgical procedures 
and post-operative care were supervised by MIT Division of Comparative 
Medicine (DCM) veterinary staff. Female Sprague Dawley rats (225–250 g, Charles 
River Laboratories) were used for all in vivo rat studies.

Prior to implantation, the barnacle-glue-inspired paste was prepared 
using aseptic techniques and was further sterilized for 3 h under UV light. For 
implantation in the dorsal subcutaneous space, rats were anaesthetized using 
isoflurane (1–2% isoflurane in oxygen) in an anaesthetizing chamber. Anaesthesia 
was maintained using a nose cone. Back hair was removed and the rats were 
placed over a heating pad for the duration of the surgery. The subcutaneous space 
was accessed by a 1–2 cm skin incision per implant in the centre of the rat’s back. 
To create space for implant placement, blunt dissection was performed from the 
incision towards the shoulder blades of the rat. Either 0.5 ml of the paste (n = 4 for 
each endpoint) or a comparable volume of commercially available tissue adhesive 
(CoSeal, n = 4 for each endpoint) were placed in the subcutaneous pocket created 
above the incision. The incision was closed using interrupted sutures (4-0 Vicryl, 
Ethicon) and 3–6 ml of saline was injected subcutaneously. Up to four implants 
were placed per rat, ensuring no overlap between each subcutaneous pocket 
created. One day, 3 days, 1 week or 2 weeks after implantation, the rats were 
euthanized by CO2 inhalation. Subcutaneous regions of interest were excised and 
fixed in 10% formalin for 24 h for histological and immunofluorescence analyses.

In vivo haemostatic sealing of rat liver. For haemostatic sealing of the hepatic 
injury, the rats were anaesthetized using isoflurane (1–3% isoflurane in oxygen) 
in an anaesthetizing chamber. Abdominal hair was removed and the rats were 
placed over a heating pad for the duration of the surgery. The liver was exposed 
via a laparotomy. A injury of 5 mm diameter and 2 mm depth was made to the 
liver using a biopsy punch (Dynarex). To form haemostatic sealing, 0.5 ml of the 
barnacle-glue-inspired paste was injected onto the bleeding site and then gently 
pressed onto the punctured hole using a surgical spatula for 5 s (n = 4). For the 
commercially available products, Surgicel (Ethicon) with a length of 20 mm and a 
width of 20 mm (n = 4) or 2 ml of CoSeal (n = 4) were used. For the injury group, 
no haemostasis was performed (n = 4). The amount of blood loss until haemostasis 
was reached and the time to haemostasis were recorded for each group. After 
haemostatic sealing was confirmed, the incision was closed using interrupted 
sutures (4-0 Vicryl, Ethicon) and 3–6 ml of saline was injected subcutaneously. Two 
weeks after the implantation, blood was collected for the blood analysis and the 
rats were euthanized by CO2 inhalation. Livers with the implants were excised and 
fixed in 10% formalin for 24 h for histological and immunofluorescence analyses. 
All rats in the study were monitored daily by the MIT DCM veterinary staff and 
maintained normal health conditions.

In vivo haemostatic sealing of rat heart. For haemostatic sealing of the full 
thickness ventricular injury, the rats were anaesthetized using isoflurane (1–3% 
isoflurane in oxygen) in an anaesthetizing chamber. Chest hair was removed. 
Endotracheal intubation was performed, and the rats were connected to a 
mechanical ventilator (Model 683, Harvard Apparatus) and placed over a heating 
pad for the duration of the surgery. The heart was exposed via a thoracotomy 
and the pericardium was removed using fine forceps. For measurement of 
intraventricular blood pressure, a pressure–volume catheter (SPR-838, Millar) 
was inserted into the left ventricle via apical stick to monitor left-ventricular 
blood pressure during the test. A 2 mm diameter injury was made to the left 
or right ventricular wall of the heart using a biopsy punch (Dynarex). To form 
haemostatic sealing, 0.25 ml of the barnacle-glue-inspired paste was injected onto 
the bleeding site and then gently pressed onto the punctured hole using a surgical 
spatula for 5 s (n = 5). For the commercially available products, Surgicel (Ethicon) 
with a length of 20 mm and a width of 20 mm (n = 4) or 2 ml of CoSeal (n = 4) 
were used. For the injury group, no haemostasis was performed (n = 4). The 
amount of blood loss until haemostasis was reached and the time to haemostasis 
were recorded up to 300 s for each group. After the haemostatic sealing was 
confirmed, the incision was closed using interrupted sutures (4-0 Vicryl, Ethicon) 
and 3–6 ml of saline was injected subcutaneously. For groups that failed to form 
haemostasis by 300 s, rats were euthanized by exsanguination. Two weeks after 
the implantation, blood was collected for analysis and the rats were euthanized by 
CO2 inhalation. Hearts with the implants were excised and fixed in 10% formalin 

for 24 h for histological and immunofluorescence analyses. All rats in the study 
were monitored daily by the MIT DCM veterinary staff and maintained normal 
health conditions.

