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Adhesives have attracted a great deal of attention as an advanced modality in biomedical engineering
because of their unique wound management behavior. However, it is a grand challenge for current adhe-
sive systems to achieve robust adhesion due to their tenuous interfacial bonding strength. Moreover, the
absence of dynamic adaptability in conventional chemical adhesives restricts neoblasts around the
wound from migrating to the site, resulting in an inferior tissue-regeneration effect. Herein, an extracel-
lular matrix-derived biocomposite adhesive with robust adhesion and a real-time skin healing effect is
well-engineered. Liquid–liquid phase separation is well-harnessed to drive the assembly of the biocom-
posite adhesive, with the active involvement of supramolecular interactions between chimeric protein
and natural DNA, leading to a robustly reinforced adhesion performance. The bioadhesive exhibits out-
standing adhesion and sealing behaviors, with a sheared adhesion strength of approximately 18 MPa,
outperforming its reported counterparts. Moreover, the engineered bioderived components endow this
adhesive material with biocompatibility and exceptional biological functions including the promotion
of cell proliferation and migration, such that the use of this material eventually yields real-time in situ
skin regeneration. This work opens up novel avenues for functionalized bioadhesive engineering and
biomedical translations.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adhesives have emerged as an alternative to traditional wound
closure tools such as sutures and staples, due to their superior flexi-
bility, excellent handleability, and minimal secondary damage,
among other features [1–3]. Ideal tissue adhesives are credited
with the following features: strong adhesion, excellent biodegrad-
ability, mechanical compliance with the tissue, and compatibility
with the dynamic biological environment [4,5]. However, key limi-
tations remain concerning biomedical translations for chemically
synthesized adhesives. The fabrication of such adhesives usually
involves irritational processes, causing them to have potential toxi-
city in the wound microenvironment [6]. To overcome these chal-
lenges, diverse native biological macromolecules such as fibrins
and collagens in the extracellular matrix (ECM) have been intro-
duced into adhesives to regulate cell growth and migration and
facilitate skin regeneration [7–11]. Yet, these biocomponents
(e.g., fibrin sealants) contribute inferior interfacial bonding
strength and cannot function in situ in a real-time fashion [12].
More importantly, conventional chemical adhesives lack tissue
adaptability due to irreversible covalent cross-linking. This makes
it difficult for these types of adhesives to meet the demands of
dynamic wound healing, resulting in limited translational applica-
tion [13]. Therefore, there is still an urgent need to develop robust
bioadhesives for wound repair.

Inspired by sandcastle worms and mussels, versatile noncova-
lent supramolecular interactions such as electrostatic interactions,
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hydrogen bonding, and metal complexation are considered to be
essential factors in a robust adhesion system [14–19]. Elastin-like
protein (ELP) from ECM is regarded as a suitable candidate for
the supramolecular assembly of biocomponent adhesives [20,21].
Repeated sequences of ELPs, (VPGXG)n (where V, P, and G are
valine, proline, and glycine, respectively; n is the number of pen-
tamer repeat units along the polypeptide chain; and X can be
any amino acid except proline), have been shown to trigger com-
plex coacervation process by alternating temperature or X species
(e.g., lysine (Lys)), resulting in adhesion behavior [22–25]. More-
over, the biological nucleobases widely existing in DNA and RNA
can serve as noncovalent bonding agents as well, due to their
chemical tendency to form supramolecular interactions [14]. Thus,
the introduction of nucleobases into adhesive systems could be a
promising means of reinforcing adhesion performance. Consider-
ing its constituents and negative charge, DNA is anticipated to be
able to interact with proteins through supramolecular interactions,
which could lead to a strong biocomponent adhesive. Remarkably,
strategies that mimic the composition of the ECM as well as the
deployment of cytokines, growth factors, or novel active molecules
can contribute to tissue repair [26–31]. In particular, epidermal
growth factor (EGF), as a vital component of the ECM, promotes
the migration and proliferation of keratinocytes and fibroblasts,
and facilitates skin remodeling [32]. However, the application of
EGF is restricted by its limited bioavailability and biostability
[33,34]. So far, it remains a challenge regarding maintaining the
biological function of EGF in situ. Thus, the rational design of non-
covalent bonding and bioactive factors within a single system
holds promise for the realization of robust tissue adhesion and
real-time skin healing.

Herein, we develop a facile strategy to prepare an ECM-derived
biological adhesive with outstanding adhesion performance, bio-
compatibility, and real-time healing effect. The adhesive was pre-
pared via liquid–liquid phase separation driven by electrostatic
complexation between chimeric EGF–ELP protein (EEP) and natural
DNA. The multiple supramolecular interactions of the protein and
DNA reinforce the adhesion, leading to excellent adhesion behavior
on various hydrophilic and hydrophobic surfaces. In particular, the
EEP–DNA bioassembly (termed ‘‘EED adhesive”) exhibited remark-
able performance on multiple biological tissues with a hemostasis
effect. The EED adhesive showed an ultra-strong adhesion strength
of approximately 18 MPa on hard substrates and an adhesion
energy of about 40 J�m�2 on skin, surpassing currently reported
bioadhesives. More strikingly, the bioderived components endow
the EED adhesive with characteristic biological functions. Aside
from promoting cell proliferation and migration, the EED adhesive
dynamically remodeled the ECM in a real-time fashion and pro-
moted skin regeneration in situ. Our strategy realizes the efficient
introduction of biological components into adhesives with robust
interfacial bonding, thereby providing a novel paradigm for the
translation of adhesion healing combination therapy to potential
clinical practice.
2. Materials and methods

