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ABSTRACT

Bioadhesives or sealants have received considerable attention for suture-less wound sealing. However, most
adhesive biomaterials involve complex molecular designs which lack dynamic mechanical properties, in-
herent hemostasis, as well as the capability of preventing postsurgical tissue adhesion. Herein, a nano-
enabled supramolecular hydrogel sealant based on complementary DNA duplexes combined with multiple
physicochemical crosslinks is designed and demonstrated. This supramolecular sealant exhibits excellent
dynamic reversibility, low swelling, and wet adhesive properties. It can achieve rapid sealing of damaged
tissues, blood coagulation, as well as hemostasis. Furthermore, DNA molecules endow the sealant with
promising capabilities of preventing protein absorption, cell adhesion and postsurgical tissue adhesion. The
in vivo evaluation based on the gastric perforation repair model shows that the sealant can improve
granulation tissue growth, collagen deposition, and vascularization and facilitate gastric perforation closure.
The nano-enabled DNA supramolecular hydrogel sealant represents a promising alternative for gastric

perforation repair and has large clinical potential pertaining to suture-less repair of soft tissues.
Data availability: The data reported in this manuscript are available upon request.

© 2023 Elsevier Ltd. All rights reserved.

Introduction

Injury of soft tissues caused by surgery and accidental trauma are
often accompanied by uncontrollable bleeding [ 1] and timely wound
closure and hemostasis are crucial. Traditional wound repair
methods using sutures, surgical staples, and clips are widely used
but these mechanical techniques may fail to close wounds com-
pletely leading to extravasation of tissue fluids and may also cause
secondary damage to the surrounding tissues [2,3]. In light of these
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shortcomings of traditional wound treatment methods, sutureless
bioadhesives such as cyanoacrylate-based adhesives [4], fibrin sea-
lants [5,6], albumin-based bioglue [7], and poly(ethylene glycol)
(PEG)-based DuraSeal [8] or Coseal [9] have attracted attention. They
can physically adhere to tissues and seal the wounds without da-
maging surrounding tissues. For example, cyanoacrylate-based sea-
lants are easy to use and adhere quickly and strongly to tissues by
providing a physical barrier to prevent exudation of blood and body
fluids, thus preventing wounds from infection by bacteria in the
external environment. However, the significant cytotoxicity and in-
trinsic brittle characteristics limit the application of these types of
adhesives in visceral wounds [10].

PEG-based adhesives with the hydroxysuccinimide/thiol chem-
istry can seal wounds seamlessly, avoid additional post-operative
damage, and even prevent postoperative adhesion [11,12]. However,
owing to the high degree of hydrophilicity, they can cause
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Fig. 1. Design of the DGL sealant for surgical applications: (a) Schematic showing the preparation of DGL sealant and gastric perforation wound healing. (b) Injectability of DGL
pre-gel (rhodamine-B and methylene blue staining). (c) DGL pre-gel prepared with different shape by molding and being re-shapeable. (d) DGL pre-gel adapting to the scratch
shape on pigskin. Scale bar: 1 cm. (e) Storage moduli of the DGL pregels before and after polymerization.

mechanical failure and induce tissue compression after the water
swelling, leading to severe inflammatory response in some cases
[13]. In contrast, fibrin glues composed of fibrinogens and thrombin
have good degradation properties, but lack good dynamic mechan-
ical properties and complicated processes are required to get rid of
pathogens such as viruses and prions [14]. Moreover, most bioad-
hesives cannot undergo mechanical recovery after the static cross-
linked networks are damaged in the dynamic wound environment,
which will lead to wound closure failure. Dynamic bioadhesives
based on supramolecular crosslinking mechanisms have shown
great potential [15]. A general approach is to graft supramolecular
moieties onto polymer chains and construction of reversible cross-
linked networks based on self-assembly of polymers is triggered
under the stimulation of temperature, light, or small molecules
[16,17]. For example, a supramolecular hydrogel dressing composed
of poly(N-isopropylacrylamide)-adenine and quaternized chitosan-
graft-p-cyclodextrin via host-guest interactions and hydrogen bonds
has been developed [18]. This thermoresponsive adhesive hydrogel
exhibits excellent self-healing, antibacterial, and hemostatic abilities

while promoting wound contraction and closure. However, most
supramolecular bioadhesives still have drawbacks such as weak wet
adhesion and complex synthesis.

DNA macromolecules featuring precise base-pair recognition are
regarded as easy building blocks to construct dynamic hydrogel
materials and the ultrahigh molecular weight of DNA facilitates
formation of strong supramolecular networks with an energy dis-
sipation mechanism [19,20]. Notably, DNA crosslinking hydrogels are
relatively strong compared to most supramolecular hydrogels. They
also have promising thixotropic properties and can be easily molded
into the desired shape by injection [21-23]. The high permeability of
DNA hydrogels allows fast nutrient transport for cell growth and
provides the possibility to develop interpenetrating double network
matrices [24,25]. Moreover, the hydrophilic DNA chains bear abun-
dant anionic monophosphates [26-28], which may be utilized to
prevent postsurgical tissue adhesion. Considering these unique
characteristics, it is highly interesting and desirable to design a DNA-
based sealant that boasts strong tissue adhesion, injectable and self-
healing properties, rapid hemostasis, and postsurgical tissue
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Fig. 2. Mechanical strength and self-healing properties of the DGL gel sealants: (a) Amplitude sweep measurement, (b) Strain sweep measurement, and (c) Storage moduli of the
DGL sealants with different Laponite nanoclay concentrations. (d) Compressive stress-strain curves, (e) Compressive moduli, and (f) Stress-strain curves for cyclic compression of
the DGL sealants with different Laponite contents. (g) Compression and shape recovery of the DGL1 gel sealant. (h) Self-healing effect of the DGL1 gel at 25 °C or 37 °C for different
healing time in air or in water. (i) Inverted fluorescence images of the DGL gel boundary during healing (green: FITC-tagged gel, red: RITC-tagged gel). (j) Continuous strain
amplitude cyclic tests (from 1% to 100%) at 37 °C. (k) Storage and loss moduli of the damaged DGL gel after healing at 25 °C or 37 °C for 12 h. (1) Storage and loss moduli and (m)
Compressive modulus of the damaged DGL gels after healing at 37 °C for different time (inset: DGL gels before and after healing). * *P < 0.01, ****P < 0.0001.

antiadhesion for suture-less wound healing, but integrating and
balancing these features still pose a great challenge.

Herein, a nano-enabled DNA supramolecular hydrogel sealant
(termed DGL) is designed and demonstrate to have robust tissue
adhesion, injectable and self-healing properties, rapid hemostasis,
and postsurgical tissue antiadhesion. Our strategy is to impart
polymerizable gelatin methacrylate and Laponite nanoclay with
anisotropic surface charge distributions into the DNA matrix to build
a multiple physical/chemical cross-linked network. The resulting
DGL sealant has tunable and dynamic mechanical properties,
achieves rapid adhesion and sealing to dynamically wet tissues, and
shows rapid blood coagulation, hemostatic properties, and post-
surgical  antiadhesion.  Furthermore, this  biocompatible

supramolecular nanoenabled hydrogel sealant can fill defects, ad-
here firmly to the wound surface, and promote ulcer wound healing.

Results and discussion
Preparation of DGL gels

The preparation process of the DGL hydrogel sealant is shown in
Fig. 1a. DNA with a high degree of base complementary pairing is
used as the main building block to construct the physically cross-
linked networks, endowing the DGL hydrogel with dynamic rever-
sibility via multiple hydrogen bonding. In addition, biocompatible
and degradable methacrylate gelatin (GelMA) is imparted into the
DNA matrix to construct the chemical crosslinking network for
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mechanical reinforcement. The in situ polymerization of GelMA
supposes to entangle the polymer chains and interlocks with the
surface layers of tissues and the generated radicals may also react
with the amine and thiol groups of tissues forming covalent bonds
[29-31], leading to strong tissue adhesion. Silicate nanoclay (Lapo-
nite), a bioactive substance with both positive and negative surface
charges and the capability of activating the coagulation cascade re-
action and coagulation factors [32,33], is introduced to the hydrogels
to promote coagulation and hemostasis. The Laponite nanoclays can
further act as cross-linking points in the hydrogel to form an inter-
connected physical cross-linked network with both negatively
phosphate groups of DNA and charged amine/carboxyl groups of
GelMA through electrostatic interactions [23,34]. We further mea-
sured the zeta potential of DNA, Laponite nanoclays, GelMA and
their aqueous mixture with weight ratio of 1:1:1 at pH 7.0 (Fig. S1,
Supporting Information). It is shown that the zeta potential of DNA,
Laponite nanoclays and GelMA is - 16.4 = 2.1, - 411 = 44 and
2.9 = 0.03 mv, respectively. Notably, GeIMA has an amphoteric
feature and presents both negative and positive charges. The zeta
potential of the mixture DGL is about 2.0 + 1.1 mv, indicating the
interactions of Laponite nanoclays with DNA and GelMA. The dis-
persion composed of DNA, GelMA, Laponite nanoclays, and initiator
undergoes DNA unwinding and reassembly by temperature heating
and cooling, subsequently forming the DNA/GelMA/Laponite (DGL)
pregel.

