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a b s t r a c t

Currently approved surgical tissue glues do not satisfy the requirements for ideal bioadhesives due to
limited adhesion in wet conditions and severe cytotoxicity. Herein, we report a new light-activated,
mussel protein-based bioadhesive (LAMBA) inspired by mussel adhesion and insect dityrosine cross-
linking chemistry. LAMBA exhibited substantially stronger bulk wet tissue adhesion than commercially
available fibrin glue and good biocompatibility in both in vitro and in vivo studies. Besides, the easily
tunable, light-activated crosslinking enabled an effective on-demand wound closure and facilitated
wound healing. Based on these outstanding properties, LAMBA holds great potential as an ideal surgical
tissue glue for diverse medical applications, including sutureless wound closures of skin and internal
organs.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A sutureless wound closure is essential to simplify surgical
procedures and improve patient care quality. Traditionally, me-
chanical fasteners like sutures and staples have been used in 60% of
rejoining tissues [1]. However, they are not always suitable, espe-
cially for preventing the leakage of air or bodily fluids and for su-
turing friable tissues and non-accessible organs. They can also
cause severe tissue damage due to localized stress and need suture
removal. Therefore, tissue adhesives are being pursued to over-
come the obstacles and promote wound healing without penetra-
tion [2]. Despite intensive studies, a perfect bonding material has
not yet been developed, and current available options have signif-
icant limitations. For example, cyanoacrylates, a chemically derived
representative, have toxicity [3]. Biologically derived fibrin glue has
limited tissue adhesion [4]. Moreover, most developed glues are
easily washed out in a wet environment due to poor mechanical
properties or long curing times [5].

Fortunately, nature has provided a captivating source for ideal
rk.
tissue glue, namely mussel adhesive proteins (MAPs) [6]. Mussels
can stably fix their body to wet surfaces with byssal threads. To
understand mussel adhesion mechanisms, six distinct MAPs, i.e.,
foot protein type 1 (fp-1) to foot protein type 6 (fp-6), have been
identified from byssal plaques, and 3,4-dihydroxy-phenylalanine
(DOPA) residues in natural MAPs have been considered as a key
factor for strong underwater adhesion [7,8,10]. Previously, to
overcome limited applications due to the extreme difficulty in
preparing natural MAPs, hybrid-type recombinant MAP was newly
designed and successfully mass-produced in bacterial system [8,9].
This recombinant MAP has proven to be flexible, biodegradable,
biocompatible, and strongly adhesive on various surfaces [9,11].
However, due to the intrinsic inabilities of a bacterial system such
as lack of post-translational modifications, enzyme-mediated DOPA
modification step is required to prepare DOPA-containing recom-
binant MAP. It is essential to address current challenges of low
modification yield and DOPA-containing MAP instability [12,13].
Therefore, a direct use of recombinant MAP without modification
would be a facile and economical alternative for MAP-based med-
ical applications such as surgical wound closure.

Herein, to develop a rapidly acting surgical protein glue creating
stable adhesive and cohesive bondswithout DOPAmodification, we
utilized a dityrosine photo-crosslinking strategy in recombinant
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MAP. In insect structural proteins including resilins of dragonfly
wings [14], fibroins of silk worms [15], and locust cuticles [16],
dityrosine crosslinks are expected to occur spontaneously between
tyrosine residues via photo-oxidation reaction. Because dityrosine
crosslinks are known to confer mechanical and conformational
stability and elasticity to protein chains [17], their introduction into
tyrosine-rich (approximately 20 mol%) MAP may significantly in-
crease structural support and adhesive properties as a very stable
bridge. Additionally, the use of a visible light is anticipated for
controllable, safe, and rapid wound closures. Therefore, we evalu-
ated the novel concept (Fig. 1) of a light-activated mussel protein-
based bioadhesive (LAMBA) as an ideal tissue glue via in vitro and
in vivo studies.