2.1. Plasmid construction

pET25b(+)-ELP was constructed as described in our previous
study [22]. The complementary DNA (cDNA) encoding human EGF
(hEGF) (GenBank: AAA60744.1) was cloned via polymerase chain
reaction (PCR), with the N-terminal primer 50-TTTAAGAAGGAGATA
TACATATGAACAGTGATTCAGA-30 and the C-terminal primer 50-GC
CCGGCCCCGCGCCCATTCGCAGTTCCCACCATTTCA-30. The PCR
product and the pET25b(+)-ELP vector linearized with NdeI were
run on a 1% agarose gel in tris(hydroxymethyl)aminomethane
2

(Tris)–acetate–ethylenediaminetetraacetic acid (EDTA) (TAE) buf-
fer (per 1 L, 108 g Tris base, 57.1 mL glacial acetic acid, 0.05 mol∙L�1

EDTA, pH 8.0). The objective gene band was cut out and purified
using a spin column purification kit (DP209, TIANGEN, China).
Afterward, the pET25b(+)-EGF–ELP
vector was created by means of homologous recombination and
transformed into chemically competent DH5a cells (Zomanbio,
China) according to the manufacturer’s protocol. Positive colonies
were identified by means of colony PCR and were then verified by
DNA sequencing.
2.2. Protein expression and purification

The pET25b expression vectors containing the ELP and EGF–ELP
genes were transformed into chemically competent Escherichia coli
(E. coli) BLR(DE3) cells (Novagen, Sigma, USA) and plated onto
Luria–Bertani (LB) agar with 100 lg�mL�1 ampicillin. Single clones
were inoculated in 100 mL of LB medium containing 100 lg�mL�1

ampicillin for shaking at 37 �C until the optical density at a wave-
length of 600 (OD600) reached 3–5. Subsequently, 16 mL of the seed
culture was transferred into a 5 L shake flask containing 1 L of ter-
rific broth medium (per 1 L, 12 g tryptone, 24 g yeast extract, 2.31 g
potassium phosphate monobasic, 12.54 g potassium phosphate
dibasic, 8 mL glycerol, 100 lg�mL�1 ampicillin), incubated at
37 �C and 220 r�min�1. When the cell OD600 reached 0.6–0.8, the
temperature was downshifted to 28.5 �C, and protein production
was induced by 100 lL of 1 mol∙L�1 isopropyl b-D-1-
thiogalactopyranoside (IPTG), shaken at 220 r�min�1 overnight
before being harvested.

The cells harvested with centrifugation (6000 r�min�1, 10 min,
4 �C) were resuspended in lysis buffer (50 mmol∙L�1 sodium phos-
phate buffer, pH 8.0, 300 mmol∙L�1 NaCl, 20 mmol∙L�1 imidazole)
containing lysozyme (1 mg�mL�1) and DNA enzyme (5 lg�mL�1),
broken up by means of ultrasonication at low temperature, and
centrifuged (12 000 r�min�1, 90 min, 4 �C); the supernatant was
then collected. The proteins were purified from the supernatant
by means of Ni-sepharose chromatography (General Electric Com-
pany, USA), and the elution products were dialyzed to remove
excess salt and then purified using cation exchange chromatogra-
phy using a SP HP column (General Electric Company, USA) (SP
lysis buffer: 50 mmol∙L�1 sodium phosphate, 50 mmol∙L�1 NaCl,
pH 8.0; SP elution buffer: 50 mmol∙L�1 sodium phosphate,
2 mol∙L�1 NaCl, pH 8.0). After being purified using a desalting col-
umn, the proteins were processed by freeze-drying and then stored
at �80 �C for further use.
2.3. Protein characterization

2.3.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and
Western blotting analysis

The purity of the protein was detected using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Wes-
tern blot (WB). In brief, the purified proteins were elec-
trophoresed with 12% SDS-PAGE (150 V, 1 h) after thermal
denaturation in protein loading buffer. The gels were stained
with Coomassie brilliant blue staining solution (40% methanol,
10% glacial acetic acid, 1 g�L�1 brilliant blue R250), and were then
observed and photographed under GenoSens 1800 (Clinx Science
Instruments, China). Simultaneously, the gels obtained as
described above were transferred to polyvinylidene fluoride
(PVDF) membranes (100 V, 1 h). The membranes were blocked
(5% bovine serum albumin in Tris-buffered saline with Tween-
20) and incubated with anti-His tag primary antibodies over-
night at 4 �C. Subsequently, the membranes were incubated with
alkaline phosphatase-labeled secondary antibodies. A BCIP/NBT
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kit (Meilunbio, China) was used to detect the alkaline
phosphatase-labeled proteins.