The DGL pregel has shear-thinning properties. The DGL1 pregel
with 1 wt% Laponite nanoclay is injectable by a syringe and can be
shaped into the designed form, i.e., “D”, “N”, and “A” letters (Fig. 1b
and Movie S1, Supporting Information). To quantitatively char-
acterize the shear thinning properties of the DGL pregels, a rhe-
ometer is used to measure the viscosity of the pregels with different
concentrations of Laponite nanoclays at 37 °C. The viscosity de-
creases sharply with increasing shear rates from 0.1s™' to 10057},
but increases with Laponite concentration (Fig. S2, supporting in-
formation). Also, the viscosity of DGL pregel decreases with in-
creasing temperature (Fig. S3, Supporting Information). Generally, a
lower viscosity indicates better injectability. To investigate the ef-
fects of the crosslinking network on the injection properties, the
DNA gel, DNA/Laponite (DL) gel, DGL pregel, and DGL gel (after
polymerization) are tested by passing them through needles (18 G
and 22 G) into PBS at different temperature (Fig. S4, Supporting In-
formation). At a low temperature, it is difficult to maintain a stable
gel after injection of the DNA gel and DL gel, resulting in dis-
continuous gel fragments after injection by the 22 G needles. In
contrast, the DGL pregel shows good injectability and can maintain
stable gelling integrity after injection. After photocuring, the DGL gel
cannot pass through the 22 G needle, possibly due to the presence of
additional chemically crosslinked networks. The injectability and
mechanical reversibility of the hydrogels improve significantly at a
higher temperature of 60 °C, indicating that the injectability of the
hydrogel can be manipulated by adjusting the cross-linking network
density, temperature, and needle size. The promising injectability
and reversible features allow us to repeatedly process the DGL pregel
and adapt it to the complex morphology of tissue defects (Fig. 1c and
d). The mechanical reinforcement of additional chemical cross-
linking induced by UV curing is corroborated by rheological analysis.
As shown in Fig. e, the storage moduli (G’) of all the DGL pregels
increase after UV curing. For example, the storage modulus of the
DGLO pregel is approximately 1.2 kPa and increases to 3.0 kPa for the
DGLO gel.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2023.101825.
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Mechanical and self-healing properties of the DGL gels

The mechanical strength of the DGL gels are determined on a
rheometer. As shown in the frequency curve (Fig. 2a), the storage
moduli of the DGL gels remain relatively stable in the frequency
range (0.1-10rad/s), with values higher than the loss moduli (G")
indicative of the gelling state of the DGL gels. Increasing the con-
centrations of Laponite nanoclays improves the mechanical strength
of the DGL gels. This characteristic is confirmed in the strain curve
and the yield stress of the DGL gels increases from 1.22 + 0.6 kPa to
2.81 £ 0.22 kPa with increasing Laponite nanoclay concentration
(Fig. 2b and c).

The compressive properties of the DGL gels with different
Laponite concentrations are evaluated by compressive testing. The
compressive stress-strain curves show that the DGL gels have the
maximum stress when compressive deformation is approximately
45% and then the stress increases slowly due to the structural da-
mage. As the Laponite concentration goes up, the maximum stress
and toughness of the DGL gels increase gradually and the com-
pressive modulus increases from 7.84 + 0.39 kPa to 14.21 + 0.35 kPa
(Fig. 2d and e). The mechanical recovery properties of the DGL gels
are investigated by cyclic compression tests (Figs. 2f and g, and S5,
Supporting Information). The DGL gels can recover to their initial
stress after multiple loading-unloading cycles. Hysteresis can be
observed from the stress—strain curves of all the DGL gels, sug-
gesting that the elastic multiple crosslinking network dissipate the
energy by fracture upon external stress. The results indicate that the
DGL gels have good compressive properties, fatigue resistance, and
mechanical reversibility due to the combination of supramolecular
interactions and covalent bond networks, and the addition of La-
ponite enhances the compressive strength and reduces plastic de-
formation of the hydrogels.

Hydrogel materials are susceptible to external forces in a dy-
namic environment and can possibly induce slight cracks. If repair is
not in time, the defects will continue to expand and cause structural
damage seriously shortening the service life of hydrogels [35].
Moreover, the pregel needs self-healing properties to maintain
stable gelling after injection to avoid it from being diluted or washed
away by body fluids. Whether the DGL gels can self-heal quickly
after damage is hence studied. Taking the DGL1 gel as an example,
although the incised gel can heal after contact for 6 h at 25 °C, the
healed hydrogels are separated after incubation for one day with PBS
in a shaker. In contrast, when the healing temperature is increased to
37°C, the two hydrogels show excellent healing after contact for
only 1h. The healed DGL1 hydrogel does not separate even after 2
days and resists a certain amount of external stretching without
breaking (Figs. 2h and S6, Supporting Information). In addition,
healing of the hydrogel contact interface is observed by inverted
fluorescence microscopy. The contact surfaces of FITC chemically-
tagged DGL1 gel (green) and RITC chemically-tagged DGL1 gel (red)
show obvious gaps when they first come into contact. After in-
cubation for 10 min, the interfacial boundary of two gel pieces be-
comes fuzzy and the overlapping fluorescence area turns slightly
yellow (Fig. 2i), which indicates the possible movements of polymer
chains and gel healing at the interface. When the contacting time is
prolonged to 1h, the interfacial boundary is difficult to define, re-
vealing the improved healing of DGL gel with increasing time.

The self-healing behavior of the DGL1 gel is determined quanti-
tatively by rheological tests. As shown in Fig. 2j, in the strain test
(1%-100% alternating cyclic strain), G’ is higher than G" when the
strain is 1%, while G’ is lower than G" when the strain increases to
100%, indicating that the hydrogel is damaged and turns into a sol
state. When the strain is reduced to 1% again, G’ and G" can recover
to the initial values. Even after multiple strain cycles, the gel can
instantly recover the initial modulus value, indicating that the DGL
gel has excellent self-healing properties. To further study the effects


https://doi.org/10.1016/j.nantod.2023.101825

M. Xie, Y. Chen, Q. Yang et al.

Nano Today 50 (2023) 101825

Fig. 3. Tissue adhesion properties of the DGL gel sealants: (a) Load-displacement curves and adhesive strength of the DGL sealants in lap shear test. (b) Load-displacement curves
and peeling energy of porcine inner epidermis bonded with the DGL sealants on glass slides in the 90° peeling test. (c) Burst pressure test of the DGL sealants applied to porcine
intestine. (d) DGL gel sealants adhering to various tissues able to withstand curling, bending and stretching while maintaining strong adhesion when subjecting to flowing water
and immersing in normal saline. (e) SEM images of the DGL hydrogel sealant adhering to various tissues. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

of temperature and healing time on healing, the hydrogels are
healed at different temperature for different time. The hydrogels
healed at 37 °C have a higher storage modulus than those healed at
25 °C because a higher temperature favors chain movement and
accelerates healing (Fig. 2k). Similarly, when the healing time is
prolonged, more supramolecular moieties can be distributed at the
interface of the hydrogels and the storage or loss moduli and com-
pressive moduli increase gradually (Fig. 21). The compressive me-
chanical test results in Fig. 2m demonstrate that the hydrogels
separate into 4 parts and the mechanical properties recover after
contact for 6-12 h. The above results indicate that the rapid self-
healing properties of DGL hydrogel sealants benefit from reversible
supramolecular interactions, enabling them to be repaired in time
when subjected to external damage, thereby extending their ser-
vice life.