2. Materials and methods

2.1. Preparation of recombinant hybrid MAP

Recombinant hybrid MAP fp-151, which is comprised of six fp-1
decapeptide repeats at both the N- and C-termini of fp-5, was
produced in an Escherichia coli system as previously reported [9]. In
brief, transformed E. coli BL21 (DE3) cells were cultured in 5 L
LuriaeBertani (LB)medium containing 50 mg/mL ampicillin (Sigma)
at 37 �C and 300 rpm. At an optical density of 0.4e0.6 at 600 nm,
1 mM isopropyl-b-D-thiogalactopyranoside (IPTG; Sigma) was
added to the medium to induce the expression of recombinant
MAP. The cells were subsequently incubated for another 8 h at 37 �C
and 300 rpm. After centrifugation of the broth at 9000 � g for
10 min at 4 �C, the cell pellets were suspended in 15 mL lysis buffer
(10mMTriseHCl and 100mM sodium phosphate; pH 8.0) per gram
wet weight. The cells were lysed with constant cell disruption
systems (Constant Systems) at 20 kpsi. The lysates were centrifuged
at 9000 � g for 20 min at 4 �C, and isolated inclusion bodies were
treated with Triton X-100 washing buffer (1% (v/v) Triton X-100
(Sigma), 1 mM EDTA, and 50 mM TriseHCl; pH 8.0) with 10 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma) and 1 mg/mL
lysozyme (Bio Basic) and agitated overnight. After centrifugation,
the inclusion bodies were resuspended in Triton X-100 washing
buffer and then resuspended in 40 mL of 25% (v/v) acetic acid per
gram wet weight to extract recombinant MAP with relatively high
purity (~97%) [9]. The extracted solution was centrifuged at
9000 � g for 20 min at 4 �C, and the supernatant was collected,
dialyzed in deionized water (DW), and then lyophilized.
Fig. 1. Schematic representation of recombinant MAP-based bio
2.2. Photochemical crosslinking for fabrication of LAMBA hydrogels

To couple two adjacent tyrosine residues into a dityrosine
adduct, we employed a well-established photo-oxidative reaction
involving the activation of a ruthenium complex, Ru(II)bpy32þ, with
an electron acceptor (e.g., sodium persulfate; SPS) in the presence
of blue light [18]. Briefly, fresh stock solutions of 50mMRu(II)bpy32þ

(Sigma) and 500 mM SPS (Sigma) were prepared via dissolution in
DW, respectively. Mixtures of recombinant MAP, 2 mM Ru(II)bpy32þ,
and 10e30mM SPS in 200mM sodium acetate buffer (pH 5.5) were
dispensed into Teflon molds or tip-removed 1 mL syringes and
irradiated for 60 s at room temperature with an LED dental curing
lamp (460 nm, 1200 mW/cm2; FORZA4) from a distance of 20 mm.
2.3. Detection of dityrosine links in LAMBA hydrogels

The presence of dityrosine and dityrosine-like compounds in
fabricated LAMBA hydrogel after the photochemical crosslinking
reaction was evaluated via the fluorescence detection of acid hy-
drolysates [19]. These compounds have particular emissions at
410 nm when excited at 315 nm. To induce the full hydrolysis of
amide bonds, 10 mL hydrogel sample with 2 mg MAP was reacted
with 1 mL of 6 N HCl in a sealed 1.5 mL centrifuge tube in a heat
block at 105 �C for 2 h. Then, 100 mL of acid hydrolysis product was
transferred to a new 1.5 mL centrifuge tube and neutralized with
5 M NaOH. Then, 100 mM Na2CO3eNaHCO3 buffer (pH 9.9) was
added to the tube to a 1 mL final volume. To confirm the cross-
linking density of the hydrogels made with different SPS concen-
trations, the fluorescence spectra of the samples were measured.
The yields of the dityrosine and dityrosine-like products in the
hydrogels were quantified according to the fluorescence concen-
tration standard curve of purified dityrosine.
2.4. Surface morphology analysis of LAMBA hydrogel

The photochemically crosslinked hydrogels were equilibrated in
DW for 24 h and then lyophilized for 2 days. The swollen, freeze-
dried samples were cross-sectioned, mounted on an aluminum
substrate, and sputter-coated with gold for 40 s. The internal
structures of the gel specimens were investigated via scanning
electron microscopy (SEM; JEOL) at 5.0 kV.
adhesive formation via dityrosine bonds using visible light.
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2.5. Measurement of dynamic swelling kinetics

Cast discs (5 mm diameter � 3.5 mm height) of the hydrogels
were weighed after drying for 24 h (Wi) and then immersed in
phosphate-buffered saline (PBS) at 37 �C. At predetermined in-
tervals ranging from 0.5 to 60 h, the swollen samples were blotted
on paper towels to remove the buffer from the surface and then
weighed again (Ws). The swelling ratio was calculated using the
following equation: swelling ratio (%) ¼ [(Ws-Wi)/Wi] � 100,
whereWs is the weight of the swollen sample andWi is the weight
of the dried sample.