2.3.2. Mass spectrometric analysis
For mass spectrometric (MS) analysis (autoflex III,

matrix-assisted laser desorption ionization–time-of-flight mass
spectrometry (MALDI–TOF MS), Bruker, Germany), the samples
were dissolved in ultrapure water at 1 mg�mL�1.

2.4. Preparation of the protein adhesives

The lyophilized ELP protein (EP) and EEP were dissolved in
deionized water with a final concentration of 100 mg�mL�1. In
the same way, salmon sperm DNA (2000 base pairs (bp); Sigma-
Aldrich, USA) solution was prepared in ultrapure water with a final
concentration of 10 mg�mL�1 at room temperature. The solutions
of protein and DNA were mixed with a 1:1 charge ratio; next,
the mixture was oscillated and centrifuged for 5 min at
12000 r�min�1. The supernatant was removed and the remaining
mixture was lyophilized for 3–5 min to finally obtain the EP–
DNA (ED) adhesive and EED adhesive. The method for fabricating
the EEP–sodium dodecyl benzene sulfonate (SDBS) (EES) adhesive
is essentially the same as that used in our previous research [22]. It
is worth noting that none of the adhesives required freeze-drying
when applied to soft tissues.

2.5. Characterization of EED adhesive

2.5.1. Thermogravimetric analysis
Thermogravimetric analysis (TGA) of the EED adhesive was per-

formed using a TGA-Q50 system (TA Instruments, USA). Freshly
prepared EED adhesive that had been cured for 24 h was measured.
The samples were placed in a platinum pan in a nitrogen (N2)
atmosphere, with a heating/cooling rate of 10 �C�min�1 from room
temperature to 800 �C.

2.5.2. Scanning electron microscopy
Morphology observation was performed using an S-4800 scan-

ning electron microscopy (SEM; Hitachi, Japan) at 10 kV. The sam-
ples were mounted onto the specimen stubs by means of
conductive double-sided adhesive tape and sputtered with gold
for 30 s.

2.6. Lap shear test

A lap shear test was conducted using a Shimadzu Auto Graph
AGX-Plus (Shimadzu, Japan) according to American Society for
Testing and Materials (ASTM) standard F2255-05. The surface of
steel/aluminum substrates were polished using 800 mesh sandpa-
per and washed with ultrapure water and ethanol. The ceramics/
glass substrates were washed with ultrapure water and dried with
clean paper before testing. After being freeze-dried for 3–5 min,
the EED adhesive was coated evenly onto one substrate, which
was then covered with another substrate to produce a lap shear
joint with an overlap area of 5 mm � 5 mm. The substrates were
cured for 24 h with a clamp at room temperature. Shear strength
tests were then carried out with a stretching rate of 10 mm�min�1.
For the soft-tissue test, porcine skin without fat, liver, and muscle
were cut into rectangular blocks for the substrates and were cov-
ered with wipes to prevent the tissue from drying out. In the same
way as for the previous method, the EED adhesive was coated
evenly onto one substrate, and another piece of the same substrate
was placed atop the former. The overlap area was around
5 mm � 8 mm. Light pressure was applied for 5–15 s to enhance
adhesion. After curing at room temperature for 1.5–2.0 h, the shear
strength was tested at a rate of 50 mm�min�1.
3

2.7. In vitro biological activity test

2.7.1. Proliferation of NIH/3T3 cells
The effects of EEP and EED adhesive on the proliferative status

of NIH/3T3 cells were determined using a cell counting kit-8
(CCK8) assay (APExBIO, USA). In brief, the NIH/3T3 cells were
seeded in 96-well plates at a density of 5 � 103 cells per well
and incubated in a 5% carbon dioxide (CO2) atmosphere at 37 �C
for 16–20 h. The culture medium was removed and replaced with
serum-free medium containing different concentrations of protein
ranging from 1 nmol∙L�1 to 1 lmol∙L�1, and the blank group and
control group were set up simultaneously. After 24 h, 10 lL of
CCK8 was added to each well and incubated at 37 �C for 0.5–
1.0 h. The absorbance was then measured at 450 nm using a micro-
plate reader. For the protein–DNA adhesive, 4 � 103 NIH/3T3 cells
per well were seeded to 96-well plates in 100 lL of Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. After cell
attachment, the media were replaced by serum-free media con-
taining protein–DNA adhesive and incubated for 24 h. Then,
CCK8 solution was added, and the absorbance was measured as
described above. Four replicates of the experiment were
performed.

2.7.2. Proliferation of human skin fibroblast (HSF) cells
First, 2 � 103 HSF cells per well were seeded in 96-well plates in

DMEM (5% FBS, 1% penicillin/streptomycin). Meanwhile, 1 mg of
protein–DNA adhesive was immersed in 1 mL of medium without
serum at 37 �C for 24 h. The 96-well plates were incubated in 5%
CO2 at 37 �C for 16–20 h. The culture medium was then removed
and replaced with adhesive extract diluted one-fold. After 24 h,
CCK8 solution was added, and the absorbance was measured as
described above. Relative cell activity was calculated by the follow-
ing formula:

Relative cell activity ¼ A½ �test � A½ �blank
A½ �control � A½ �blank

� 100% ð1Þ

where [A]test is the absorbance value of the test group, [A]blank is the
absorbance value of the blank group and [A]control is the absorbance
value of the control group.

