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a b s t r a c t 

L-3,4-dihydroxyphenylalanine (L-DOPA) is a naturally occurring catechol that is known to increase the ad- 

hesive strength of various materials used for tissue repair. With the aim of fortifying a porous and erodi- 

ble chitosan-based adhesive film, L-DOPA was incorporated in its fabrication for stronger photochemical 

tissue bonding (PTB), a repair technique that uses light and a photosensitiser to promote tissue adhesion. 

The results showed that L-DOPA did indeed increase the tissue bonding strength of the films when pho- 

toactivated by a green LED, with a maximum strength recorded of approximately 30 kPa, 1.4 times higher 

than in its absence. The addition of L-DOPA also did not appreciably change the swelling, mechanical and 

erodible properties of the film. This study showed that strong, porous and erodible adhesive films for 

PTB made from biocompatible materials can be obtained through a simple inclusion of a natural addi- 

tive such as L-DOPA, which was simply mixed with chitosan without any chemical modifications. In vitro 

studies using human fibroblasts showed no negative effect on cell proliferation indicating that these films 

are biocompatible. The films are convenient for various surgical applications as they can provide strong 

tissue support and a microporous environment for cellular infusion without the use of sutures. 

Statement of significance 

Tissue adhesives are not as strong as sutures on wounds under stress. Our group has previously demon- 

strated that strong sutureless tissue repair can be realised with chitosan-based adhesive films that photo- 

chemically bond to tissue when irradiated with green light. The advantage of this technique is that films 

are easier to handle than glues and sutures, and their crosslinking reactions can be controlled with light. 

However, these films are not optimal for high-tension tissue regenerative applications because of their 

non-porous structure, which cannot facilitate cell and nutrient exchange at the wound site. The present 

study resolves this issue, as we obtained a strong and porous photoactivated chitosan-based adhesive 

film, by simply using freeze drying and adding L-DOPA. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Tissue adhesives have shown considerable potential as an alter-

ative to sutures in a number of surgical procedures, particularly

n those requiring a tight seal to prevent fluid leakage [1] . Adhe-

ives are advantageous over sutures in that they are faster to ap-

ly, less painful and less invasive [1] . However, their high cost and

onfined scope of applicability due to biocompatibility concerns,

low degradation or weak approximation of wound edges under

et or high-tension conditions, limits their widespread clinical ac-

eptance [1] . Alternative methods to sutures are sought out be-

ause these techniques are challenging to use on small anatomical

tructures such as nerves and impede the healing process by caus-

ng foreign body reactions or tissue distortions at the surgical site

2] . 

A promising adhesive that we have developed to overcome

he aforementioned issues, is the biocompatible and green light-

ctivated rose bengal-chitosan adhesive for photochemical tissue

onding (PTB). PTB is a repair technique that promotes collagen

rosslinking using light and a photosensitiser with minimal heat

roduction [2–4] . The fabrication of this adhesive is simple and

calable: no chemical modification is required to produce an insol-

ble and free-standing chitosan film. It is biocompatible as demon-

trated by implantation around the nerves for 3 months [2] , and

ts degradation profiles can be controlled by adding lysozymes in

he films [5] . Of note, this adhesive has a high bonding strength

 ∼ 21 kPa) when structured with nanopillars [6] . The nanopillars

ncrease tissue bonding by mimicking the van der Waal interac-

ions afforded by nano-scaled setae on the toes of the gecko. How-

ver, strong adhesion can only be achieved when the film is non-

orous, which reduces the film’s ability to allow for cell and nutri-

nt exchange required for healing. 