2.6. Measurement of elastic modulus

The elastic moduli of the photo-crosslinked LAMBA hydrogels
were obtained via unconfined, uniaxial compression tests using a
universal testingmachine (Instron) equippedwith a 10 kN load cell.
Cylindrical-shaped samples were prepared as described above and
immersed in DW for 24 h to reach equilibrium swelling states. Their
diameters and thicknesses were measured using calipers, and they
were compressed at a rate of 0.01 mm/s until the strain reached
35%. The compressive elastic modulus was determined from the
slope of the linear region in the 0e15% strain range of the
stressestrain curve. For each measurement, six samples were
averaged to obtain the modulus.

2.7. Measurement of tissue adhesive strength in a wet environment

To assess the wet tissue adhesive strength, we performed lab
shear tests using the universal testing machine. Porcine skins
(Stellen Medical), used as tissue substrates, were cut and bonded
onto transparent acrylic fixtures using cyanoacrylate glue (3M).
Pre-hydrogel solution was spread on one surface of the porcine
skin, and the specimenwas covered with the other tissue specimen
to form a bonding area of 10 � 10 mm2. Then, the adhered sub-
strates were immediately irradiated using a dental curing lamp for
60 s to crosslink the solution to form a hydrogel between two tissue
specimens. After curing, the sample was immersed in PBS at room
temperature for 2 h prior to measurement. The bonded samples
were loaded until complete separation at a crosshead speed of
5 mm/minwith a 10 kN load cell. The results from six samples were
averaged to obtain each measurement. The wet tissue adhesive
strengths of 30% (w/v) original MAP solution and fibrin glue (Tis-
seel®; Baxter) were also measured as comparative controls.

2.8. Cytocompatibility assay of LAMBA hydrogels

The in vitro cytotoxicity of pre-hydrogel solution was quantita-
tively determined using a Cell Counting Kit-8 assay (CCK-8;
Dojindo). LAMBA pre-hydrogel solutions in Dulbecco's modified
Eagle's medium (DMEM; Hyclone) containing 10% (v/v) fetal bovine
serum (FBS; Hyclone) and 1% (v/v) streptomycin (Hyclone) were
prepared at three different concentrations: 10, 1, and 0.1 mg/mL.
Then, HaCaT keratinocyte cells in DMEM at a concentration of
4 � 103 cells per well were added into each well of a 96-well cell
culture plate and incubated for 24 h at 37 �C and 5% CO2. Then, the
mediawas replaced with the prepared media and the different pre-
hydrogel solutions. These were cultured for another 48 h. Cell
viability was evaluated via CCK-8 assay, and the results were
normalized to that of cells grown in blank medium as a negative
control. The cytocompatibility of crosslinked LAMBA was also
evaluated using gel extracts obtained from the hydrogel using
DMEM at an extraction ratio of 15 mg/mL for 24 h at 37 �C [20].
HaCaT cells were seeded at 4 � 103 cells per well and cultured for
24 h. After incubation, the supenatant of each well was replaced
with the gel extracts, which were then incubated for another 24
and 48 h at 37 �C and 5% CO2. The CCK-8 assay was performed to
assess cell viability, and the blank medium and 10% dimethyl
sulfoxide (DMSO) were compared as negative and positive controls,
respectively.