2.8. Cell migration assay

The NIH/3T3 cell migration capability was determined using
scratch assays on a cell monolayer. Cells were seeded on 6-well
plates at a density of 5 � 104 cells per well and cultured in DMEM
with 10% FBS until growth was confluent. Then, cells were
scratched using a sterile 10 lL pipette tip and gently washed with
phosphate-buffered saline (PBS) to remove cellular debris. The
NIH/3T3 cells were incubated with serum-free media containing
1 lmol∙L�1 protein for 24 h. At the same time, the control group
was set up. Images were acquired with an optical microscope
(Nikon, Japan) and quantitatively analyzed with ImageJ software
(National Institutes of Health, USA). The cell migration rate of each
group was calculated as follows:

Cell migration rate ¼ gap½ �0h � gap½ �24h
gap½ �0h

� 100% ð2Þ

where [gap]0h is the initial scratch area, and [gap]24h is the 24h
scratch area.

2.9. Calcein–acetoxymethyl ester/propidium iodide cell stains

Samples were then processed for immersing, as described
above. The NIH/3T3 cells were cultured in DMEM with 10% FBS
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at a concentration of 2 � 104 cells per 20 mm dish for 16–20 h. The
culture medium was removed and replaced with adhesive extract.
After being incubated for 24 h, the culture medium was removed
again, and each dish was washed three times with PBS. Then, 1
lL of calcein–acetoxymethyl ester (AM) (1 mg�mL�1) for staining
active living cells and 1 lL of propidium iodide (PI; 1 mg�mL�1)
for staining apoptotic cells were added, and then the mixture
was incubated for 10–20 min. After being rinsed with PBS, the cells
were viewed with laser scanning confocal microscopy (LSCM)
(Nikon C2, Japan) at emission wavelengths of 488 nm for AM and
561 nm for PI.
2.10. Wound hemostasis in a rat model

A rat liver and kidney hemostasis model was established.
Female Wistar rats were purchased from SPF (Beijing) Biotechnol-
ogy Co. (China). The rats were anesthetized using isoflurane, and
their abdomen and chest were disinfected with 75% alcohol. Sur-
gery was performed on the mid-abdomen, exposing the liver and
kidneys, and two identical punctures were then made by a 1 mL
syringe needle. The EED adhesive was applied, and the hemostasis
process of the liver and kidney was recorded by camera for evalu-
ating the hemostasis of the adhesive.
2.11. In vitro wound healing experiments

2.11.1. Round-shape wound healing
The effect of the EED adhesive on wound healing was investi-

gated using a full-thickness skin wound model in rats. First, the
rats were randomly divided into four groups and anesthetized with
pentobarbital sodium. After being completely anesthetized, the
back areas of the rats were depilated with Veet hair removal cream
(Veet, France) and then disinfected with 75% alcohol. A full-
thickness 5 mm-diameter wound with a round shape was induced
using one puncher on the back of each rat. An untreated rat (blank
group) was used as a negative control, and a rat treated with
recombinant hEGF (rhEGF) gel was used as a positive control. It
should be noted that, in order to completely cover the wound,
adhesive prepared with 10 mg of EEP was required. Therefore,
0.1 g of rhEGF gel was applied. Subsequently, each rat was housed
individually, and the wound area images of each group were cap-
tured on days 0, 3, 7, 10, and 14. ImageJ was used to measure
the wound size for quantitative analysis.
2.11.2. Histological analysis
Rats were randomly selected from every group and euthanized

on days 10 and 14. Afterward, the fresh portions of the wound site
were rapidly harvested and immersed in 4% paraformaldehyde.
The fixed tissue samples were dehydrated with different concen-
trations of ethanol and finally embedded in paraffin. The samples
were cut into slices of 2–4 lm thick, and the slices were fixed onto
glass slides. The statistics of the thickness of new epidermis, the
number of inflammatory cells, and the proportion of collagen
deposition were evaluated using hematoxylin and eosin (H&E)
staining and Masson’s trichrome staining. All analyses were per-
formed using ImageJ.
2.12. Ethics statement

All animal experiments were conducted in compliance with the
Animal Management Rules of the People’s Republic of China and
with the approval of the Institutional Animal Care and Use Com-
mittee of the Animal Experiment Center of Jilin University
(PZPX20180929070).
4

2.13. Statistical analysis

Origin 2021 (OriginLab, USA) and GraphPad Prism 8 software
(GraphPad Software, USA) were used for the statistical analysis of
data. All results were shown as mean ± standard deviation (SD).
All quantitative results were analyzed from at least three speci-
mens (n = 3–5). One-way or two-way analysis of variance (ANOVA)
was used to generate p values to determine statistical significance
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
3. Results and discussion