In vivo haemostatic sealing of porcine liver. All studies in pigs were approved 
by the Mayo Clinic Institutional Animal Care and Use Committee at Rochester. 
Female domestic pigs (45 kg, Manthei Hog Farm) were used for all in vivo studies 
in pigs. After the induction of general anaesthesia and endotracheal intubation,  
the pigs were placed in dorsal recumbency and the abdominal region was clipped 
and prepared aseptically. Full heparinization was achieved through intravenous 
(IV) heparin bolus administration (300 IU kg"1 and, if needed, an additional  
100 IU kg"1 to achieve an ACT of >1,000 s; normal range 70–120 s). ACTs were 
serially checked to confirm ongoing full anticoagulation for the duration of 
the surgical procedure. A blade was used to incise on the ventral midline and 
extended using electrocautery when indicated. The linea alba was incised and the 
peritoneum bluntly entered, with the incision extended to match the skin incision. 
The liver was exteriorized and moist lap sponges were used for isolation. A 10 mm 
diameter and 10 mm depth excisional biopsy wound was created in the liver of 
the pig using a 10 mm biopsy punch (three injuries per pig; n = 3 pigs). For the 
first minute after injury creation, the blood was collected using surgical sponges 
to assess bleeding rates. After the first minute, the barnacle-glue-inspired paste or 
TachoSil were applied to achieve haemostasis. The barnacle-glue-inspired paste 
was applied for 15 s before the success of haemostasis was assessed. In the case of 
residual bleeding, a second application of the paste was considered. The time to 
haemostasis and the blood loss until haemostasis were recorded. At the end of the 
procedure, protamine (approximately 1 mg kg"1, IV) was given as a slow bolus to 
reverse heparin and correct the elevated ACT. The abdominal cavity was primarily 
closed in a layered fashion and the pigs were woken from general anaesthesia and 
extubated. Four weeks after the implantation, the pigs were humanely euthanized, 
and the wound region sealed by the barnacle-glue-inspired paste was excised and 
fixed in 10% formalin for 24 h for histological analysis. All pigs in the study were 
monitored by the Mayo Clinic Rochester veterinary staff and maintained normal 
health conditions.

Histological processing. Fixed tissue samples were placed into 70% ethanol 
and submitted for histological processing and H&E or Masson’s trichrome 
staining at the Hope Babette Tang (1983) Histology Facility in the Koch Institute 
for Integrative Cancer Research at the Massachusetts Institute of Technology. 
Histological assessment was performed by a blinded pathologist and representative 
images of each group were shown in the corresponding figures.

Immunofluorescence analysis. The expression of targeted proteins (#SMA, 
Collagen I, CD68, CD3) was analysed after immunofluorescence staining of the 
collected tissues. Before the immunofluorescence analysis, the paraffin-imbedded 
fixed tissues were sliced and prepared into slides. The slides were deparaffinized 
and rehydrated using deionized water. Antigen retrieval was performed using a 
steam method during which the slides were steamed in IHC-Tek Epitope Retrieval 
Solution (IW-1100) for 35 min and then cooled for 20 min. Then the slides were 
washed three times with PBS, for 5 min per cycle. After washing, the slides were 
incubated in primary antibodies (1:200 mouse anti-#SMA for fibroblast (ab7817, 
Abcam); 1:200 mouse anti-CD68 for macrophages (ab201340, Abcam); 1:100 
rabbit anti-CD3 for T cells (ab5690, Abcam); 1:200 rabbit anti-collagen-I for 
collagen (ab21286, Abcam)) diluted with IHC-Tek Antibody Diluent for 1 h at 
room temperature. The slides were then washed three times in PBS and incubated 
with Alexa-Fluor-488-labelled anti-rabbit or anti-mouse secondary antibody 
(1:200, Jackson Immunoresearch) for 30 min. The slides were washed in PBS and 
then counterstained with propidium iodide solution for 20 min. A laser confocal 
microscope (SP8, Leica) was used for image acquisition. ImageJ (v.2.1.0) was used 
to quantify the fluorescence intensity of the expressed antibodies. All the images 
were transformed to 8-bit binary images, and the fluorescence intensity was 
calculated with normalized analysis. All analyses were blinded with respect to the 
experimental conditions.