2.9. In vivo wet wound closure using a rat skin incision wound
model

All animal studies were carried out in accordance with guide-
lines by national regulations and the approval of the local Institu-
tional Animal Care and Use Committee (2013-01-0027). To assess
the in vivo wet wound closure and biocompatibility of LAMBA,
normal Sprague Dawley (SD) rats were anesthetized. After shaving,
deep, 2-cm-long incisions were made on the skin of the back. With
the exception of the untreated control group, each wound was
treated via suture, fibrin glue (Tisseel®), cyanoacrylate (Derma-
bond®; Ethicon) or LAMBA hydrogel using 30% (w/v) MAP and
30mMSPS. The closured skins were harvested on day 0, 7, and 14 of
the experimental period after CO2 euthanization. The collected skin
(3 � 3 cm) was utilized for both mechanical strength measure-
ments and histological analysis. To measure the wound breaking
strength of the rejoined tissue, a 1 � 3-cm section of the skin was
loaded on the universal testingmachinewith a 10 kN load cell and a
crosshead speed of 5 mm/min. For histological analysis via hema-
toxylin and eosin (H&E) staining, the remaining skin section was
fixed in 10% buffered formalin (Sigma). To confirm collagen syn-
thesis, Masson's trichrome (MT) staining was performed. All im-
aging analyses were performed on a Leica microscope (Leica;
Wetzlar).

2.10. Statistical analysis

All data are presented as the means ± standard deviations. The
significance of differences between results was assessed via one-
way ANOVA.

3. Results and discussions

3.1. Light-activated formation of adhesive hydrogel using
recombinant MAP

To confer mechanical stability to unmodified tyrosine-rich MAP,
ruthenium-based photochemistry was employed by coupling two
nearby tyrosine residues [18]. The proposed mechanism suggests
photolyzed ruthenium-mediated formation of a tyrosyl radical,
coupling with nearby tyrosine residue, and subsequent removal of
a hydrogen atom by a sulfate radical. A light-responsive cross-
linking is of particular interest due to easy accessibility, homoge-
neous crosslinking, and mild conditions (e.g., physiological
temperatures). In contrast, most chemical crosslinking can induce a
large-scale modification of proteins, resulting in structural desta-
bilization and inflammation by exposure to toxic organic solvents
and crosslinking reagents like glutaraldehyde and carbodiimide
[21].

For optimal gelation, 10e30% (w/v) MAP was used because less
than 5% (w/v) solution could not be solidified. Ru(II)bpy32þ was set
at a low concentration of 2 mM because this catalyst is recycled
during photochemical reaction. The amount of SPS was maintained
below 40 mM to avoid self-aggregation of protein. Through opti-
mization, MAP solution was rapidly crosslinked into a gel with
desired shape within 60 s via irradiation (Fig. 2a, left upper image).

The presence of dityrosine in LAMBA after photo-crosslinking
was confirmed by their characteristic blue fluorescence under UV
illumination. LAMBA containing dityrosine showed a distinct blue



Fig. 2. a) Photographs of LAMBA (left) containing dityrosine adducts and agarose gel (right) as a comparative control under room light (top) and UV illumination (bottom). b) SEM
analysis of microporous structure of LAMBA hydrogel with 30% (w/v) MAP and 20 mM SPS. c) Fluorescence spectra of the acid hydrolysis products of LAMBA hydrogels with
different SPS concentrations. d) Yield of dityrosine products in 10 mL LAMBA hydrogels with 2 mgMAP. Triplicate samples were averaged to obtain the results for each measurement.
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fluorescence (Fig. 2a, left lower image), whereas the control gel did
not (Fig. 2a, right lower image). In the fluorescence spectra of the
acid hydrolysis products of LAMBA, a particular emission peak at
410 nm was observed, which is a value attributed to purified
dityrosine (Fig. 2c). Moreover, based on the fluorescence standard
curve of purified dityrosine, the amount of formed dityrosine in
10 mL hydrogel was quantified (Fig. 2d). More tyrosine residues
were likely converted to dityrosine crosslinks by increasing SPS
content. This is because persulfate radicals produced during
photolysis of Ru(II)bpy32þ play a key role in removing hydrogen
atoms to produce highly stable dityrosine crosslinks [18].

3.2. Physical properties of LAMBA hydrogels

Images of SEM revealed the internal structure of LAMBA. LAMBA
showed a highly porous 3D scaffold that was interconnected via
intra- and inter-molecular crosslinking (Fig. 2b), which can provide
favorable environments for natural cell behavior. The pore size was
tunable from 42.1 ± 5.4 mm to 301.7 ± 37.5 mm by adjusting SPS
content (data not shown). This meets the range for the regeneration
of adult mammalian skin (i.e., 20e125 mm) [22].