The preparation route and functional characterization of the
EED adhesive are illustrated in Fig. 1. Derived from ECM, a chimeric
protein consisting of functional EGF and elastin-like cationic
polypeptide was designed and constructed using genetic engineer-
ing technology. With repeat sequences of (VPGKG)72 (where K is
lysine), EP has exhibited outstanding mechanical performance
[35,36]. All proteins were expressed in E. coli and then purified
by means of chromatography. Notably, the EEP had a high yield
of 30–45 mg�L�1 at the shake flask level. In contrast, the single
EGF expressed as inclusion bodies in E. coli involved cumbersome
purification processes, resulting in a low protein production level.
Such results are mainly attributed to the high solubility of EEP
imparted by the hydrophilic EP, facilitating the purification via
affinity chromatography. Both the EP and EEP had a purity of
approximately 93.0%, as revealed by SDS-PAGE and WB analysis
(Fig. S1 in Appendix A). The molecular weight of the EEP was iden-
tified as 42.8 kDa using MALDI–TOF MS (Fig. S2 and Table S1 in
Appendix A).

To study the adhesion and pro-healing performance, the EED
adhesives were fabricated by means of liquid–liquid phase separa-
tion, inspired by the complex coacervation of sandcastle worms
and mussels (Figs. 1(c)–(e)). It is worth noting that the strongest
ionic effect is obtained when substances with different charges
are mixed at equimolar ratios of charge [37]. Therefore, the catio-
nic protein EEP and anionic salmon sperm DNA were mixed at a
1:1 charge molar ratio of lysine to phosphate in aqueous solution.
Driven by electrostatic interactions, the complex coacervate
emerged as a water-insoluble phase. After centrifugation, the
sticky EED condensate was acquired at the bottom of the tube
(Fig. S3 in Appendix A). The ED adhesive was obtained analogously.
Confirmed by optical microscopy, discrete droplets with a mean
size of (3.2 ± 1.6) lm were formed in the EED coacervate solution
(Fig. S4 in Appendix A). As evaluated by TGA, the moisture content
of the EED adhesive decreased from 66.7% (w/w) to 8% (w/w) after
curing for 24 h (Fig. S5 in Appendix A). In addition, SEM showed
that the lyophilized EED adhesive had a porous structural mor-
phology (Fig. 1(d)). These results revealed that additional porous
structure of the EED adhesive was formed following the reduction
of water content, and the contact area at the interface was
increased, reinforcing the adhesive performance.

The EED adhesive exhibited excellent adhesion behaviors on
diverse hydrophilic and hydrophobic surfaces, such as glass, alu-
minum (Al), ceramics, steel, plastic, polyvinyl chloride (PVC), and
multiple biological tissues including liver, porcine skin, and muscle
(Fig. 2). Porcine skin is well-known for its resemblant mechanical
strength to human skin as a commonly biomimetic tissue material
[38]. To further scrutinize the adhesion states of the EED adhesive
to the skin, external stress was applied to the porcine skin, causing
it to fold or twist. Intriguingly, the EED adhesive remained intact
and exhibited robust cohesion even under an extreme case of
bending back and forth at 180� (Fig. 2(b)).

Subsequently, a lap shear test of the EED adhesive was per-
formed according to ASTM standard F2255-05 (Figs. 2(c)–(e);



Fig. 1. Schematic illustration of the preparation and functional characterization of the EED adhesive. (a) Schematic diagram of ECM composition. Elastin and growth factor are
important components of the ECM. (b) Construction and expression of the protein. Recombinant protein EEP is obtained by a fusion of EGF and ELP (VPGKG)72 through genetic
engineering technology. Amp+: plasmid carries ampicillin resistance. (c) Preparation of the EED adhesive via bio-inspired noncovalent interactions. (d) Surface morphology of
the freeze-dried EED adhesive. Inspired by mussels and sandcastle worms, the EED adhesive can be produced via liquid–liquid phase separation driven by electrostatic
complexation between EEP and DNA. A porous structure in the EED adhesive was characterized using SEM. (e) Schematic representation of the EED adhesive for adhesion/EGF
healing combination therapy (scale bar: 1 cm).

M. Li, B. Liu, W. Xu et al. Engineering xxx (xxxx) xxx
Figs. S6–S9 in Appendix A). The EED adhesion performance showed
no temperature dependence under room temperature compared
with physiologic temperature curing conditions (Fig. S6). The EED
adhesive was cured under ambient conditions for 24 h; then, the
typical stress–strain curves of EED adhesive on different substrates
were obtained (Fig. 2(c)). The EED adhesive exhibited stronger
adhesion on steel (18.9 ± 0.9) MPa than on glass (9.1 ± 0.4) MPa
(Fig. 2(d)). This is presumably due to the mechanical anchoring
effect of the adhesive at the contact interface [39]. Compared with
glass, a polished steel surface has more grooves, which allows the
EED adhesive to easily fill the cavities by wetting, squeezing, and
spreading, which is conducive to superior adhesiveness after cur-
ing. Notably, the adhesion strength of the EED adhesive on steel
exceeded that of commercial cyanoacrylate (11.5 ± 0.9) MPa under
the same conditions (Fig. 2(d)); it also surpassed that of other
reported bio-based adhesives (Table S2 in Appendix A) [23,40–
44]. Compared with the single polymer network of commercial
cyanoacrylate [6], the EED adhesive consists of multiple network
structures formed by supramolecular interactions, such as electro-
static interactions between Lys and negative charges, hydrogen
bonds in the adhesion system, and cation–p interactions in the
cohesion and interface [45]. These multiple noncovalent interac-
tions might contribute to the extraordinary cohesion and interfa-
cial adhesion of the EED adhesive.