Statistical analysis. MATLAB (v.R2018b) was used to assess the statistical 
significance of all comparison studies in this Article. Data distribution was 
assumed to be normal for all parametric tests, but was not formally tested. In the 
statistical analysis for comparison between multiple samples, a one-way ANOVA 
followed by Tukey’s multiple comparison test was conducted. In the statistical 
analysis between two data groups, a two-sided Student’s t-test was used.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the article and its 
Supplementary Information. Other raw and analysed data generated during this 
study are available from the corresponding authors on reasonable request. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Overall process of rapid haemostatic tissue sealing by the barnacle-glue-inspired paste. (Step 1 and 2) The barnacle-glue-inspired 
paste can be applied directly on bleeding injury without any other preparation process; (Step 3 and 4) On application of gentle pressure, the silicone oil 
matrix in the barnacle-glue-inspired paste repels and clean blood from the bleeding injury; (Step 5 and 6) Simultaneously, the carboxylic acid groups 
in the bioadhesive microparticles form temporary physical crosslinks by hydrogen bonds, followed by the covalent crosslinking between the NHS ester 
groups and the primary amine groups with themselves and the tissue surfaces; (Step 7) the swollen and crosslinked paste provides robust haemostatic 
tissue sealing.
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Extended Data Fig. 2 | Adhesion mechanisms of the barnacle-glue-inspired paste. a, Schematic illustrations for the physical crosslinking-based adhesion 
between the barnacle-glue-inspired paste and the tissue surface. b, Schematic illustrations for the covalent crosslinking-based adhesion between 
the barnacle-glue-inspired paste and the tissue surface. c, Interfacial toughness of blood-covered porcine skin adhered by the paste with and without 
NHS ester over time. Values in c represent the mean and the standard deviation (n!=!3; independent samples). Statistical significance and p values are 
determined by two-sided Student t-test; *** p!$!0.001.
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Extended Data Fig. 3 | Swelling of the barnacle-glue-inspired paste. a,b, Images for swelling of a bioadhesive microparticle in DMEM (a) and the 
corresponding time vs. swelling ratio (b). c, Images of the cross-sectional view of blood-covered porcine heart sealed by the barnacle-glue-inspired paste 
5!min and 24!h after haemostatic sealing. L0, thickness of the barnacle-glue-inspired paste 5!min after haemostatic sealing. d, Normalized thickness of the 
crosslinked barnacle-glue-inspired paste between porcine heart over time. L, thickness of the paste at the current time.
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Extended Data Fig. 4 | Additional ex vivo and in vivo haemostatic sealing evaluations. a, Rapid haemostatic sealing of an ex vivo porcine aorta by 
the barnacle-glue-inspired paste. A heparinized porcine blood is used to ensure coagulation-independent haemostatic sealing. b, Images of a filtered 
porcine blood bath with a 100-µm mesh after 6!h continuous flow through a sealed ex vivo porcine aorta. c, Burst pressure of porcine aorta sealed by the 
barnacle-glue-inspired paste and commercially available products. d, Haemostatic sealing of a bleeding rat liver in vivo by Surgicel. e, Excised rat liver 2 weeks 
after haemostatic sealing by Surgicel. f, Haemostatic sealing of a bleeding rat liver in vivo by CoSeal. g, Excised rat liver 2 weeks after haemostatic sealing by 
CoSeal. Four independent experiments were conducted with similar results. h, Haemostatic sealing of a bleeding rat heart in vivo by Surgicel. i, Haemostatic 
sealing of a bleeding rat heart in vivo by CoSeal. Four independent experiments were conducted with similar results. Values in c represent the mean and the 
standard deviation (n!=!3; independent samples). Statistical significance and p values are determined by two-sided Student t-test; *** p!$!0.001.
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Supplementary Discussion 1 | Stability of the paste 
 
To ensure stability of the barnacle-glue-inspired paste, the bioadhesive microparticles should form a stable 
granular suspension with the silicone oil matrix. To satisfy this condition, it is essential that the bioadhesive 
microparticles should be preferentially wetted by the silicone oil rather than being phase-separated with the 
oil matrix. 
 