To evaluate swelling kinetics of LAMBA in physiological condi-
tion, LAMBA hydrogels with different SPS and MAP contents were
incubated in PBS for 60 h. In all hydrogels tested, they rapidly
swelled and reached equilibrium states within 5 h (data not
shown). The equilibrium swelling ratio decreased from314 ± 12% to
210 ± 13% as SPS content increased (Fig. 3a). The higher SPS content
led tomore arene couplings and denser crosslinked network, which
resulted in the lower swelling ratio. By increasing MAP content, the
effect of tyrosine levels on ultimate swelling ratio was also inves-
tigated (Fig. 3b). The value was reduced from 263 ± 15% to
202 ± 11% due to an increase of crosslinkable phenolic moieties and
decreased molecular chain flexibility. In sutureless wound closures,
such controllable swelling can be a great asset, especially in wound
healing by providing a highly permeable flexible seal for removal of
exudates and a facilitated mass transfer for cellular functions [23].

Next, LAMBA were subjected to uniaxial, unconfined compres-
sion tests to determine mechanical properties. LAMBA constructed
from 20% (w/v) MAP showed a gradual increase in compressive
elasticmodulus from37.1± 1.8 kPa to 99.5± 14.9 kPa as SPS content
increased (Fig. 3c). Similarly, for LAMBA formulated with 30 mM
SPS, elevating MAP content resulted in an improved modulus from
33.0 ± 5.6 kPa to 144.7 ± 18.0 kPa (Fig. 3d). Thus, by controlling
crosslinking degree (i.e., altering SPS and/or MAP content), the
mechanical properties of LAMBA can be easily modulated. A broad
mechanical moduli range of LAMBA can be advantageous when
applied to tissues with varying elastic moduli, including
260e490 Pa for brain [24], ~640 Pa for liver [25], and ~66 kPa for
breast [26].

To investigate the bulk tissue adhesive strength of LAMBA inwet



Fig. 3. Swelling ratio of various hydrogels with different a) SPS and b) MAP concentrations was obtained at equilibrium. Three independent samples were averaged to obtain each
measurement. Compressive moduli of LAMBA hydrogels were determined by changing the c) SPS and d) MAP concentrations. Six independent samples were averaged to obtain
each measurement. Statistical significance is designated (**p < 0.01, *p < 0.05, and #p > 0.05.).
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condition, in vitro lap shearing test was performed using porcine
tissue as a substrate. For measurement, the attached porcine skins
by photo-crosslinked LAMBA were promptly immersed in PBS for
2 h (Fig. 4a). As expected, LAMBA made with 30% (w/v) MAP
showed superior tissue adhesive strength to that of 30% (w/v)
original MAP solution by a factor of 2.2-fold. In an aqueous condi-
tion, the crosslinked LAMBA retained a solidified, rigid form,
whereas the non-crosslinked MAP was easily lost during immer-
sion. There were no significant differences between wet tissue
adhesive strengths of 30% (w/v) original MAP (22.3 ± 5.5 kPa) and
fibrin glue (20.2 ± 3.4 kPa). However, LAMBA provided excellent
adhesiveness: 33.5 ± 8.8 kPa for 20% (w/v) MAP and 48.2 ± 10.1 kPa
for 30% (w/v) MAP. Furthermore, the maximum strength of LAMBA
(72.2 ± 3.7 kPa) was determined when using 50% (w/v) MAP (data
not shown). Great tissue adhesion of LAMBA is likely correlated
with tyrosine content in MAP; tyrosine residues are involved in 1)
cohesive integrity via intermolecular dityrosine crosslinks and 2)
additional surface adhesiveness with nearby tyrosine residues of
the extracellular matrix (ECM) proteins in treated tissues during
photo-crosslinking [18]. Besides, cation-p interaction and p-p
stacking can account for important parts of the adhesion, which
was reported the main interaction for underwater adhesion of
green mussels [27e29]. Because MAP was characterized to be
cationic polyelectrolyte containing almost equal amounts of both
aromatic residues (e.g., tyrosine ~22 mol%) and cationic residues
(e.g., lysine ~20 mol%) [9], such cation-p interaction and/or p-p
stacking can occur both inside LAMBA and at the LAMBA-tissue
interface under physiological condition.