To assess the potential translation of the adhesives as
biomedical materials, we further investigated the adhesion per-
5

formance of the EED adhesive on various biological tissues
(Figs. 2(e), S7(f)–(h), and S8). Notably, there was no significant
difference in the adhesion properties of the non-freeze-dried
treated and the lyophilized-treated adhesives under the same
conditions (Fig. S9). Thus, for convenience, we preferred to uti-
lize the EED adhesive directly without further freeze-drying in
tissue applications. We also fabricated the EES adhesive as a con-
trol by replacing the DNA component with surfactant SDBS.
Compared with the chemically composited EES adhesive, the
EED adhesive exhibited excellent adhesion energy (Fig. 2(e)).
This behavior is ascribed to the key contribution of the involved
DNA components. With its unique double-stranded structure,
DNA provides hydrogen bonding interactions and other
supramolecular interactions as contributed by its unsaturated
heterocycles, such as p–p stacking and cation–p interaction
[46]. More importantly, the long double-stranded salmon sperm
DNA (2000 bp) has a dense entangled strand structure, which
contributes to its mechanical properties [47]. Thus, we inferred
that the entanglement between ultra-long DNA chains [48] and
the multi-network structure formed by the supramolecular
interactions between the DNA and protein further led to the out-
standing adhesion properties of the EED adhesive. In particular,
the adhesive strength of the EED adhesive to porcine skin was
(28.6 ± 8.0) kPa (Fig. S8) and the adhesion energy was
(40.0 ± 5.3) J�m�2, exceeding those of recently reported bio-
based adhesives (Table S2) [49–51].



Fig. 2. Adhesion performance and mechanism of the EED adhesive on diverse substrates. (a) Adhesion of the EED adhesive on various substrates such as glass, Al, ceramics,
steel, plastic, and PVC (scale bars: 1 cm). (b) Adhesion of the EED adhesive on biological tissues including liver, skin, and muscle. The EED adhesive tightly adhered to porcine
skin, even when extreme external force was applied to bend the pig skin ±180� (scale bars: 1 cm). (c) Typical stress–strain curves of the EED adhesive on hard substrates.
(d) Adhesion strength of the EED adhesive on different substrates. In particular, the adhesion strength of the EED adhesive on steel (�18 MPa) was higher than that of
commercial cyanoacrylate (�11 MPa). Here, E represents the test of the EED adhesive, and C represents the test of cyanoacrylate. (e) Adhesion energy of the EED adhesive and
the EES adhesive on muscle, porcine skin, and liver. The adhesion energy of the EED adhesive reached �40 J�m�2 on porcine skin, exceeding that of the EES adhesive (*p < 0.05
and ****p < 0.0001). (f) Illustration of the lap shear test and the adhesion mechanism of the EED adhesive on tissue. In addition to the mechanical anchoring at the interface,
electrostatic interactions, cation–p, hydrogen bonding, p–p, and other interactions are important for the strong adhesions between the adhesive and the bonding surface,
resulting in robust adhesive properties. (g) In vivo adhesion demonstration of the EED adhesive on the liver and kidney of a rat hemostasis model (scale bars: 1 cm).
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Based on the experimental data, a potential adhesion mechanism
of EED adhesive is proposed in Fig. 2(f). Aside from the mechanical
anchoring effect, the multiple supramolecular interactions (hydrogen
bonding and electrostatic, hydrophobic, and cation–p interactions,
etc.) play a vital role in the robust cohesion and adhesion of the adhe-
sive [52]. Electrostatic and hydrophobic interactions drive the coacer-
vation process in the cohesion part, which is similar to the
coacervation of Mfp-3S in mussel adhesive plaques [53]. Moreover,
the cohesion is further enhanced in our system by the hydrogen
bonding of DNA and multiple interactions (e.g., p–p stacking and
cation–p interactions) between the DNA and proteins [46]. In addi-
tion, the excellent interfacial adhesion benefits from hydrogen bond-
ing interactions between amines and hydroxyl groups, cation–p
interactions between positive surface charges and unsaturated hete-
rocycles, and electrostatic interactions [14]. The reversible
supramolecular interactions are believed to endow the material with
a unique toughness [54], granting the EED adhesive excellent adapta-
bility for dynamic wound healing.