In this study, we have fabricated an adhesive film for PTB, with

 structure that is both porous and erodible, and with improved

dhesion capabilities, achieved through three simple modifications:

1) the film was made porous through freeze drying since freeze-

ried chitosan scaffolds have shown to provide a favourable mi-

roporous environment for tissue regeneration [7] ; (2) oligomeric

hitosan (water-soluble chitosan) was introduced to increase ero-

ion rate of the film for better tissue integration, because films

reviously based solely on medium weight (MW) chitosan were

low to degrade, (less than 10% of the film) after one month in

ivo [5] . In a previous study, we showed that chitosan films be-

ome more soluble with oligomeric chitosan [8] . The addition of

ligomeric chitosan is also more cost effective than incorporat-

ng enzymes or using multi-step chemical procedures. (3) L-3,4-

ihydroxyphenylalanine (L-DOPA) was added to the formulation

ince previous studies have shown that chemically grafting and

lending L-DOPA or catechol groups with chitosan, significantly in-

reased tissue bonding strength [9–15] . In this study, L-DOPA was

ixed with chitosan to avoid chemical modification and a possible

omplex manufacturing process. We hypothesized that rose ben-

al and green light would not only mediate photochemical tissue

onding [16 , 17] , but also further bonding via oxidation of L-DOPA.

his is possible because oxidised catechol groups covalently bond

ith amine, imidazole and thiol residues that are found in tissue

roteins [18] . 

Green light photosensitisers have been reported to initiate the

hotooxidation and promote crosslinking of catechol modified hy-

rogels [19] . This feature is important because light can act as a

rigger to control when and where tissue bonding takes place. This

s unlike for many catechol-based tissue adhesives in literature,

hich are often less user friendly because they incorporate a liquid

rosslinker or oxidising agent that must be premixed with the ad-

esive material on the tissue surface. To analyse the effect of these

hree modifications, we characterised the film’s adhesive, swelling,
echanical and erosion properties and biocompatibility with hu-

an fibroblast cells. 

. Materials and methods 

.1. Materials 

Oligomeric chitosan (MW < 5 kDa; 85% deacetylated, see Fig. S1)

as obtained from AK Biotech (Jinan, China). All other chemi-

als including medium MW chitosan (MW = 190 – 310 kDa; 78%

eacetylated, see Fig. S2) and were purchased from Sigma-Aldrich

Sydney, Australia) and used without modification. Cell culture me-

ia and supplements for in vitro studies were purchased from

IBCO Invitrogen. Cell culture dishes were purchased from Greiner,

SA (Interpath). Human fibroblasts (MRC-5 cells, ATCC) were a

ind gift from the Stenzel laboratory in the School of Chemistry

t UNSW. Small intestine tissue sections (20 cm) were immedi-

tely harvested from euthanised sheep (Wollondilly Abattoir Pty

td.), cleaned with water and stored at – 80 °C. Prior to experi-

ental use, the tissue sections were thawed and flushed with wa-

er at room temperature ( ∼ 25 °C) and the mesenteric tissue was

emoved. 

.2. Adhesive film preparation 

The solutions were made by following the protocol detailed by

auto and colleagues [20] . Briefly, chitosan, rose bengal and acetic

cid were stirred in deionised water at room temperature ( ∼ 25 °C)

or 2 weeks. To avoid photobleaching of rose bengal, the solutions

ere shielded with aluminium foil. The solutions were then cen-

rifuged for 1 h, at 3270 x g, at 25 °C and the decanted super-

atants were stored at 4 °C until further use. L-DOPA was added

o the solution (pH ∼ 4) with rose bengal, oligomeric chitosan and

W chitosan, and mixed for 24 h to ensure complete dissolution.

 1:10 molar ratio of L-DOPA to chitosan glucosamine units was

resent in the solution. Oligomeric chitosan was incorporated in

he formulation to make the adhesives films erode faster [8] . The

omposition of the solutions used for fabricating the adhesive films

re shown in Table 1 . 

The adhesive chitosan films were made from the prepared so-

utions by pipetting into plastic Petri dishes (3 × 4 cm 

2 ), 3 mL for

orous films and 2.3 mL for non-porous films. Solvent evaporation

as then carried out either by air drying under dark cover (room

emperature ∼ 25 °C for 3 weeks, for non-porous films) or freeze

rying (pre-frozen at – 30 °C for 24 h and freeze dried at – 50 °C,

.1 mbar for 6 h, for porous films). The porous films were also fur-

her air dried at room temperature under dark cover for 3 weeks

o reduce their water content. The dried films were cut to the de-

ired dimensions for the experimental tests and stored at room

emperature between clean glass slides and wrapped with parafilm

nd aluminium foil. The thickness of the flattened porous and non-

orous films when gauged at five different points with a digital mi-

rometer model (293–831, Mitutoyo, Japan) ranged between 340 –

70 μm and 20 – 25 μm, respectively. 