Structural morphology and stability of the DGL gel sealants

The morphology of the DGL gels is examined by scanning elec-
tron microscopy (SEM). The lyophilized DGL gels show regular in-
terconnective macroporous structures and the pore walls are
smooth. The pore size is in range of 4-18 um and the porosity is
approximately 16-47% (Fig. S7, Supporting Information). The pore
size and porosity decrease after addition of Laponite nanoclays,
which is due to the increased cross-linking density of the DGL gels.

In the physiological environment, hydrogels are often prone to
swelling due to the influence of osmotic pressure. Excessive swelling
not only compromises the mechanical properties, but may also

affects surrounding tissues or nerves due to the volume expansion
inducing inflammation. To explore the volume variation, the DGL1
gel is immersed in the aqueous buffer with different pH at 37 °C and
the volume change is measured. Volume expansion of the DGL1
hydrogel is not obvious as a function of time and pH shows little
influence on the stability (Fig. S8, Supporting Information). The DGL
hydrogel reaches volume equilibrium within 24 h and the maximum
volume expansion ratio (VER) is only 1.23 + 0.06 at pH 7.4. The VER
at pH 3.0 is even lower with a value of 1.15 + 0.03, demonstrating
better stability and lower swelling ratio under acidic conditions. The
weight swelling ratio results are consistent with this volume swel-
ling behaviors of DGL (Fig. S9, Supporting Information). The in vitro
erosion behavior of DGL gels is studied by soaking the lyophilized
hydrogels in PBS (Fig. S10, Supporting Information). DGL gels with
Laponite nanoclay incorporation clearly show improved integrity,
while DGLO gel demonstrates obvious erosion after 7 days and
completely disintegrates after 21 days. The weight retention rates of
DGLO.5, DGL1 and DGL2 gels after 21 days in PBS are 41.0 + 4.9%,
53.6 £ 11.7% and 79.4 + 8.5%, respectively.

Tissue adhesion of DGL gel sealants

Hydrogels with good tissue adhesion properties can facilitate
rapid wound closure and prevent blood exudation. The adhesion
properties of the DGL hydrogel sealants are determined by lap shear
tests, 90° pigskin peel tests. and burst pressure tests. Fig. 3a shows
the schematic diagram and results of the lap shear of the DGL gels.
The adhesive strength is correlated to the concentration of Laponite
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Fig. 4. In vitro whole blood clotting and in vivo hemostatic properties of the DGL sealants: (a) Blood clotting kinetics of the DGL sealants with different nanoclay contents. (b)
Blood clotting time and (c) Blood clotting index. (d) SEM images of red blood cells and platelets on the DGL sealants. (e) Hemostatic effects of the DGL1 sealant and fibrin glue in
the rat liver hemorrhage model. Hemostatic performance evaluated quantitatively by (f) Blood loss and (g) Hemostasis time. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

nanoclays and increases to 69.67 + 2.96 kPa when the Laponite
nanoclay concentration is increased to 1.0 wt%. However, when the
Laponite nanoclay concentration is increased to 2.0 wt%, the ad-
hesive strength diminishes. This may be because the high con-
centration of Laponite nanoclays leads to excessive crosslinking of
the hydrogel matrix and limits movements of the polymer chains
and interactions between the polymer chains and substrate surface.
The failed interfaces of the hydrogels/glass substrates are observed
after the lap shear test. As shown in Fig. S11a (Supporting In-
formation), the DGLO gel sealant exhibits cohesion failure due to the
relatively weak mechanical strength, whereas the other DGL gel
sealants containing nanoclays show different adhesion failure. The
shear strengths of DGL gel sealants are higher than that of com-
mercial fibrin glue (15.56 * 0.77 kPa) tested in previous study [36].
To characterize the tissue adhesion of different sealants, 90° pigskin
peeling tests are further performed. The results show that the

peeling energy of the DGL gels from the inner epidermis increases
significantly with Laponite concentration up to 18.63 + 0.28] m2,
and the highest peeling energy from the outer epidermis is ap-
proximately 5.03 # 0.79) m™ (Figs. 3b and S11b-d, Supporting In-
formation). Practically, the hydrogel sealants inevitably need to
withstand a certain pressure when sealing wounds, including blood
pressure and intraorgan pressure. To further characterize the ability
of DGL hydrogels to seal tissues under pressure, in vitro burst pres-
sure tests are performed (Fig. 3¢ and Movie S2, Supporting In-
formation). The burst pressure of the DGL hydrogels on pig intestines
increases from 3.38 + 0.38 kPa to 5.15 + 0.54 kPa, 10.56 + 1.88 kPa
and 19.98 + 2.06 kPa for DGLO, DGLO.5, DGL1 and DGL2, respec-
tively, suggesting that the DGL gel sealants are capable of bearing
human blood pressure (10.6-16.0 kPa, 80-120 mmHg) [37].

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2023.101825.
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Fig. 5. Post-operative anti-adhesive properties of the DGL sealants: (a) Fluorescence images of protein adsorption of DGL gel sealants and GelMA-Laponite hydrogel (GL1) after
incubation with the BSA-FITC solution. Quantitative analysis of the fluorescence intensity (b) at the edge of the hydrogels and (c) inside the hydrogels. (d) Confocal images of cell
adhesion on the blank plates, DNA, and DGL1 hydrogels after culturing for 1day. (e) Quantitative analysis of cell growth. (f) Tissue repair effect and anti-adhesion of the DGL
sealant in the rat liver defect model on the 7th and 14th day after surgery. (g) Representative H&E staining images of the liver treated with the DGL sealant on the 7th and 14th day
post-surgery (x100, dotted line showing the adhesion boundary and the blue arrow showing the inflammatory cells). **P < 0.01, ***P < 0.001.

In the dynamic and wet wound environment, it is critical for the
hydrogel to maintain strong adhesion to the tissue. In this regard, the
DGL1 hydrogel sealant is injected into various tissues (porcine skin,
muscle, liver, and heart) to form a gel after in situ polymerization. It
is clear that the DGL1 gel sealant adheres firmly to tissues and no
detachment can be observed when the tissues are twisted, bent, and
stretched (Fig. 3d and Movie S3, Supporting Information). The DGL1
sealant is rinsed under rapid flowing water and there is no adhesion
failure. After immersion in normal saline for 2 h, the DGL1 sealant
maintains tight adhesion with tissues, demonstrating that the DGL1
sealant is suitable for the dynamic and humid environments. No-
tably, when the immersion time is prolonged to 7 days, the gel
sealant can still firmly adhere to the porcine skin (Fig. S12, Sup-
porting Information).

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2023.101825.

The interfacial morphology between the sealant and tissues is
examined by SEM observation. As shown in Fig. 3e, there is an in-
terpenetrating interfacial layer between the porous lyophilized
DGL1 sealant and tissues and no obvious gap can be observed. In the
interfacial region, the hydrogel partially penetrates the tissues,
suggesting seamless contact and interactions. Inverted fluorescence
microscopy confirms that the FITC-tagged DGL sealant slowly in-
terpenetrates the PAM gel continuously increasing fluorescence
diffusion as a function of time (Fig. S13, Supporting Information).
Quantitative analysis of the fluorescence area shows that the fluor-
escence diffusion area increases to 80% within 1h and complete
penetration of the PAM gel can be observed after 4 h. Overall, these
results demonstrate that the DGL gel sealants adhere tightly to wet
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tissues due to covalent/noncovalent bonding of the DGL sealant with
tissues and penetration of DGL polymer chains into tissues, conse-
quently enabling rapid wound closure and prevention of wound
bleeding.

In vitro and in vivo biocompatibility of the DGL gel sealants

The hemolysis experiment is carried out to evaluate the hemo-
compatibility of the DGL gel sealants (Fig. S14, Supporting In-
formation). Compared to the bright red positive control group
(ultrapure water), the supernatant is clear and no obvious hemolysis
can be observed from the hydrogels. The hemocompatibility of the
DGL sealants is quantitatively characterized by measuring the ab-
sorbance of the supernatant. The hemolysis rates of the hydrogel
sealants are in the range of 0.12-1.28%, which are significantly lower
than the critical and safe hemolytic ratio for biomaterials (5%) ac-
cording to ISO/TR 7406 [38,39]. The cytocompatibility of the DGL gel
sealants is evaluated by culturing L929 fibroblasts in the extracts of
DGL sealants and cell growth and proliferation are assessed by Live/
Dead staining and CCK-8 assays. The fibroblasts spread well with no
observable death and the well plates are completely covered by cells
on the 3rd day. The cell viability determined by the CCK8 assay re-
veals rapid proliferation in the culture medium (DMEM) conditioned
with hydrogel extracts (Fig. S15, Supporting Information). In addi-
tion, the hematoxylin-eosin (H&E) staining shows no obvious tissue
damage or acute pathological change in any of the major organs after
the subcutaneous implantation of DGL1 gel for 5 days (Fig. S16,
Supporting Information). Therefore, all of these results demonstrate
the high biocompatibility and biosafety of the DGL gel sealants,
which provide great potential for future clinical translation.