3.3. Cytocompatibility of LAMBA hydrogels

Ideal biomaterials should not cause cytotoxicity. The cytotoxic-
ities of the pre-hydrogel solution and the leachable content of
LAMBA were evaluated using keratinocyte HaCaT cells. After 48 h
culture with 10 mg/mL pre-hydrogel solution, the cell viability was
between 70.6 ± 3.6% and 86.0 ± 1.4% relative to that in a blank
medium (Fig. 5a). In diluted pre-hydrogel solutions, the viabilities
were comparable with that of the negative control. Furthermore,
the cytotoxicity of hydrogels was assessed by contacting the gel
extracts directly with cells. The cell viabilities in the gel extracted
medium after 24 and 28 h culture were normalized to that of the
negative control at 24 h (Fig. 5b). More than 90% of cells were viable
after 24 h, and a value higher than the negative control viability was
shown after 48 h incubation. This indicated a negligible potential
cytotoxicity of the gel extracts. Previously, Ru(II)bpy32þ showed no
cytotoxicity on fibroblast at routinely used concentrations [30].
Although SPS was relatively cytotoxic, more than 99% of SPS con-
tent was rapidly consumed during the reaction, and the remains
did not cause cytotoxicity [30]. As a light source, visible light is
more cytocompatible for in situ biomaterials compared with UV
light because cells contain many molecules absorbing UV light and
few visible chromophores [31].



Fig. 4. a) Schematic of lab shearing test setup to measure tissue adhesive strength using porcine skins. b) Wet tissue adhesive strengths of fibrin glue, non-crosslinked MAP, and
LAMBA. Six independent samples were averaged to obtain each measurement (**p < 0.01, *p < 0.05, #p > 0.05).

Fig. 5. In vitro cytotoxicity of LAMBA hydrogels was evaluated using HaCaT keratinocyte cells. a) After incubation in the medium including pre-hydrogel solution for 48 h, relative
cell viabilities were determined by normalizing the values (100%) to cell viability in blank medium at 48 h. Seven independent samples were averaged to obtain each measurement.
b) Cell viabilities in the gel extracts were normalized to the cell viability (100%) of a negative control at 24 h. Six samples were averaged to obtain each measurement. Statistical
significance is designated (**p < 0.01, *p < 0.05, and #p > 0.05).
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3.4. In vivo rat skin incision wound closure using LAMBA

To explore the effectiveness and convenience of LAMBA as a
rapid surgical glue, incisions on the back of a rat were untreated
and treated with suture, fibrin glue, cyanoacrylate, and LAMBA. All
animal studies were performed by the approval of the local Insti-
tutional Animal Care and Use Committee. Immediately after the
treatments, complete wound closures were observed for all groups
except for the untreated case (Fig. 6a). During the treatments,
cyanoacrylate did not adhere to the incision site and was free-



Fig. 6. a) Images of rat incisions untreated or treated with suture, fibrin glue, cyanoacrylate, and LAMBA. b) Images of wounded tissues stained with H&E staining. Epidermis (E),
dermis (D), scab (sc), tissue defect (+), fibrosis (black arrow), and wound site (yellow dashed-line) are indicated. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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flowing until curing. Fibrin glue on the bleeding site was easily
washed out due to relatively slow gelation. However, upon light
irradiation, LAMBA solution was rapidly cured and closed the
woundwithin 60 s with easy handling. Afterward, no blood leakage
was observed unlike suture-treated incisions. At day 7, LAMBA
appeared to be fully degraded via proteolysis, and hair regrew
across the incision with minimal scarring. In contrast, solid
impermeable covers remained on cyanoacrylate-treated wound,
which caused a hairless wound site and a clear rejoining mark after
detachment of the hard glue surface. Untreated tissue clearly
showed a subsequent gap between the anchoring edges.

Histological analyses using H&E staining showed that the
LAMBA-treated tissue had effective reepithelialization, significant
reductions in the wound area, and only minor inflammation
compared with the other groups at day 7 (Fig. 6b). The untreated
tissue displayed signs of fibrosis and inflammation without newly
remodeled dermis. The fibrin glue-treated wound also showed an
incomplete dermis recovery and presented with scab. Although the
suture and cyanoacrylate treatments showed better wound closure
and reepithelialization than fibrin glue, tissue defects in the dermis
were observed. At day 14, prolonged and intense inflammations
were evident in the untreated and cyanoacrylate-covered incisions,
which can delay a phenotypic transition to a reparative state,
leading to impaired healing and ECM collapse [32,33]. The fibrin
glue-treated skin still showed a loose tissue arrangement due to
deficient wound healing. Importantly, the LAMBA-treated wound
displayed restored skin morphology without visible fibrosis and
inflammation at the wound site, which indicates that LAMBA
treatment promoted the transition from inflammatory phase to
proliferative phase of healing. The mild and minimal inflammation
for effective healing is likely attributed to the previously reported
biocompatible nature of MAP including efficient adhesion for
various cell types [9].