.3. Green light irradiation 

The films were layered with tissue and irradiated with green

ight for ∼ 6 min to enable their photochemical bonding to the tis-

ue. The irradiation parameters used are summarised in Table 2

nd the light was delivered through an optical fibre (core diam-

ter 200 μm) coupled to a light-emitting diode (LED) system (Ul-

ra High-Power Microscope LED, Prizmatix, USA). The effect of the

reen light on the erosion, swelling, mechanical properties, L-DOPA

xidation and biocompatibility for the L-DOPA films was also as-

essed and compared to films without L-DOPA. For these tests, to
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Table 1 

Solutions composition for adhesive films. ∗

Solution Medium MW 

Chitosan (% w/v) 

Oligomeric 

Chitosan (% w/v) 

Acetic Acid 

(% v/v) 

Rose Bengal 

(% w/v) 

L-DOPA (% w/v) 

Standard 1.70 0 2 0.01 0 

OC 1.53 0.17 2 0.01 0 

OC + DOPA 1.53 0.17 2 0.01 0.16 

∗ The label ‘Standard’ represents the standard composition used in previous studies [3 , 20] ; ‘OC’ indicates the composition 

with oligomeric chitosan; ‘OC + DOPA’ indicates the composition with oligomeric chitosan and L-DOPA. Components were 

dissolved in deionised water. 

Table 2 

Irradiation parameters for PTB. ∗

Peak Wavelength 

(nm) 

Spot Diameter 

(cm) 

Power 

(mW) 

Irradiance 

(W cm 

−2 ) 

Fluence 

(J cm 

−2 ) 

515 ∼ 0.5 ∼ 180 ∼ 0.9 ∼ 110 

∗ The films were spot-irradiated ( ∼ 5 s per spot) with a continuous wave of 

green light delivered through an optical fibre coupled to a LED system. 
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mimic physiological conditions, the films were immersed in phos-

phate buffer saline (PBS) for ∼ 5 s before being exposed to the

green light. 

2.4. Tissue adhesion measurements 

The tissue bonding strength of the films was tested on similar

in vitro models described by Frost and coworkers [21] . The pro-

cedure involved irradiating the film either above (“on top”) or be-

low (“on bottom”) the serosa of sheep small intestine tissue. Sheep

small intestine was chosen because it is large enough to provide

tissue for several tests. The serosa is also rich in collagen, which is

found in many tissues. 

2.4.1. Adhesive “on top”

Strips of tissue measuring 1.5 × 4 cm 

2 were cut and bisected. To

photochemically reconnect the bisected tissue, the pieces were ap-

proximated end-to-end under an operating microscope (20x mag-

nification) and a film (0.6 × 1.0 cm 

2 ) was placed over the bisec-

tion line on the serosa layer, which was irradiated as outlined in

Section 2.3 . The repaired sample was then clamped into a sin-

gle column calibrated tensiometer (3384, Instron, USA) and sub-

jected to a loading rate of 22 mm min 

−1 until sample fracture was

achieved. The bonding strength was estimated by dividing the

maximum force measured on the tensiometer force vs distance

profile by the area of the film. The tissue adhesion energy was

calculated by measuring the area under the tensiometer force vs

distance profile using the tensiometer software (Instron, BlueHill

2). The tissue was kept moist during the repair and before tensile

testing to avoid desiccation and to mimic in vivo conditions. Tissue

repaired with films without LED irradiation were also tested for

comparison. To examine whether the release time of L-DOPA af-

fected the bonding strength, selected films were left on the tissue

for 0, 3, 6 or 9 before irradiation. Selected films with 10 times less

L-DOPA were also tested to find out whether L-DOPA concentra-

tion influences the bonding strength (these films were fabricated

as outlined in Section 2.2 but L-DOPA was added at 0.016% w/v). 