Coagulation and hemostasis properties of the DGL gel sealants

The Laponite nanoclay with good biocompatibility and coagula-
tion properties is introduced to endow the DGL sealants with in-
trinsic coagulation properties. The in vitro coagulation and
hemostasis abilities are studied by measuring the coagulation time
of rabbit whole blood in contact with the hydrogels. As shown in
Fig. 4a and b, the DGLO sealant develops a small amount of clot at
3.25 + 0.25 min, which is faster than that of the blank group without
hydrogels (6 + 0.25 min). This may be because the DGLO sealant can
absorb a certain amount of blood due to the fluid absorption driven
by swelling and gelatin component somehow activates platelets and
causes platelet aggregations [40-42]. Remarkably, with increasing
Laponite concentration, the coagulation accelerates. The clotting
time of the DGL2 sealant is 0.25 + 0.25 min, which is significantly
faster than those of the other groups. The excellent coagulation
performance is attributed to the surface negative charges of Laponite
nanoclays, which can promote platelet aggregation or activate the
clotting factors [32,33,43].

The coagulation properties of the DGL sealants are determined
according to the coagulation index (BCI). When the clotting ability is
strong, the clot is more difficult to disperse and the absorbance is
lower, resulting in a smaller BCI index [44]. The BCI of the DGL
sealants decreases significantly from 70.46 + 3.3% to 47.91 + 0.33%
with increasing Laponite concentration (Fig. 4c). After incubation for
5 min, the adsorption of erythrocytes and platelets on the sealants is
observed by SEM. On the surface of the DGLO sealant, a small
amount of blood clotting is formed by platelet aggregation. With
regard to the DGLO.5 sealant, the density of clotting increases and
there are more red blood cells and platelets. When the Laponite
concentration is increased to 1.0 wt% or 2.0 wt%, a large number of
blood cells coagulate on the gel surface to form a coagulation layer
(Fig. 4d). The results show that nanoclay-enabled DGL sealants can
rapidly adsorb blood cells and initiate intrinsic coagulation with the
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aid of abundant negative charges, effectively promoting coagulation
and hemostasis.

The in vivo hemostatic properties of the DGL hydrogel sealants
are evaluated using a rat liver hemostatic model. According to the
aforementioned results related to the injectability, mechanical
properties, and adhesion, the DGL1 gel sealant is chosen for the in
vivo studies. After a 10 mm incision is made on the liver surface, the
fibrin glue or DGL1 hydrogel sealant is injected as soon as blood flow
stabilizes. There is massive bleeding on the filter paper in the un-
treated group which shows a blood mass of 577.6 + 215.2 mg and it
takes 110.6 + 23.7 s to achieve hemostasis through its own coagu-
lation mechanism (Fig. 4e-g and Movie S4-6, Supporting Informa-
tion). On the other hand, the commercially available fibrin glue
accelerates coagulation by utilizing fibrinogen and thrombin giving
rise to better hemostatic properties (blood loss: 230.4 + 121.1 mg,
clotting time: 40.2 + 14.7 s). However, fibrin glue gells slowly and
can be easily diluted or washed away by blood. In this respect, the
DGL1 pregel adheres quickly to the liver incision upon rapid pho-
tocuring, showing superior hemostatic properties such as reduced
blood loss of 130.4 + 153.6 mg and short hemostasis time of
35.0 £ 19.8 s, which are comparable to those of other recently de-
veloped adhesives [36]. The rapid hemostatic properties stem from
intrinsic coagulation triggered by Laponite nanoclays in the DGL1
sealant.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2023.101825.

Post-operative anti-adhesive properties of the DGL sealants

Preventing tissue adhesion after surgery is important for wound
treatment. Here, in vitro protein adsorption and cell adhesion are
examined on the DGL sealants. By observing the fluorescence in-
tensity of the DGL sealants immersed in the BSA-FITC solution, green
fluorescence from the edge or inside the hydrogel sealants is weak.
In contrast, the GL1 (GelMA-Laponite 1 wt%) hydrogel exhibits bright
fluorescence, indicating that a large amount of BSA-FITC is adsorbed
on the hydrogel surface (Fig. 5a). This may be explained by the ne-
gatively charged BSA-FITC and corresponding electrostatic interac-
tions with the positively charged amino acid segments of the GL1
hydrogel. However, the DGL hydrogel sealants with a large amount
of DNA have abundant negative charges, thereby preventing physical
adsorption of the BSA-FITC protein. Semi-quantitative analysis
shows that the fluorescence intensity of the DGL sealants is ob-
viously lower than that of GL1 hydrogel and it increases slightly with
the concentrations of Laponite nanoclays (Fig. 5b and c). L929 cells
are seeded on the DNA hydrogels and DGL sealants to study cell
adhesion. After culturing for 24 h, fewer cells adhere to the DNA
hydrogels and DGL sealants and most of the cells are round. The OD
values of the DNA hydrogel and DGL sealant groups are considerably
less than those of blank group (Fig. 5d and e), indicating that DNA
reduces the adhesion of fibroblasts. The results disclose that the DGL
sealant can reduce post-surgical tissue adhesion in vivo.

Intra-abdominal tissue adhesion caused by hepatectomy can
produce severe pain and post-surgical complications in patients and
repeated operations are not desirable[45]. A rat liver lobectomy
model is utilized to study the anti-adhesion and in vivo degradation
properties of the DGL sealants. A part of the right hepatic lobe of the
rat is resected with a defect width of 20 mm after the hemostasis
experiment and the DGL1 sealant is applied to completely cover the
hepatic lobe defect (Movie S7, Supporting Information). After 7 days
post-surgery, the blank groups developed severe adhesion in the
abdominal cavity, including nonpeelable adhesion of the right and
left liver lobes to the omentum as well as adhesion of the left side of
the lower liver lobe to the underlying tissues (Fig. 5f). In contrast, the
liver treated with the DGL1 hydrogel sealant shows no adhesion. The
notch area is reduced and a small amount of sealant remains around
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Fig. 6. Sealing and healing of rat gastric perforation wounds: (a) Schematic diagrams of the rat gastric perforation wound model, wounds sealed with sutures, fibrin glue and DGL
sealant, and images of wound sealing process. (b) Images of gastric wound mucosa treated in different groups on the 7th and 14th day after surgery (dotted line representing the
area of mucosal protrusion). (¢) H&E staining and (d) Masson's trichrome staining images of the gastric wound slices treated in the different groups on the 7th and 14th day post-
surgery (original magnifications: x20, x50, x200, respectively, dotted box: magnified area). (e) Wound width and (f) Collagen deposition of gastric wounds treated in the different

groups on the 7th and 14th day post-surgery. n>3, *P < 0.05, **P < 0.01.

the notch without degradation. On the 14th day, compared with the
blank group, the rats treated with the DGL1 sealant shows no severe
adhesion in the abdominal cavity, and the cross-sectional area of the
notch decreases significantly. Furthermore, hematoxylin-eosin (H&
E) staining reveals obvious adhesion of the liver defect in the blank
group (adhesion to the greater omentum on the 7th day and adhe-
sion to the lower liver lobe on the 14th day) (Fig. 5g). Obvious in-
flammatory cells, including neutrophils and lymphocytes are found
from the adhesion sites. In contrast, the DGL1 hydrogel-sealed he-
patic lobe defects exhibit no adhesion and a mild inflammatory re-
sponse.

The in vivo biodegradability of the hydrogel sealant at the liver
lobe sites is assessed by SEM. The surface of the normal liver lobes
shows regularly textured protrusions and the DGL1 hydrogel sealant
remains on the surface of the liver lobe on the 7th day post-surgery
(Fig. S17, Supporting Information). The hydrogel has a macro-porous
structure with a larger pore size and porosity compared to the ori-
ginal state and the hydrogel becomes thinner, indicating

degradability of DGL1 hydrogel sealant. On the 14th day post-sur-
gery, the DGL1 sealant on the liver surface degrades further and only
residual materials can be detected.