To assess the deposition of newly produced collagen at the
incision site, the healed tissues were analyzed with MT staining,
which dyes collagen blue (Fig. 7a). In wound healing, collagen fiber
plays a dominant role in restoring structure and function [32,33]. At
day 7, poor tissue reconstructionwas observed in the untreated and
fibrin glue-treated skins. Collagen density in the suture-treated
incision was less than that in the LAMBA-treated case. At day 14,
a more organized tissue structure was observed in the LAMBA-
treated wound. Compared to rigid and dry surfaces of other adhe-
sives such as scab of fibrin glue and cover of cyanoacrylate, LAMBA
could keep the wound site moist and effectively hold bioactive
cytokines and growth factors, like platelet-derived growth factor
(PDGF) and transforming growth factor beta (TRG-b), which are
produced during the initial phases of wound healing for the later
phases. In addition, compared to delayed biodegradation of the
remained clotting by fibrin glue as shown in Fig. 6b, the proper
biodegradation of LAMBA can release the regeneration factors



Fig. 7. a) Images of MT stained wounded tissues untreated or treated with suture, fibrin glue, cyanoacrylate and LAMBA at day 7 and 14 after treatment. Wound site (yellow dashed-
line) is indicated. b) Measurement of wound breaking strength for skin closed by the respective samples at days 0, 7, and 14. A magnification box shows the strength at day 0. Three
independent samples were averaged to obtain each measurement (**p < 0.01, *p < 0.05, #p > 0.05). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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which could interact with keratinocytes and fibroblasts prominent
in the reparative dermis and stimulate production of collagen and
ECM for wound remodeling.

Besides the visual analysis, the wound breaking strengths were
measured (Fig. 7b). At day 0, the strengths of the cyanoacrylate-,
fibrin glue-, and LAMBA-treated skins were 122.4 ± 34.5 kPa,
6.87 ± 3.49 kPa, and 11.33 ± 3.22 kPa, respectively. The initial high
strength of cyanoacrylate was attributed to the widely spread rigid
polymer surface around the wound area, which provided strong
mechanical support unlike the other treatments covering only the
incision. Therefore, at day 7, the removal of the cover resulted in
only a slight increase (~1.5-fold) in the strength of cyanoacrylate-
treated skin relative to significant enhancements of the others,
especially LAMBA (~67.6-fold). At day 14, the LAMBA-closed skin
showed the highest wound breaking strength (1023.6 ± 42.0 kPa);
strengths of 624.4 ± 75.9 kPa, 508.5 ± 60.2 kPa, and 484.9± 37.9 kPa
were observed for sutures, fibrin glue, and cyanoacrylate, respec-
tively. This high strength was likely due to the effective wound
sealing of LAMBA; light-controllable crosslinking may enable sur-
face adhesion between LAMBA and nucleophilic groups of ECM
proteins on tissues [18] as well as cohesive dityrosine crosslinks
between the tyrosine residues of LAMBA. Additionally, collagen
deposition may also preserve structural integrity of the wound
[32,33] (i.e., an increased resistance to mechanical stress), as indi-
cated in the MT staining.
4. Conclusions

In summary, an unmodified tyrosine-richMAP-based tissue glue
was fabricated as an adhesive hydrogel via dityrosine formation
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using photochemical crosslinking. LAMBA could rapidly (<60 s)
close a bleeding and open wound on the back of a rat with light-
controllable gelation and effective adherence to the wound.
LAMBA could also facilitate tissue regeneration with minimal
inflammation. Thus, the convenient handling, tunable physical
properties, strong wet tissue adhesiveness, and biocompatibility of
LAMBA provide a promising practical option for sutureless wound
closures on delicate organs and non-reachable inner tissues. The
LAMBA system could be broadly applied to all medical practices
ranging from hemostatic agent and waterproof sealant for vascular
defects to tissue grafting for hernias and blocking air leaks and
perforations in biomaterials.
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