 
 

To evaluate this requirement, we compare the total surface energy of the individual wetting 
configurations (see above schematic illustration). Configuration 1 refers to the state where the bioadhesive 
microparticles are completely wetted by the silicone oil matrix, and thus provide the stable paste. 
Configuration 2 refers to the state where the bioadhesive microparticles are phase-separated with the 
silicone oil matrix, and thus result in the unstable paste. Here we consider the criterion whether the stable 
paste (Configuration 1) is energetically stable or not (i.e., lower total energy). To meet this criterion, the 
Configuration 1 should always have a lower energy state than the Configuration 2, that is, 

 
∆𝐸 = 𝐸! − 𝐸" > 0 (S1) 

 
Eq. (S1) is equivalent to 
 

𝑅,𝛾#$%&'()&/#(+ − 𝛾#$%&'()&/,(-. > 0 (S2) 
 
where R is the roughness factor representing the ratio of the actual and projected surface areas of the 
bioadhesive microparticles, 𝛾.// represents the surface energy of the interface between A and B. Note that 
we take R as 2 for the bioadhesive microparticles in the paste based on the first-order approximation of 
tightly placed spherical particles with the same diameter. The Eq. (S2) can be reduced to measurable 
quantities with the use of the Young equation1,2, 
 

𝛾',-($/0#' = 𝛾',-($/-(12($ + 𝛾-(12($𝑐𝑜𝑠𝜃-(12($/',-($																																																							(S3) 
 
where 𝛾. represents the surface tension of a liquid A and 𝜃.// represents the equilibrium contact angle of 
A on B. Hence, the Eq. (S2) can be expressed as, 
 

𝑅𝛾,(-𝑐𝑜𝑠𝜃,(-/#$%&'()& > 0																																																																											(S4) 
 
By plugging the corresponding values in the Eq. (S4) (𝑅 = 2, 𝛾,(- = 20.9	mN m3", 𝜃,(-/#$%&'()& = 4.5°), it is 
evident that inequality in the Eq. (S4) is satisfied. Hence, the bioadhesive microparticles and the silicone 
oil matrix can form the stable paste. 

Similarly, in Fig. 2e and the corresponding discussion, ∆𝐸. = 𝐸! − 𝐸" > 0 and ∆𝐸/ = 𝐸" − 𝐸4 > 0 
are equivalent to 
 



 
 

𝑅,𝛾#$%&'()&/5-,,$ − 𝛾#$%&'()&/,(-. + 𝛾6(''2&/,(- − 𝛾6(''2&/5-,,$ > 0																																					(S5) 

𝛾,(-/5-,,$ + 𝛾6(''2&/5-,,$ − 𝛾6(''2&/,(- 	> 0																																																								(S6) 
 
The Eqs. (S5) and (S6) can be reduced to measurable quantities similar to the above, which can be 
expressed as, 
 

𝑅,𝛾,(-𝑐𝑜𝑠𝜃,(-/#$%&'()& − 𝛾5-,,$𝑐𝑜𝑠𝜃5-,,$/#$%&'()&. + 𝛾5-,,$𝑐𝑜𝑠𝜃5-,,$/6(''2& − 𝛾,(-𝑐𝑜𝑠𝜃,(-/6(''2& > 0 (S7) 

𝛾,(-/5-,,$ + 𝛾,(-𝑐𝑜𝑠𝜃,(-/6(''2& − 𝛾5-,,$𝑐𝑜𝑠𝜃5-,,$/6(''2& > 0 (S8) 
 
By plugging the corresponding values in the Eqs. (S7) and (S8) (𝑅 = 2, 𝛾,(- = 20.9	mN m3" , 𝛾5-,,$ =
72.0	mN m3" , 𝛾,(-/5-,,$ = 	40	mN m3",  𝜃,(-/#$%&'()& = 4.5° , 𝜃5-,,$/#$%&'()& = 96° , 𝜃,(-/6(''2& = 4.2° , 
𝜃5-,,$/6(''2& = 84°), it is evident that the barnacle-glue-inspired paste satisfies inequalities in the Eqs. (S7) 
and (S8). 