In vivo gastric perforation sealing and healing assessment

Gastrointestinal perforation often leads to severe bleeding and
leakage of contents and phagocytosis of the wound by gastric juice
can cause repeated wound ulcers. In this respect, a rat gastric per-
foration model is adopted to evaluate the potential application of the
DGL hydrogel sealants with regard to gastrointestinal perforation or
ulceration. A 5 mm diameter perforation is made in the gastric an-
trum and the gastric mucosa is turned outward at the perforation.
Fig. 6a shows the size of the gastric perforation and schematic dia-
gram of the treatment process. In the control group, nonabsorbable
sutures are used to suture the gastric wall on both sides of the
gastric perforation to achieve physical closure. Commercially avail-
able fibrin glue or DGL gel sealants are applied to the wound of
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Fig. 7. Immune modulation at rat gastric perforation wounds: (a) Representative immunofluorescence images of the angiogenesis marker CD31 at the wound granulation tissue
and quantification of CD31 stained blood vessels per HPF (x200, arrow: labeled blood vessel). (b) Representative images of the angiogenesis marker a-SMA at the wound
granulation tissue and quantification of a-SMA stained blood vessels per HPF (x200, arrow: labeled blood vessel). (c) Representative images of PCNA staining at the wound
granulation tissue and quantification of PCNA-positive cells per HPF (x400, arrow: PCNA-positive cells). (d) Representative images of PCNA staining at the ulcer margins and
quantification of PCNA-positive cells per HPF (x400, arrow: PCNA-positive cells). n>3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

perforation to bridge the mucosal edge of the gastric wall and seal
the epigastric membrane completely (Movie S8, Supporting In-
formation). After injection of the DGL sealant, UV light is used to
initiate in situ gel formation for 1 min. As a result of the strong ad-
hesion, the DGL sealant adheres firmly to the stomach wall to close
the wound for rapid hemostasis and avoid leakage of contents to
protect the gastric wound from gastric acid attack. As shown in the
gastric defect closure diagram, the wound in the suture group shows
severe bleeding after suture. The fibrin glue treatment group
achieves complete sealing of the perforation, but coagulation is
slower, while the DGL sealant gives rise to good sealing and rapid
hemostasis. All the rats are observed for 14 days after surgery and
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none shows any sign of physiological damage or systemic in-
flammation. On the 7th and14th day, a layer of granulation tissue is
wrapped above the epigastric wound. Although the gastric mucosal
wound treated with sutures is closed, the wound area is the largest.
Furthermore, the gastric mucosa of the fibrin glue and DGL sealant
groups is closed completely and the bulging area of gastric mucosa
treated with the DGL sealant is smaller than that of the fibrin glue
group (Fig. 6b). Better repair rendered by the DGL sealant arises from
strong tissue adhesion and rapid coagulation and hemostasis.
Histological analysis is performed on the gastric perforated tissue
sections by H&E staining and Masson's trichrome staining on the 7th
and 14th day after surgery. As shown in Fig. 6¢ and d, the mucosal
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and serosal layers are not closed on the 7th Day for all the groups.
Among them, the wound mucosal layer in the suture treatment
group is damaged severely and secondary damage is observed from
the surrounding tissues. The granulation tissue grows well without
obvious inflammatory damage, but the collagen fibers of the gran-
ulation tissue are sparse and disordered. Significant inflammatory
infiltration is observed after 7 days from the fibrin glue-treated
group. Owing to infiltration of inflammation and attack by gastric
juice of the mucosal lining, the gastric pit structure is destroyed
(blue arrow). The granulation tissues on the gastric serosa have less
collagen deposition and the collagen distribution is irregular. In
addition, there is incompletely degraded fibrin glue and more in-
flammatory cells in the middle of the gastric perforation. In com-
parison, the gastric mucosa treated with the DGL sealant is close
after 7 days. No obvious inflammatory infiltration is seen and there
is new gastric mucosa. The density of collagen fibers in the granu-
lation tissues is higher and the tissues are in the proliferative stage.
On the 14th day, the gastric mucosa in the suture group is still se-
verely damaged, but collagen metabolism increases. Compared to
the suture group, the mucosa of the fibrin glue group shows a more
obvious tendency to close, but there is still inflammatory infiltration
at the contact between the granulation tissues and gastric juice, and
the collagen deposition density is low. In the DGL sealant treatment
group, the gastric serosal layer grows toward the center and is
connected completely. The granulation tissues grow well, a large
amount of collagen is deposited and arranged regularly, and the
blood vessel density increases, indicating that the tissues are in the
remodeling stage.

The gastric perforation repair effects are evaluated by measuring
the gastric mucosal gap width (Fig. S18, Supporting Information).
After different treatments for 14 days, the gastric perforation wound
width of the DGL sealant group (0.23 + 0.34 mm) is smaller than
those of the suture group (2.23 + 0.41 mm) and fibrin glue group
(136 + 1.23 mm) (Fig. 6e). The repair effect of the DGL sealant on
gastric perforation is further evaluated by measuring the collagen
deposition area in the granulation tissues. As shown in Fig. 6f, after 7
and 14 days, the collagen deposition area of the DGL sealant in-
creases significantly compared to the suture and fibrin glue groups.
Hence, the DGL sealant accelerates collagen deposition in gastric
perforation and promotes wound progression from the proliferation
stage to the remodeling stage to accelerate wound healing. In-
flammatory infiltration of the granulation tissues is examined after
gastric perforation repair by histopathological inflammation scores
in gastric sections (Fig. S19, Supporting Information). Inflammatory
infiltration (neutrophil and lymphocyte infiltration) of the granula-
tion tissues above the gastric ulcer is obvious after 7 days and
ameliorates after 14 days. Among them, the fibrin glue group shows
the most severe inflammatory infiltration, as a lot of neutrophils,
macrophages and lymphocytes are seen from the granulation tis-
sues. In the suture group, there is a small amount of neutrophil and
lymphocyte infiltration, whereas the DGL sealant group shows the
fewest inflammatory cells and lowest degree of inflammatory in-
filtration. The results show that the DGL hydrogel sealant inhibits
inflammation and promotes tissue regeneration and collagen de-
position to accelerate gastric perforation wound healing.

To evaluate the effects of different treatments on gastric per-
foration repair, the neovascular density and cell proliferation of
granulation tissues and ulcer base are evaluated by im-
munohistochemistry. The capillary density in the granulation tissue
area is measured by immunohistochemical staining for CD31 (a
marker of endothelial cells and angiogenesis) and a-smooth muscle
actin (a-SMA, a marker of vascular wall smooth muscle cell differ-
entiation). On the 7th day post-surgery, as shown in the CD31 and a-
SMA staining images, the capillary density and arteriole density
(arrows) in the DGL sealed granulation tissue are clearly higher than
those of the suture group (P> 0.01) and fibrin glue group
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(P > 0.001) (Fig. 7a and b). The vascular density and vascular ma-
turity are significantly higher after 14 days, especially the DGL sea-
lant-treated group. In addition, the proliferating cell nuclear antigen
(PCNA, a G1-S phase proliferative marker) is stained by im-
munohistochemistry to study the cell proliferative activity in the
granulation tissues and ulcer margins. The density of the PCNA-po-
sitive cells in the DGL sealed granulation tissues is higher than those
of the suture and fibrin glue groups (P > 0.0001) (Fig. 7c). As for the
ulcer margins, in the gastric perforation samples harvested after
7 day, the density of the PCNA-positive cells in the DGL sealant group
is higher than those in the other groups (P > 0.0001) (Fig. 7d). After
14 days, owing to complete sealing of the perforation by the fibrin
glue and DGL sealant, the gastric mucosa is repaired better and the
density of PCNA-positive cells increases. The density of PCNA-posi-
tive cells in the DGL sealant group remains to be greater than those
of the other two groups (P > 0.0001). The immunohistochemical
results show that treatment of gastric wounds with the DGL sealant
not only promotes angiogenesis and accelerates maturation of blood
vessels, but also increases the cell proliferation activity, enhances
rapid proliferation of cells, and promotes healing of gastric per-
foration wounds.