2.4.2. Adhesive “on bottom”

The semi-transparent serosa layer of the intestinal tissue was

firstly isolated by gently scraping off the muscularis, submu-

cosa and mucosa layers with a spatula. The serosa was then

cut into smaller strips, bisected and reconnected as described in

Section 2.4.1 , however the sample was inverted such that the green

light penetrated the serosa layer first. This enabled the irradiation

to reach the film-tissue interface without being heavily attenuated

by the film. The bonding strength and tissue adhesion energy of
he film was estimated as described in Section 2.4.1 . The serosa

as also kept moist during the repair and before tensile testing to

void desiccation and to mimic in vivo conditions. 

.5. Atomic force spectroscopy 

To investigate the adhesive properties of the films at the

anoscale, the surface of the films was characterised with the

tomic force microscope (AFM) (NanoWizard II, JPK Instruments,

ermany). Silicon cantilevers tips (SICON, AppNano, USA; spring

onstant 0.3 N m 

−1 ; resonant frequency 14 – 17 kHz) were used to

robe the film surface and were individually calibrated with the

hermal noise method before use. The force spectroscopy mea-

urements were performed in deionised water to minimise cap-

llary effects and the following parameters were held constant:

-length = 2.0 μm, extend time = 2.0 s and relative setpoint = 5 nN.

FM force vs extension profiles were obtained at nine different

ocations over a 50 × 50 μm 

2 sample area for six films from each

roup (n = 54). The energy required to detach the AFM tip from

he sample surface was calculated as the area under the AFM force

s extension curve using the JPK Data Processing software and was

ecorded as the AFM tip adhesion energy. 

.6. Erosion behaviour 

The erosion behaviour of the film was tested in vitro by im-

ersing the films in PBS at 37 °C for 7 days and measuring their

ercentage mass loss at different time points. Briefly, films of size

 × 2 cm 

2 were initially weighed (m i ) and then immersed in 50 mL

f PBS 37 °C for 7 days, with daily transfer into fresh PBS. At day

, 3, 5 and 7, the films were taken out, lyophilised and reweighed

 m d ). The mass loss was calculated by comparing the initial dry

ass of the film to its dry mass after immersion in PBS for a cer-

ain time period, as shown in Eq. (1) . 

 mass loss = 

m i − m d 

m i 

× 100 (1)

.7. Swelling study 

The film’s swelling properties were tested in vitro by suspend-

ng pre-weighed films ( m i ) of size 2 × 2 cm 

2 in PBS at 37 °C. The

lms were removed at different time points, gently dry-blotted

ith a Kim Wipe and reweighed ( m s ). The swelling ratio of a film

t each time point was then calculated using Eq. (2) : 

 swelling ratio = 

m s − m i 

m i 

× 100 (2)

.8. Mechanical properties 

The tensile properties of the films were measured with a

343 Instron tensiometer. Films of size 0.6 × 3.0 cm 

2 were clamped

n the tensiometer and subjected to a tensile loading rate of

2 mm min 

−1 until cohesive failure occurred (i.e. the film broke

nto two pieces). Prior to the tensile test, the films were hydrated

n PBS for ∼ 10 s to mimic the wet conditions in vivo . The force
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s distance profiles were converted to stress-strain curves and the

oung’s modulus was calculated as the tangent slope at the linear

ortion on these graphs using the tensiometer software (Instron,

luehill 2). The maximum tensile stress (tensile strength) and

aximum tensile strain (percentage elongation) was also recorded

film thickness and width were assumed constant during the test).

.9. Scanning electron microscopy 

Images of the surface of the porous films and the tissue – adhe-

ive interface were obtained using a JEOL 6510 low vacuum scan-

ing electron microscope (SEM). The porous films were prepared

or examination by leaving them unflattened after fabrication for

etter pore visibility, then cutting them to 0.5 × 0.5 cm 

2 squares,

hich were attached to aluminium stubs with double sided con-

uctive carbon tape. A low vacuum pressure of 30 Pa in the SEM al-

owed samples to be examined uncoated. Images were taken with

 backscatter detector, an accelerating voltage of 15 kV, and a work-

ng distance of roughly 12 mm. 