  



 
 

Supplementary Discussion 2 | Rheological property of the paste 
 

As a volume fraction of the bioadhesive microparticles in the barnacle-glue-inspired paste increases, the 
paste undergoes transition from a fluidic to a thixotropic state (Supplementary Fig. 6). This transition stems 
from a significant increase in viscosity of the paste with higher volume fraction of the bioadhesive 
microparticles, which can be understood based on the solid particle suspension theories3-5. As the volume 
fraction 𝜙 of the particles increases, the distance between the nearest neighboring particles decreases. 
Hence, an increase in 𝜙 leads to higher resistance for matrix fluid to flow through particles, resulting in 
higher viscosity 𝜂7. As 𝜙 further increases, the distance between the particles continues to decrease until 
it reaches a maximum packing fraction 𝜙8, beyond which the particles are in jammed state and cannot flow 
anymore. As a result, 𝜂7  of the particle suspension divergently increases as 𝜙 approaches 𝜙8(Ref. 4). 
Under the first-order approximation of monodispersed spherical microparticles, a classical theory by Krieger 
and Dougherty provides a relationship between 𝜂7 and 𝜙 as6 
 

𝜂7 = C1 −
𝜙
𝜙8

D
39:!

(S9) 

 
where 𝐵 is the Einstein coefficient and 𝜙8 is the maximum packing fraction. 

Experimental observations show that the paste exhibits gradual transition from a low viscosity fluid 
to a high viscosity thixotropic paste as the mass ratio between the bioadhesive microparticles and the 
silicone oil matrix increase from 1:3 to 1:0.5, whereas the paste starts to become a non-flowable solid when 
ratio of the bioadhesive microparticles to the silicone oil matrix becomes higher than 1:0.5 (Supplementary 
Fig. 6). With the given density of each component of the paste (𝜌#$%&'()& = 1.39	g mL-1 and 𝜌,(- = 0.96 g mL-

1), the transition mass ratio of 1:0.5 (bioadhesive microparticles:silicone oil) corresponds to 𝜙 = 0.58, which 
is close to 𝜙8 of an homogeneously sheared assembly of spherical microparticles (𝜙8  ~ 0.6) (Ref. 7) 
agreeing with the Eq. (S9). 

  



 
 

Supplementary Discussion 3 | Compaction of the paste 
 
During hemostasis sealing, the bioadhesive microparticles in the barnacle-glue-inspired paste are densely 
compacted into a non-flowable jammed layer (i.e., 𝜙 → 𝜙8) while the displaced silicone oil matrix from the 
compacted paste repels blood on the bleeding tissue. Since the paste takes the form of a granular 
suspension consisting of the bioadhesive microparticles and the silicone oil matrix, the required pressure 
to compact the paste is dependent to the viscosity of the silicone oil matrix. Under the first-order 
approximation of monodispersed spherical microparticles, a granular suspension theory by Guazzelli and 
Pouliquen provides a relationship for the required pressure to compact a granular suspension as8 
 

𝑃;+&'' ∝
ℎ
𝑑!
(𝜙8 − 𝜙)𝑈<𝜂8 (S10) 

 
where Ppress is the applied pressure, ℎ is the height of the suspension layer,	𝑑 is the particle diameter, 𝜙8 
is the maximum packing fraction of the particles, 𝜙 is the particle volume fraction in the suspension, 𝑈< is 
the speed of the compaction, and 𝜂8 is the viscosity of the fluid matrix. Therefore, for the given paste (𝑑, 
ℎ, 𝜙8, and 𝜙) and 𝑈<, more viscous silicone oil matrix requires the higher applied pressure to compact the 
paste to form hemostatic tissue sealing agreeing with the experimental data in Fig. 2f. 
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Supplementary Fig. 1 | Rapid hemostatic tissue sealing by the barnacle-glue-inspired paste. (1) 
Porcine heart covered with heparinized porcine blood; (2) the barnacle-glue-inspired paste application; (3) 
gentle pressure application for 5 s; (4) rapid hemostatic tissue sealing formation.  



 
 

 
 
Supplementary Fig. 2 | Preparation of the barnacle-glue-inspired paste. (1) Dry bioadhesive cut into 
small pieces; (2) Dry bioadhesive in stainless steel grinder container and balls; (3) Cryogenic grinding of 
dry bioadhesive; (4) Bioadhesive microparticle after the cryogenic grinding; (5) the barnacle-glue-inspired 
paste after mixing the bioadhesive microparticle with the silicone oil matrix. 
  