Notably, the EED adhesive maintained superior underwater
adhesion behavior on various substrates (e.g., steel, PVC, ceramics,
and porcine skin) (Fig. S10 in Appendix A). More specifically, after
being immersed in water for 5 min, the wet adhesion still
remained at (17.6 ± 7.8) J�m�2 on skin and (14.1 ± 1.6) MPa on steel
(Fig. S11 in Appendix A). This excellent wet adhesive property of
the EED adhesive indicates its great potential for tissue adhesives.
In addition, unlike ultraviolet (UV)-curable adhesive, which
requires a relatively long time for the preparation process [55],
the noncovalent binding system of the EED adhesive rapidly initi-
ates adhesion, granting it unique merit for translation. Thus, the
hemostatic efficacy of the EED adhesive was evaluated on bleeding
models of rat liver and kidney (Fig. 2(g), Videos S1 and S2 in
Fig. 3. The biological activities of the EEP and EED adhesive. (a) The ability of EEP
concentrations (1 nmol∙L�1, 2.5 nmol∙L�1, 10 nmol∙L�1, 50 nmol∙L�1, 250 nmol∙L�1, and 1
cell migration. (d) The viability of NIH/3T3 cells treated with EED adhesive for 24 h was ev
the extract of the EED adhesive for 24 h was evaluated by CCK8 assay. Data are shown as
significance. (f) Live/dead staining of NIH/3T3 cells after treatment with EED adhesive
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Appendix A). Two wound defect models were constructed via
puncture on the same tissue, and EED adhesive was applied to
one of the hemorrhaging defects. The bleeding was effectively con-
trolled in the EED group, while significant bleeding continued in
the untreated defect after 50 s. These experiments confirmed that
the EED adhesive exhibits strong and effective adhesion and seal-
ing behaviors on the complex and irregular surface of tissues.

Considering the active function of EGF, the biological activities
of EEP were further explored by CCK8 assay. Initially, the NIH/3T3
cells were cultured in serum-free medium containing different
concentrations of EEP, EP, and rhEGF standard. After 24 h, it was
found that the cell viability of each group increased, especially at
a concentration of 50 nmol∙L�1 (Fig. 3(a)). There was no significant
difference between EEP and rhEGF in terms of cell viability. This
result indicated that EEP exhibited a similar capacity to promote
cell proliferation as rhEGF. Such behavior might be made possible
by the effective interaction of the EGF component in the EEP with
its cell surface receptor [32,56].

In addition, the effect of EEP on cell migration was analyzed by
comparing the scratch gap of different groups in a cell scratch
assay (Figs. 3(b) and (c)). It was noted that the NIH/3T3 cells
reached about 94% confluence at 24 h after treatment with EEP ver-
sus about 14% for the control group. Overall, the biological ability
of EEP to promote cell proliferation and migration was verified.
More importantly, the biological activities of EEP were well above
those of EP, demonstrating the positive effect of the EGF ingredient.
We further validated the biological functions of the EED adhesive
by quantificationally estimating both NIH/3T3 and HSF cell viabil-
ity by means of a CCK8 assay. The EED adhesive exhibited a mar-
velous capacity to promote cell proliferation, without a
significant difference from the EGF gel group (Figs. 3(d) and (e)).
to promote NIH/3T3 cell proliferation was evaluated by CCK8 assay at different
lmol∙L�1). (b) Photographs and (c) quantitative analysis of EEP to promote NIH/3T3
aluated by CCK8 assay. NS: not significant. (e) HSF cell viability after treatment with
mean ± SD (n = 3–4). One-way or two-way ANOVA was used to determine statistical
extract for 24 h; cellular state was observed with LSCM. adh: adhesive *p < 0.05,
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Furthermore, after being treated with the extract of EED adhesive
in serum-free DMEM for 24 h, the live NIH/3T3 cells showed a
marked increase in green coloration, which was assessed visually
using calcein–AM and PI double staining (Fig. 3(f)). The observa-
tional effect conformed well with the results of the quantitative
data. In general, the above results demonstrated that the EED adhe-
sive carries out biological functions in stimulating cell proliferation
Fig. 4. Wound healing and histological analysis of the EED adhesive in full-thickness
adhesive. (b) Photographs of wound healing on days 0, 3, 5, 7, and 10, respectively. A roun
wounds were treated with different adhesives, including blank (no treatment), commerc
the best skin healing performance (scale bars: 1 cm). (c) Histological analysis of skin near
(bottom) (scale bars: 200 lm). (Demarcation line between new epidermis and dermis is m
small blood vessels are marked by a red arrow, new hair follicles are marked by a blue arr
epidermis thickness and (e) inflammatory cells in each group at days 10 and 14. (f) Collag
as mean ± SD. One-way or two-way ANOVA was used to determine statistical significan
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and migration. Thus, the EED adhesive is a promising biomedical
material for accelerating skin healing.

Next, the adhesion/EGF healing combination effect of the EED
adhesive was investigated in rat models with a full-thickness skin
wound (Fig. 4(a)). The animals were randomly divided into four
groups for different treatments, including blank, commercial EGF
gel, ED adhesive, and EED adhesive. In all groups, the wounds were
rat skin wound models. (a) Illustration of the wound healing mechanism of EED
d full-thickness skin wound model was constructed on the back of the rats, and the
ial EGF gel, ED adhesive, and EED adhesive. The EED adhesive group clearly showed
the wound was performed using H&E staining (top) and Masson trichrome staining
arked by a yellow dotted line, inflammatory cells are marked by a black arrow, new
ow, fibroblasts are marked by a white arrow.) (d, e) Quantitative analysis of (d) new
en deposition in each group was quantitatively analyzed at day 14. Data are shown
ce (**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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photographed at different time points and analyzed statistically
(Fig. 4(b); Fig. S12 in Appendix A). Notably, the EED adhesive
exhibited prolonged adhesion on the skin model for up to 5 days,
indicating its high bioavailability, which made it easy for it to exert
a real-time pro-healing performance during wound contraction. On
day 10, the wounds in the EED adhesive group showed near-
perfect closure, while significant defects were observed in the
other groups. Although the difference in healing rates between
all groups decreased in the later stages of healing, which might
be ascribed to the effect of endogenous EGF [33], the EED adhesive
group still demonstrated extraordinary skin healing efficiency
(98.7%) (Fig. S12(a)). Furthermore, larger scars were observed in
the blank group with a scar area of 6% on day 14, which was almost
twice that of the EED adhesive group (Fig. S12(b)). In brief, the EED
adhesive has a positive effect on the wound healing process.