Conclusion

A nano-enabled DNA supramolecular sealant is designed and
demonstrated to promote hemostasis and wound healing in da-
maged soft tissues. The Laponite nanoclays combined with DNA and
GelMA produce multiple physical interactions and endow the DGL
sealant with unique dynamic mechanical properties. The DGL sea-
lant has self-healing properties, tissue adhesion, low swelling ratio,
and inherent hemostatic properties. The in vivo liver hemorrhage
and liver injury model reveals that the DGL sealant has short he-
mostasis time and low blood loss, consequently reducing post-op-
erative tissue adhesion and accelerating healing of liver injuries. In
the rat gastric perforation model, the DGL sealant blocks and coa-
gulates wounds rapidly and accelerates ulcer wound healing by re-
ducing inflammatory infiltration and promoting angiogenesis and
collagen deposition. The nano-enabled DNA supramolecular sealant
described here not only reveals a promising strategy for gastric
perforation repair, but also has large potential pertaining to suture-
less surgical applications of other soft-tissue injuries.

Experimental Section
Materials

DNA (deoxyribonucleic acid sodium salt from herring testes,
molecular weight: ~ 6.0x10° Da), gelatin (from porcine skin), pho-
toinitiator Irgacure 2959 (12959), and methacrylic anhydride (MA)
were purchased from Sigma-Aldrich. Fluorescein isothiocyanate
(FITC), rhodamine B isothiocyanate (RITC), acrylamide, N,N'-methy-
lenebisacrylamide, and glutaraldehyde were bought from Aladdin
and laponite nanoclay XLG was provided by BYK-Chemie GmbH. The
phosphate-buffered saline (PBS), Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS) and penicillin—strepto-
mycin solution were obtained from Life Technologies (Gibco, USA)
and the Live/Dead assay kit was purchased from YESEN. The cell
counting kit-8 was obtained from Tonkin Institute of Chemistry,
Japan and the recombinant rat FGF-basic was purchased from
PeproTech.

Preparation of DGL sealants
The Laponite nanoclay dispersion was prepared by mixing the

powder with ultra-pure water and stirred for 12 h. 40 mg of DNA and
a certain amount of Laponite nanoclay dispersion were dissolved in
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0.8 mL of water and stirred at 40 °C for 5 h. The final mass fractions
of the Laponite nanoclay were 0, 0.5 wt%, 1 wt%, and 2 wt%. 0.2 mL of
the aqueous solution of GelMA (2 wt%) and 12959 (0.02 wt%) were
added to the DNA/nanoclay dispersion and stirred in darkness for
5 h. The mixture was stirred vigorously at 95 °C for 3 min to unwind
DNA to form a precursor solution and the precursor solution was
irradiated with UV light (365 nm, 50 mW/cm?) for 1 min [36] to
obtain the DNA/GelMA/Laponite nanocomposite hydrogel sealants.
The samples were denoted as DGLX, where X is 0, 0.5, 1, 2, referring
to 0, 0.5 wt%, 1 wt%, and 2 wt% of Laponite nanoclay concentration,
respectively. The DGL-BFGF hydrogel was prepared by adding 2 pg/
mL BFGF to the precursor solution followed by curing.

The pure DNA hydrogel was prepared by dissolving DNA (4 wt%),
heated to 95 °C for unwinding, and then cooled for curing. The DNA-
Laponite (DL) hydrogel was prepared by a similar procedure by
adding 1 wt% Laponite nanoclays. The GelMA hydrogel was formed
by mixing GelMA (5 wt%) with 12959 (0.05wt%) followed by UV
polymerization. The GelMA-Laponite hydrogel (GL) was formed by
imparting 1 wt% Laponite nanoclays.

Mechanical characterization

Rheological characterization

The rheological tests were performed on an ARG2 rheometer (TA
Instruments). A disk-shape DGL hydrogel sample (diameter of 8 mm
and thickness of 4 mm) was placed on a parallel circular plate of
PPO8 (8.0 mm in diameter). In the strain test, the amplitude strain
range was 0.01-100%, the angular frequency was 10rad/s, and the
angular frequency varied from 0.1 rad/s to 100 rad/sin the frequency
scanning test with a strain of 1%. In the time test, the frequency was
kept at 10rad/s with the strain remaining at 1%. The viscosity test
was conducted at a rate of 0.1-100s™!. The strain cycle test was
conducted with the strain changing alternately between 1% and
100% at a frequency of 10 rad/s. The temperature was maintained at
37 °C and the normal stress Fy was ON.

Mechanical strength

The compressive stress—strain of the gel sealants was tested
using a dynamic mechanical analyzer (DMA Q800, USA) with a
maximum compressive stress of 18 N. The cylindrical samples (dia-
meter of 8.5 mm and thickness of 5.0 mm) were placed on clamps
and the compression test was carried out by increasing the linear
slope force at a rate of 0.5 N/min. The compressive modulus was
calculated based on the results at 10~20% strain intervals and the
toughness of the hydrogels was calculated by integrating the stres-
s—strain curve. The cyclic compressive behavior of the DGL gels was
studied using the DMA cyclic loading and unloading mode for five
cycles in the range of 0-0.1 N (rate of 0.25 N/min).

Self-healing properties

The self-healing ability of the DGL hydrogels was evaluated by
cutting the hydrogels into four strips which were then stained with
methylene blue and rhodamine. After the hydrogel strips were kept
in contact at 37 °C for 1h, the self-healing status of the hydrogels
was observed. In addition, a disc-shape DGL gel was cut, re-con-
tacted, and incubated in a shaker (37 °C) or room temperature for a
certain time. The self-healing properties as a function of time were
determined by inverted fluorescence microscopy (DMILLED, Lecia,
Germany) and rheological and compressive mechanical tests.

Adhesive properties

To evaluate tissue adhesion on the DGL hydrogel sealants, the lap
shear test, 90° pigskin peeling test, and burst pressure test were
carried out. The lap shear test was performed in accordance with the
modified ASTM F2255-05 standard [29]. Two glass slides (25 mm x
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75 mm) were coated with gelatin solution (20 wt%) at 45 °C and
dried overnight at ambient temperature. 100 pL of the DGL pregel
were applied to a slide, covered with another slide, and pressed
under a weight of 50g. After 30 min, the sealant was cured with
ultraviolet light (365 nm, 50 mW/cm?) for 1 min. The lap shear test
was performed using a texture tester (CT34500, USA). The shear
strength (at the maximum shear force, F.x) was measured and
calculated by Fiax/S, where S is the adhesion area (n23). The 90°
pigskin peeling strength of the DGL sealants was determined by a
texture analyzer. Briefly, 300 uL of the DGL pregels were applied to
the inner or outer surfaces of porcine epidermis (length: 40 mm,
width: 10 mm, mass approximately 2.0 g) and the hydrogel layers
(20mmx10mm x 1 mm) were formed after UV curing for 2 min.
After incubation for 30 min in a humid environment, the DGL hy-
drogels were fixed on glass slides and the peeling test was carried
out at a speed of 30 mm/min. According to elastic peeling theory
[46], the interfacial adhesion energy was determined by G =F/d,
where F is the average value of the peeling force and d is the gel
width (n>3). The burst pressure test was conducted in accordance
with the modified ASTM F2392-04 standard [30,47]. A piece of
porcine intestine (3cmx3cm) was fixed on a syringe pump and
connected to a burst pressure gauge through a plastic tube. A syringe
needle (18 G) was used to make a hole (diameter 2 mm) in the
porcine intestinal membrane and the surface of the mesentery was
kept moist. Subsequently, the DGL pregel was injected into the de-
fect site and the sealant (diameter of 11 mm and thickness of
1.9 mm) was fixed by a rubber ring. The hydrogels were formed by
rapid crosslinking by UV irradiation for 2 min. The syringe com-
pressed the air (0.2 mL/s) until the intestinal membrane ruptured
and the peak pressure was recorded as the burst pressure (n=5).

To evaluate the dynamic wet adhesion properties of the DGL
hydrogels, 200 uL of the rhodamine-stained DGL pregel were in-
jected into fresh wet tissues (porcine skin, muscle, liver, and porcine
heart) followed by curing with UV light for 1 min. Tissue adhesion
was monitored after stretching, bending, twisting, and folding. The
hydrogels adhering to the porcine tissues were subjected rapid
water flow and then immersed in normal saline for 2 h to observe
the adhesion effect in water.

The DGL pregel was also applied to porcine skin, muscle, liver,
and heart. After interaction for 5 min, UV light-induced crosslinking
led to the formation of the hydrogels. The tissues and DGL hydrogels
were rapidly quenched and freeze-dried. The interaction of the ad-
hesive interface between the hydrogel and tissue was examined by
SEM. The DGL-FITC pregel was injected into the surface of poly-
acrylamide hydrogels (PAM content of 30 wt%, cross-linker N, N'-
methylenebisacrylamide content of 0.03 wt%, initiator 2959 content
of 0.5 wt%, irradiated with UV light for 5 min to cure into glue) for in
situ solidification and incubated at 37 °C. After certain time intervals,
inverted fluorescence microscopy was used to study the fluores-
cence penetration at the hydrogel interface and the fluorescence
intensity was quantitatively analyzed by the Image] program.