 
 

 
 

Supplementary Fig. 3 | Effect of chitosan on the barnacle-glue-inspired paste. a,b, Schematic 
illustrations for the barnacle-glue-inspired paste with chitosan (a) and without chitosan (b). c-f, Fracture 
toughness of the bioadhesive (c), interfacial toughness (d), shear strength (e), and tensile strength (f) of 
blood-covered porcine skin sealed by the paste with or without chitosan. Values in c-f represent the mean 
and the standard deviation (n = 3-4; independent samples). Statistical significance and p values are 
determined by two-sided Student t-test; *** p ≤ 0.001. 
  



 
 

 
 

Supplementary Fig. 4 | Size of bioadhesive microparticles under varying cryogenic grinding 
condition. Cryogenic grinding frequency vs. bioadhesive microparticle diameter in a box plot. The 
cryogenic grinding time of 2 min was used for all conditions. The whiskers correspond to the upper extreme 
and the lower extreme. The lines indicate the median and the error bars indicate the upper quartile and the 
lower quartile (n = 50; independent samples). 
  



 
 

 
 
Supplementary Fig. 5 | Flowability of the barnacle-glue-inspired paste. a,b, SEM image of the 
bioadhesive microparticles at 10 Hz cryogenic grinding frequency (a) and the corresponding barnacle-glue-
inspired paste applied through a syringe with 2.5-mm diameter (b). c,d, SEM image of the bioadhesive 
microparticles at 15 Hz cryogenic grinding frequency (c) and the corresponding barnacle-glue-inspired 
paste applied through a nozzle with 1.2-mm diameter (d). e,f, SEM image of the bioadhesive microparticles 
at 20 Hz cryogenic grinding frequency (e) and the corresponding barnacle-glue-inspired paste applied 
through a nozzle with 1.2-mm diameter (f). g,h, SEM image of the bioadhesive microparticles at 25 Hz 
cryogenic grinding frequency (g) and the corresponding barnacle-glue-inspired paste applied through a 
nozzle with 1.2-mm diameter (h). i,j, SEM image of the bioadhesive microparticles at 30 Hz cryogenic 
grinding frequency (i) and the corresponding barnacle-glue-inspired paste applied through a nozzle with 
1.2-mm diameter (j). 2 min cryogenic grinding time is used for all cases. 
  



 
 

 
 

Supplementary Fig. 6 | Rheological transition of the barnacle-glue-inspired paste. a-d, Images of the 
barnacle-glue-inspired paste with the mass ratio between the bioadhesive microparticles and the silicone 
oil matrix at 1:3 (a), 1:2 (b), 1:1 (c), and 1:0.5 (d). e, Image of the paste with varying mixing ratio applied on 
a vertical substrate to visualize rheological property. 
  



 
 

 
 

Supplementary Fig. 7 | Blood incompatibility of the bioadhesive microparticles without hydrophobic 
silicone oil matrix. (1) A heparinized porcine blood-covered gelatin hydrogel placed on top of a porcine 
aorta covered with a layer of bioadhesive microparticles without matrix; (2) The blood-covered gelatin 
hydrogel pressed on the tissue; (3) blood infiltrating into the bioadhesive microparticles; (4-5) swelling of 
the bioadhesive microparticles by the infiltrated blood; (6) no hemostatic sealing formation. 
  



 
 

 
 

Supplementary Fig. 8 | Densely compacted barnacle-glue-inspired paste. Confocal microscope 
images of the densely compacted barnacle-glue-inspired paste between gelatin hydrogels after gentle 
pressure application for 5 s. 
  



 
 

 
 
Supplementary Fig. 9 | Blood repelling and hemostatic sealing by the barnacle-glue-inspired paste. 
(1) A heparinized porcine blood-covered gelatin hydrogel placed on top of a porcine aorta covered with a 
layer of barnacle-glue-inspired paste; (2) The blood-covered gelatin hydrogel pressed on the tissue; (3) 
blood repelling by the paste; (4) cleaned tissue surface by the paste; (5) rapid hemostatic sealing by the 
paste. 
  



 
 

 
 
Supplementary Fig. 10 | Hydrogen bonds-based physical crosslinking of the barnacle-glue-inspired 
paste. a, Schematic illustrations for hydrogen bonds formation between the barnacle-glue-inspired paste 
and carboxylic acid (COOH) or primary amine (NH2) coupled fluorescent microbeads. b-d, Images of the 
paste incubated in DMEM with pristine (b), carboxylic acid-coupled (c), and primary amine-coupled (d) 
fluorescent microbeads for 30 s. 3 independent experiments were conducted with similar results. N/G, no 
group. e, Number of pristine, carboxylic acid-coupled, and primary amine-coupled fluorescent microbeads 
on the paste per mm2. Values in e represent the mean and the standard deviation (n = 3; independent 
samples). Statistical significance and p values are determined by two-sided Student t-test; *** p ≤ 0.001.  