To verify whether the addition of L-DOPA affected the pore size,

EM images collected at a magnification of 50x were used to mea-

ure and compare the pore diameters for both the OC + DOPA and

he OC porous films. A total of 300 pores from each group were

easured (6 films from each group; 50 pores per film) using the

perio ImageScope program. The pore diameter was defined as the

quare root of the shortest and longest diameter of the pore since

he pores were not perfectly circular. To observe the adhesive-

issue interface, transverse sections (0.5 × 0.3 cm 

2 ) of the photo-

hemically bonded adhesive and intestinal tissue were cut and im-

ediately fixed in Karnovsky’s solution (2% v/v glutaraldehyde and

.5% w/v paraformaldehyde in 0.1 M PBS) at 4 °C. After 24 h, the

amples were rinsed with PBS for 15 min and dehydrated with a

raded series of ethanol with concentrations of 30, 50 and 70% v/v.

he dried samples were then fixed onto to aluminium stubs with

ouble sided conductive carbon tape and run under the same con-

itions as mentioned above. 

.10. Spectroscopic observation of L-DOPA oxidation 

Irradiation induced L-DOPA oxidation was qualitatively studied

sing ultraviolet-visible (UV–Vis) spectroscopy to record the wave-

ength of absorption peaks. More detailed analysis, such as mea-

uring the concentration of oxidized products, is problematic as

 -DOPA produces various intermediate products upon oxidation.

urthermore, the opacity of the L-DOPA porous films made spec-

rophotometric readings impossible, thus the films (with and with-

ut irradiation) were dissolved in 5 mL of 2%v/v acetic acid in

eionised water. The absorbance spectra of 1 mL aliquots in quartz

uvettes were then recorded at wavelengths from 200 to 700 nm

t room temperature ( ∼ 25 °C) using a Shimadzu UV-1800 UV–Vis

pectrophotometer. All samples were initially referenced against 2%

/v acetic acid blanks in deionised water before recording their

pectra. 

.11. L-DOPA release study 

The rate of L-DOPA release for the porous and non-porous films

as compared by measuring the amount of L-DOPA released from

 film (0.6 × 1.0 cm 

2 ) when immersed in 5 mL of PBS at room tem-

erature ( ∼ 25 °C). The films were left for 6 min in PBS as this

orresponded to how long the films were on tissue when photo-

hemically bonded at room temperature. Afterwards, 1 mL of the

BS was collected and placed in a quartz cuvette. The absorbance

f the aliquot was measured at 280 nm and converted to a mass

alue using a calibration curve of known L-DOPA concentrations in
BS following which the ratio of the average mass of L-DOPA re-

eased between non-porous and porous films was calculated. This

atio was compared to the mass ratio of L-DOPA within the non-

orous and porous films. A mass ratio was used because these

lms have different amounts of L-DOPA (the non-porous film con-

ains ∼ 307 μg/cm 

2 and the porous films contains ∼ 400 μg/cm 

2 ).

he films have different amounts of L-DOPA because the porous

lms were made from a larger volume of the adhesive solution

 Section 2.2 ). 

The percentage of L-DOPA released from the films over time

as also measured for films that produced the highest bonding

trength. These films (0.6 × 1.0 cm 

2 ) were placed in 5 mL of PBS at

oom temperature ( ∼ 25 °C) and taken out of the PBS at different

ime intervals. The mass of L-DOPA released in the PBS was quan-

ified in the same way as described above. The percentage release

f L-DOPA was then calculated at each time point (the mass of L-

OPA released in the PBS was divided by the mass of L-DOPA in a

.6 cm 

2 film and then multiplied by 100) and plotted as a function

f release time. 