To investigate the skin regeneration process, a histological analy-
sis was performed with H&E and Masson trichrome. Representa-
tive H&E results for four treatment conditions are shown in Fig.
4(c) and Fig. S13 in Appendix A. Compared with other treatment
groups, the tissue in the EED adhesive group showed the narrowest
area of damage (black dashed line) and well-formed connective tis-
sue on day 10, indicating significantly faster neo-epidermal migra-
tion, which was consistent with the macroscopic observations.
From the local magnification of the damaged area, it was found
that the epidermis thickness in the EED adhesive group reached
(136.5 ± 35.8) lm on day 10, which was higher than that in the
other three groups, and eventually reached (27.6 ± 5.3) lm on
day 14, which was comparable to normal skin (Fig. 4(d)). These
findings are consistent with the fact that the epidermis thickness
exhibits a process from thin to thicker, then gradually gets thinner,
and finally approaches normal skin thickness during skin wound
regeneration [57]. The above phenomena confirmed the excellent
skin remodeling properties of the EED adhesive, which benefited
from the biological activities that stimulated the proliferation
and migration of keratinocytes and fibroblasts (Fig. 4(a)). Notably,
on day 14, the inflammatory response vanished and a complete
skin structure formed in the EED adhesive group. In stark contrast,
there were still significant inflammatory cells and immature tis-
sues in the blank and EGF gel groups, and slight infiltration of
inflammatory cells in the ED adhesive group (black arrows)
(Fig. 4(c)). The inflammatory cells of the four groups were analyzed
quantitatively, from which it was seen that the EED adhesive had
extraordinary healing performance, with minimal inflammation
response (Fig. 4(e)). These phenomena are mainly attributed to
the biological function of ELP directly and EGF indirectly reducing
the inflammatory response [22,32,58].

Masson trichrome staining was executed for the assessment of
collagen deposition. Among these groups, only the EED adhesive
group showed well-aligned collagen and skin appendages (hair
follicles, glands, etc.). In contrast, collagen was sparse in the ED
adhesive group, and no mature granulation tissue was spotted in
either the blank or EGF gel groups (Figs. 4(c) and S13). Consistent
with the qualitative results, the percentage of collagen deposition
in the EED adhesive group was 72%, which was statistically higher
than that in other groups, indicating that the EED adhesive facili-
tated collagen deposition (Fig. 4(f)).

Based on these results, we propose that the EED adhesive pro-
vides a stable platform encapsulating EGF as an ingredient, exhibit-
ing exceptional adhesion properties. Moreover, due to the
immiscibility of the coacervate, the EED adhesive can effectively
repel interfacial water and come into close contact with irregular
surfaces, thus contributing to the action of the bioactive compo-
nent EGF [59,60]. During wound healing, EGF binds to the EGF
receptor and then initiates signaling cascades, thereby stimulating
fibroblast and keratinocyte proliferation, and ultimately facilitat-
ing epithelialization, angiogenesis, and collagen deposition
9

[61–63]. As a result, EED adhesive can realize real-time skin heal-
ing in situ, indicating its great potential in biomedical fields.
4. Conclusion

We developed an ECM-derived bioadhesive for in situ real-time
tissue repair by actively introducing biological components and
rational design of the ensemble system. The assembled adhesive
was fabricated by harnessing liquid–liquid phase separation driven
by electrostatic complexation between a chimeric EGF, EP, and natu-
ral DNA. The EED adhesive exhibited exceptional adhesion on vari-
ous substrates (glass, ceramic, aluminum, steel, etc.) and on soft
tissues (liver, muscle, porcine skin, etc.). In particular, the adhesion
strength reached a remarkable (18.9 ± 0.9) MPa on steel substrates,
and the adhesion energy reached (40.0 ± 5.3) J�m�2 on pig skin,
outperforming many reported adhesives. More importantly, the
EED adhesive presented extraordinary hemostatic behavior, pro-
moted cell proliferation and migration, remodeled the ECM, and
accelerated in situ skin regeneration. The outstanding features of
the EED adhesive, which include biocompatibility, robust adhesion,
and remarkable biological functions, make this type of bioadhesive
promising in biomedical adhesion/healing translations. Moreover,
this unique fabrication strategy holds great potential in the design
of next-generation functionalized bioadhesives for broader appli-
cations such as bioelectronics, wearable health systems and
beyond.
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