 
 

 
 
Supplementary Fig. 11 | Imide bonds-based covalent crosslinking of the barnacle-glue-inspired 
paste. a, Schematic illustrations for imide bonds formation between the barnacle-glue-inspired paste and 
primary amine (NH2) coupled fluorescent microbeads. b,c, Images of the paste without (b) and with (c) NHS 
ester incubated in DMEM with primary amine-coupled fluorescent microbeads for 10 min. 3 independent 
experiments were conducted with similar results. d, Number of primary amine-coupled fluorescent 
microbeads on the paste without and with NHS ester per mm2. Values in d represent the mean and the 
standard deviation (n = 3; independent samples). Statistical significance and p values are determined by 
two-sided Student t-test. 
  



 
 

 
 

Supplementary Fig. 12 | Mechanical property of bioadhesive in the barnacle-glue-inspired paste. a, 
Tensile engineering strain vs. engineering stress of the dry bioadhesive. 𝐸$+=, Young’s modulus of the dry 
bioadhesive. b, Tensile stretch vs. engineering stress curve of the fully swollen bioadhesive in DMEM. 
𝐸'>,--&?, Young’s modulus of the swollen bioadhesive.  



 
 

 
 

Supplementary Fig. 13 | Mechanical test setups. a, Test setup for interfacial toughness measurements 
based on the standard 180-degree peel test (ASTM F2256). b, Test setup for shear strength measurements 
based on the standard lap-shear test (ASTM F2255). c, Test setup for tensile strength measurements 
based on the standard tensile test (ASTM F2258). d, Test setup for burst pressure measurements based 
on the standard burst strength test (ASTM F2392-04).  



 
 

 
 
Supplementary Fig. 14 | Representative curves for mechanical tests of various tissues sealed by 
the barnacle-glue-inspired paste. a, Force/width vs. displacement curves for the 180-degree peel tests 
of various tissues covered by a heparinized porcine blood or mucus sealed by the paste. b, Shear stress 
vs. displacement curves for the lap-shear tests of various tissues covered by a heparinized porcine blood 
or mucus sealed by the paste.  c, Tensile stress vs. displacement curves for the tensile tests of various 
tissues covered by a heparinized porcine blood or mucus sealed by the paste.  



 
 

 
 

Supplementary Fig. 15 | Adhesion performance of the barnacle-glue-inspired paste based on 
various hydrophobic oil matrix. Interfacial toughness, shear strength, and tensile strength between 
blood-covered porcine skin sealed by the barnacle-glue-inspired paste based on silicone oil or fatty acid 
(oleic acid). 𝜙 = 0.4 is used for both silicone oil- and oleic acid-based barnacle-glue-inspired paste. Values 
in represent the mean and the standard deviation (n = 3; independent samples). Statistical significance and 
p values are determined by two-sided Student t-test. 
 



 
 

 
 
Supplementary Fig. 16 | Histology and immunofluorescence images of the subcutaneous implants. 
a,b, Representative histology images stained with hematoxylin and eosin (H&E) for Coseal and the 
barnacle-glue-inspired paste after rat subcutaneous implantation for 3 days (a) and 1 week (b). Four 
independent experiments were conducted with similar results. c-f, Representative immunofluorescence 
images of Coseal (c) and the barnacle-glue-inspired paste (d) after rat subcutaneous implantation for 3 
days; Coseal (e) and the paste (f) after rat subcutaneous implantation for 1 week. Cell nuclei are stained 
with 4′,6-diamidino-2-phenylindole (DAPI, Blue). Green fluorescence corresponds to the expression of 
fibroblast (αSMA), type 1 collagen (Collagen-I), T-cell (CD3), and macrophage (CD68), respectively. 
  



 
 

 
 

Supplementary Fig. 17 | In vivo degradation of the barnacle-glue-inspired paste. a-c, Representative 
histology images stained with hematoxylin and eosin (H&E) for the barnacle-glue-inspired paste after rat 
subcutaneous implantation for 2 weeks (a), 4 weeks (b), and 12 weeks (c). Four independent experiments 
were conducted with similar results. d, Representative histology image stained with hematoxylin and eosin 
(H&E) for the gelatin-based barnacle-glue-inspired paste after rat subcutaneous implantation for 2 weeks. 
4 independent experiments were conducted with similar results.  