In vivo hemostatic and postsurgical antiadhesion evaluation

The in vivo hemostatic properties of the DGL hydrogel sealant
were determined using a liver injury model. The animal experiments
were conducted according to the "Guidelines for the Care and Use of
Laboratory Animals of South China University of Technology" and
approved by the University Animal Ethics Committee. The SD rats
(250-300¢g, 7-8 weeks old, male) were anesthetized using pento-
barbital sodium, placed on a 45° inclined wooden board, and
wrapped in a cushioned towel to expose only the surgical site of the
abdominal cavity. The abdominal cavity of the rat was incised
through a 4 cm midline with a scalpel to expose the liver and then
the tissue fluid near the liver was wiped gently. An incision 10 mm
long and 5 mm deep was made on the hepatic lobe with a scalpel. To
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form hemostatic sealing, fibrin glue or DGL sealant was injected into
the incision immediately to cover the wound completely. During
injection of DGL pregel, a UV lamp (365 nm, 30 mW/cm?) was used
to cure the pregel for 1 min from a distance of 5 cm. The untreated
incision was the blank group. The time between sealant injection
and cessation of blood exudation was recorded as the clotting time
and the blood loss was calculated (n=5).

The in vivo degradation properties and efficacy of post-operative
adhesion prevention by the DGL hydrogel sealant were investigated
at the liver injury site. The liver tissue with the hydrogel sealant
related to the injury was collected for histological assessment under
a microscope (Leica DM 2700 M) and digital pathology scanning
system (P250 FLASH, 3D Histech) as well as SEM.

In vivo gastric perforation sealing and healing assessment

The in vivo sealing and tissue repair properties of the DGL hy-
drogel sealants were evaluated using a rat gastric perforation model.
The experiment was carried out according to the Guide to the Care
and Use of Experimental Animals at South China University of
Technology and approved by the Animal Ethics Committee of the
University. The SD rats (250-300g, 7-8 weeks old, male) were
weighed before the operation, fasted for 24 h, and were divided
randomly into four groups. The abdomen of each anesthetized rat
was opened with a scalpel to expose the stomach. The gastric an-
trum was marked with sutures. A vertical perforation 5 mm in dia-
meter was made near the gastric antrum mark and the wound was
disinfected with 2% iodophor. Two hundred microliters of fibrin glue
or DGL pregel sealant was injected into the defects and then un-
derwent UV curing for 1 min. The perforation treated with suturing
was the control group. Post-operative fasting for 24h was per-
formed, antibiotics (penicillin potassium) were injected for 3 con-
secutive days, and oral antacids (omeprazole) were given for 7
consecutive days. On the 7th day and 14th day, the rats were an-
esthetized and weighed and stomach wound healing was studied.
The tissue samples were collected and fixed with 4% paraf-
ormaldehyde, embedded into paraffin, and processed into tissue
sections, which were then stained with hematoxylin and eosin (H&
E) and Masson’s trichrome to evaluate wound repair. The gap width
of the wound and relative area of collagen deposition were calcu-
lated by Image] software. The histopathology of the gastric tissue
sections was evaluated by calculating the numbers of neutrophils
and lymphocytic infiltrates in the granulation tissue: Grade 0, no
inflammatory cells; Grade 1, inflammatory infiltration of each high-
power field (HPF: 400x) being less than 10 cells; Grade 2, in-
flammatory infiltration of each HPF being more than 10 cells and
infiltration of wound granulation tissue being less than 50%; Grade 3,
infiltrating wound granulation tissue being more than 50%.

Immunohistochemistry analysis

Immunohistochemical staining of the collected tissues was con-
ducted to analyze the protein expression (CD31, a-SMA, and anti-
proliferating cell nuclear antigen (PCNA)). The rat gastric tissue was
cut into 4-pm-thick sections, deparaffinized with xylene, immersed
in ethanol, and rehydrated with deionized water. Antigens were
recovered using the citrate buffer solution (10 mM, pH 6.0). The
endogenous peroxidase activity was inhibited by treating with hy-
drogen peroxide (3 wt%) for 25 min, followed by blocking the non-
specific binding sites using the BSA/PBS solution (3 wt%) for 30 min.
The slides were then incubated with primary antibodies (CD31
1:100, a-SMA 1:200, or PCNA 1:3000) overnight at 4°C. After
washing with the PBS buffer, the slides were treated with the sec-
ondary antibody (goat anti-rabbit IgG (H+L), 1:1000) for 1h and
incubated with a DAB (3,3-diaminobenzidine) substrate kit (Vector
Laboratories) for further color development of peroxidase. The
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sections were treated with hematoxylin or DAPI to stain the nuclei.
The percentage of PCNA-positive cells in the granulation tissue and
ulcer margins was calculated by dividing the number of DAB-posi-
tive nuclei per high-power field (400 x) by the total number of he-
matoxylin-positive nuclei.

Statistical analysis

All the results were expressed as the mean + standard deviation
(SD) and statistical analysis was performed using the GraphPad
Prism software. Analysis of variance (one-way ANOVA with Tukey's
test) was employed to determine the statistical significance of dif-
ferences. The statistical differences were defined as *P < 0.05,
**P < 0.01, **P < 0.001, and”™ ** *P < 0.0001, and P < 0.05 was con-
sidered significant.
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1. Synthesis of gelatin methacrylate and fluorescence-tagged GelMA

Gelatin methacryloyl (GelMA), GeIMA-FITC, and GeIMA-RITC were prepared

(1.2] The grafting rate of methacrylamide

according to the methods described previously
on gelatin is about 82.47% as determined by '"H NMR. GelMA (1.2 g) was dissolved in
60 mL of 0.1 M NaHCO:s3 (pH 9.0). The FITC/RITC-DMSO solution (3 mL, 10 mg/mL)
was added dropwise to the GeIMA solution and reacted for 1 h. The mixture was then
dialyzed for 3 days against the DMSO-water mixture and deionized water (molecular

weight cut-off 14 kDa). The GeIMA-FITC and GelMA-RITC polymers were obtained

by freeze-drying.

2. Morphology

The internal microstructure of the DGL gels was examined by scanning electron
microscope (SEM, Q25, FEI, USA). The samples were washed three times with PBS,
lyophilized, and gold-coated. The average pore size and porosity were determined by

the ImageJ program.

3. pH stability

The pH stability of the hydrogels was assessed by immersing the samples in
simulated body fluids with different pH, including simulated gastric juice (pH = 3),
simulated ulcerative enteritis intestinal juice (pH = 5.5), and simulated body fluid (pH
= 7.4). The rate of volume change of the DGL hydrogels was calculated by the
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following equation: (v/v%) = (V1 - Vo) / Vo x 100%, where Vs the original volume of
DGL hydrogels and V; is the volume of DGL hydrogel after soaking in the above-

mentioned simulating solution.

4. In vitro degradation

To monitor the in vitro degradation characteristics of the hydrogel sealants, purified
DGL hydrogels with different nanoclay concentrations were lyophilized and the dry
weight was recorded (Wq). The dried hydrogel was soaked in PBS (pH = 7.4) at 37 °C.
At the predetermined time, the degraded hydrogels were collected and rinsed with PBS
three times to remove excess salts. The samples were freeze-dried and weighed (W;).

The remaining weight ratio was calculated by: W,/ W4 x 100%.

5. In vitro coagulation

The coagulation activity of the DGL sealants was determined using rabbit whole
blood (anticoagulated with sodium citrate). The DGL hydrogels (200 pL) were prepared
by in situ polymerization on a 48-well plate and the whole blood (190 puL) and 0.2 M
CaCl; solution (10 pL) preheated at 37 °C were gently poured onto the hydrogels.
After incubation at 37 °C for a certain time, 1 mL of PBS was added gently three times
to remove the uncoagulated blood. Clot formation was monitored every 15 seconds and
the clotting time was recorded. The well without hydrogel sample is served as the blank

group. After incubation for 5 min, the DGL hydrogels with blood clots were

S4



immediately soaked with 2.5% glutaraldehyde for 2 h to fix cells. The distribution of
erythrocytes and platelets on the hydrogels was observed by scanning electron
microscopy (MERLIN, Carl Zeiss, Germany).