 
 

 
 
Supplementary Fig. 18 | Blood analysis of the animals with hemostatic sealing of liver. a-h, Complete 
blood count (CBC) of the healthy animals and the animals 2 weeks after hemostatic sealing of liver for white 
blood cell (WBC, a), neutrophil (NE, b), monocyte (MO, c), lymphocyte (LYMPH, d), red blood cell (RBC, 
e), hemoglobin (HGB, f), hematocrit (HCT, g), and platelet (PLT, h). i-p, Blood chemistry of the healthy 
animals and the animals 2 weeks after hemostatic sealing of liver for alkaline phosphatase (ALP, i), 
aspartate transaminase (AST, j), globulin (GB, k), blood urea nitrogen (BUN, l), albumin (ALB, m), amylase 
(AMY, n), lipase (LIP, o), and glucose (GLU, p). Values represent the mean and the standard deviation (n 
= 4; independent samples). Statistical significance and p values are determined by two-sided Student t-
test.  



 
 

 
 
Supplementary Fig. 19 | Blood analysis of the animals with hemostatic sealing of heart. a-h, 
Complete blood count (CBC) of the healthy animals and the animals 2 weeks after hemostatic sealing of 
heart for white blood cell (WBC, a), neutrophil (NE, b), monocyte (MO, c), lymphocyte (LYMPH, d), red 
blood cell (RBC, e), hemoglobin (HGB, f), hematocrit (HCT, g), and platelet (PLT, h). i-p, Blood chemistry 
of the healthy animals and the animals 2 weeks after hemostatic sealing of heart for alkaline phosphatase 
(ALP, i), aspartate transaminase (AST, j), globulin (GB, k), blood urea nitrogen (BUN, l), albumin (ALB, m), 
amylase (AMY, n), lipase (LIP, o), and glucose (GLU, p). Values represent the mean and the standard 
deviation (n = 4; independent samples). Statistical significance and p values are determined by two-sided 
Student t-test. 
  



 
 

 
 
Supplementary Fig. 20 | Rapid hemostatic sealing of a liver injury by the barnacle-glue-inspired 
paste in a fully anti-coagulated pig after failed attempt by TachoSil®. (1) A 10-mm diameter bleeding 
liver injury was made in a heparinized pig in vivo; (2) TachoSil® was applied as an initial attempt for 
hemostasis; (3) continuous pressure was applied for 3 min following the manufacturer’s instruction (Baxter); 
(4) failed hemostasis with continued bleeding from the liver injury; (5) TachoSil® was removed from a 
bleeding injury; (6) the barnacle-glue-inspired paste was applied as a rescue attempt; (7) gentle pressure 
was applied for 15 s; (8) hemostatic sealing of the anti-coagulated liver injury. Three independent 
experiments were conducted with similar results. 
  



 
 

 
 
Supplementary Fig. 21 | Porcine liver 4 weeks post hemostasis by the barnacle-glue-inspired paste. 
a,b, Representative histology images stained with hematoxylin and eosin (H&E) (a) and Masson’s trichrome 
(b) for injured porcine liver 4 weeks after hemostasis formed by the barnacle-glue-inspired paste. Six 
independent experiments were conducted with similar results. 
  



 
 

Supplementary Video Captions 
 
Supplementary Video 1 | Overall process of adhesion formation between blood-covered tissues by the 
barnacle-glue-inspired paste 
Supplementary Video 2 | Repelling of blood by the barnacle-glue-inspired paste applied on a porcine 
aorta 
Supplementary Video 3 | Application of commercially-available hemostatic agents (TachoSil® & Veriset) to 
a bleeding aorta 
Supplementary Video 4 | Rapid coagulation-independent hemostatic tissue sealing by the barnacle-glue-
inspired paste 
Supplementary Video 5 | Application of the commercially-available hemostatic agents to a bleeding in vivo 
rat heart 
Supplementary Video 6 | Rapid hemostatic tissue sealing of a bleeding in vivo rat heart by the barnacle-
glue-inspired paste 
Supplementary Video 7 | Application of a commercially-available hemostatic agent (TachoSil®) to a 
bleeding in vivo porcine liver 
Supplementary Video 8 | Rapid hemostatic tissue sealing of a bleeding in vivo porcine liver by the 
barnacle-glue-inspired paste 

Supplementary Video 9 | Rescue of a failed liver hemostasis with TachoSil® by the barnacle-glue-inspired 
paste 
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