The coagulation characteristics of the DGL sealants were quantitatively determined
based on the blood coagulation index (BCI). Briefly, 20 mg of the DGL sealant were
added into a 1.5 mL EP tube preheated on a shaker (60 rpm) at 37 °C. The rabbit whole
blood (19 pL) and 0.2 M CacCl; solution (1 pL) pre-heated to 37 °C were added to the
EP tube and incubated for 10 min. The blank EP tube (containing 1 pL of CaCl; and 19
uL of rabbit whole blood) without the hydrogel sealant was the blank. Ultrapure water
(1 mL) was added dropwise and after centrifugation at 800 rpm for 30 s, 100 pL of the
supernatant were collected and diluted four times with ultrapure water. The absorbance
was monitored at 540 nm on the enzyme labeling instrument (Varioskan Flash 3001,
Thermo, Finland) and the BCI was calculated according to the following equation:
BCI = Asample / Ablank X 100%, where Asample and Aplank represent the absorbances of the

sample and blank at different time points, respectively.

6. In vitro and in vivo biocompatibility

The biocompatibility of the DGL hydrogel sealants was studied using mouse
epithelioid fibroblasts 1.929. The cells were cultured in Eagle's medium (DMEM) with
1% (v/v) penicillin-streptomycin and 10% (v/v) fetal bovine serum (FBS) solution in a
humidified atmosphere with 5% CO> at 37 °C. The purified disc-shaped DGL hydrogel

samples (200 mg) were incubated in 10 mL of DMEM at 37 °C for 24 h. The DGL
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hydrogel extract with a concentration of 20 mg/mL was obtained. L929 cells (density:2
x 10* cells/mL) were then inoculated on a 48-well plate and after culturing for 12 hours,
DMEM was replaced by the DGL hydrogel extract and the extract was changed every
other day. The cytotoxicity was determined by the Cell Counting Kit-8 (CCK-8,
Dojindo).

The blood compatibility of the DGL hydrogels was evaluated by hemolysis test.
20 mg of the DGL hydrogel were immersed in saline at 37 °C and the rabbit whole
blood was diluted with saline (4:5). 20 uL of the diluted blood were added to the
hydrogel samples and incubated at 37 °C. The supernatant was centrifuged. The
positive control group was ultrapure water (1 mL) and the negative control group was
normal saline (1 mL). The absorbance at 540 nm was monitored on the enzyme labeling
instrument. The hemolysis rate (Hr) was calculated as follows: Hr = (As - An) / (Ap -
An) x 100%, where As, Ap and A are the absorbance of supernatant, positive control
and negative control, respectively.

The in vivo biocompatibility of the DGL sealant was examined using Sprague
Dawley rats (250-300 g, 7-8 weeks old, male). The rats were anesthetized with
pentobarbital sodium. Subcutaneous incision with about 10 mm length was made at the
back of rats with a scalpel. DGL1 pregel (n=3) was injected, a UV lamp (365 nm, 30
mW/cm?) was used to cure the pregel for 1 min from a distance of 5 cm. After 5 days,
the rats were then euthanized, and the major organs (heart, liver, spleen, lung, and
kidney) were harvested, embedded in paraffin, sectioned and stained with H&E for

histological analysis.
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7. Protein adsorption

The DGL hydrogels and GelMA-Laponite hydrogel were washed with PBS and
immersed in the 0.1 mg/mL fluorescein isothiocyanate-labeled bovine serum albumin
(BSA-FITC) solution in a shaker for 3 h. The hydrogels were rinsed with PBS three
times to remove free proteins from the surface and observed under an inverted
fluorescence microscope at an excitation wavelength of 488 nm. The fluorescence

intensity was analyzed semi-quantitatively by ImageJ.
8. Anti-cell adhesion

L929 cells were used to investigate anti-cell adhesion on the DGL hydrogel. 200
mg of the pure DNA hydrogel and DGLI1 hydrogel sealant were immersed in the
DMEM medium for 12 h. L929 cells were cultured on the surface of blank well plate,
pure DNA hydrogel, and DGL1 hydrogel sealant with a seeding density of 4 x 10*
cells/mL. After culturing in a constant temperature incubator for 24 h, the cell activity
was assessed using the CCK-8 kit. The cell viability and adhesion were determined
using a live-dead staining kit. After incubation with calcein AM/PI for 30 min, cell

adhesion was observed by laser scanning confocal microscopy.
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Fig. S1. Zeta potential of DNA, Laponite nanoclays, GeIMA and the mixture DGL at

pH 7.0.
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Fig. S2. Shear thinning behavior of the DGL pre-gels with different Laponite

concentrations.
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Fig. S3. The temperature dependent viscosity profiles of DGL1 pregel.

S10



Fig. S4. Macroscopic images of the DGL gel, DL gel, DGL pre-gel, and DGL gel after

injection using 22G and 18G needles into PBS at 25 °C, 37 °C, and 60 °C.
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Fig. S5. (a) Stress recovery and (b) Average energy dissipation during cyclic

compression of the DGL gel sealants with different Laponite concentrations.

S12



Fig. S6. (a) Self-healed DGL1 gel cylinders (stained with methylene blue and
rhodamine) carrying their own weights and (b) Inverted fluorescence images of the
healing boundary changes of the DGL1 hydrogel in PBS as a function of time (green:

DGLI1-FITC gel, red: DGL1-RITC gel, arrow: unhealed gap, virtual frame: healed area).
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Fig. S7. Morphology of the DGL sealants: (a) SEM images, (b) Pore size, and (c)
Porosity of the DGL gels with different Laponite concentrations after lyophilization

(**#%P < 0,0001).
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Fig. S8. Stability of the DGL sealants: (a) Stability of the DGLI1 gels in simulated
liquids with different pH and (b) Quantitative analysis of the volume change of DGLI1

gels at different pH.
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Fig. S9. The swelling ratios in weight of DGL1 gel at different pH.
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Fig. S10. Erosion of the DGL gels with different Laponite concentrations in the PBS

buffer.
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Fig. S11. (a) Comparison of the failed interfaces of DGL gels with different nanoclay
contents after the lap shear test, (b) Pictures showing physical peeling and failed
interface of pigskin adhered by the DGLI1 gel in the 90° peeling test, (c) Displacement-
force curve, and (d) Peeling energy of the DGL gels in 90° peeling test of porcine outer

epidermis (*P < 0.05).
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Fig. S12. DGL gel sealant keeps firm adhesion to porcine skin after immersing in
normal saline for 7 days.
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Fig. S13. Inverted fluorescence image of the FTIC-tagged DGL1 gel adhered to the
PAM hydrogel with the polymer chains gradually migrating to the interior of the PAM

hydrogel as a function of time.
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Fig. S14. Hemolysis assessment of the DGL gels: (a) Photograph after the hemolysis
tests also showing the normal saline (blank), and ultrapure water (positive control) and

(b) Hemolysis ratios of the DGL gels.
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Fig. S15. In vitro cytocompatibility of the DGL gels: (a) Live and dead staining of the
L929 cells after co-incubation with the DGL gel extracts, (b) Cell proliferation, and (c)

Cell viability after co-incubation with the DGL gel extracts (n =5).
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Fig. S16. H&E staining of major organs (heart, liver, spleen, lung and kidney) after
subcutaneous implantation of DGL1 gel sealant in the backs of Sprague Dawley rats

for 5 days.
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Fig. S17. Scanning electron micrographs of the residue of DGL sealants on the liver

surface 7 and 14 days after surgery.
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Fig. S18. H&E staining image of the gastric gap injury with the arrow distance being
the width of the wound, red box demarcating the edge of the ulcer wound, and green

box showing the granulation tissue.
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Fig. S19. Inflammation of the gastric perforation wound: (a) Representative images of
granulation tissue inflammation infiltration and (b) Inflammation levels of the gastric
perforation wounds treated with suture, fibrin glue, or DGL sealant on the 7" and 14

day (arrow: inflammatory cells).
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Supplementary Movies:

[a—

. Injectability of the DGL1 pregel

2. Burst pressure test of the DGL1 sealant

3. DGL sealant adhering to pigskin under twisting

4. Rat liver hemorrhage experiment of the untreated group

5. Liver hemorrhage experiment of the rat treated with the fibrin glue
6. Liver hemorrhage experiment of the rat treated with the DGL sealant
7. Large liver defect sealed by the DGL sealant

8. DGL sealant sealing the gastric perforation wound
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