.12. Biocompatibility study 

Human fibroblasts (MRC-5 cells) were seeded on selected

lms with and without irradiation to quantitatively and qualita-

ively assess the film’s biocompatibility. Films without rose ben-

al were also tested. These films were fabricated as described in

ection 2.2 but the solutions were mixed for 1 week instead of 2

eeks; chitosan mixtures with rose bengal require longer stirring

ue to rose bengal’s poor solubility in acidic conditions. The films

0.5 × 0.5 cm 

2 ) were sterilised with 70% ethanol, washed with PBS

nd placed in a 12-well culture plate before adding the cells. The

ells were seeded at 10 5 cells/well and grown for 6 days with the

lms and 5 mL of DMEM media containing 10% foetal bovine serum

FBS; Bovogen), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM

-glutamine and 1% (v/v) non-essential amino acid solution at

7 °C in a humidified atmosphere containing 5% CO 2 . Cells plated

n the wells with media and without the films were used as con-

rols. 

.12.1. Cell viability assay 

Cell viability was measured based on the reduction of methyl-

hiazolyldiphenyl-tetrazolium bromide (MTT), to purple formazan

rystals by metabolically active cells. Cells were gently washed

ith warm PBS and incubated with 0.5 mg/mL MTT compound dis-

olved in Hank’s balanced salt solution (HBSS) at 37 °C for 4 h. Cells

ncubated without films were used as controls and cells treated

ith 6% ethanol were used as negative controls. Following incu-

ation, HBSS was removed from wells and the purple formazan

rystals were dissolved in 1 mL of dimethyl sulfoxide, and 200 μL

liquots were transferred into 96 well plates, in duplicates and ab-

orbance was measured at 570 nm. Cell viability was quantitatively

easured by calculating cell viability as fold change of mean ab-

orbance values against control cells. 

.12.2. Live/Dead cell imaging 

In order to qualitatively assess the viability of cells growing on

he film, cells were stained with Calcein-AM and propidium-iodide

PI), based on the principle that Calcein-AM stains the live cells

reen and (PI) stains the dead cell nuclei red. Briefly, cells seeded

n the films were washed with warm PBS and incubated at 37 °C
ith HBSS containing 5 μM Calcein-AM for 30 min. Following in-

ubation, cells were washed and loaded with HBSS containing PI

5 μM) and fluorescence was imaged using an inverted Olympus

X51 microscope at 4X magnification. Cells incubated without films

ere used as positive controls and cells treated with 6% ethanol

ere used as negative controls. 
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Fig. 1. Bonding strength of irradiated adhesive films placed on bottom (A) and top (B) of the sheep small intestine serosa. C) shows the bonding strength of the same groups 

on top of the serosa without green light exposure. The porous OC + DOPA films resulted in the highest bonding strength in all tests. All films failed predominantly ( > 60%) at 

the tissue interface except for the porous OC + DOPA films tested in A), which failed cohesively in all trials. Data represent mean ± standard deviation ( n = 30) and p values 

determined by one-way ANOVA, Tukey’s post-test where ∗∗∗∗ represents p < 0.0 0 01. D) shows a cross-sectional SEM image of the porous OC + DOPA film photochemically 

bonded to sheep small intestinal tissue. The serosa conforms closely with the pore profile of the adhesive. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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2.13. Statistics 

Unpaired two-tailed t-tests or analysis of variance (ANOVA)

one-way with Tukey’s post-tests were used to analyse the data.

Means were considered significantly different if p < 0.05. Values

are expressed as mean ± standard deviation and ‘n’ represents the

number of samples tested for a group. 
. Results and discussion 

.1. Tissue bonding strength 

When the films were placed on the bottom of the serosa

issue layer and irradiated ( Section 2.4.2 ), the porous OC + DOPA

lms achieved a bonding strength of 30 ± 3 kPa ( n = 30). This was
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Fig. 2. Adhesion energy of adhesive films when measured with the tensiometer and AFM. Plot A) shows the tissue adhesion energy of non-porous standard, porous OC 

and porous OC + DOPA films when photochemically bonded on top of sheep small intestine tissue; the porous OC + DOPA films were the toughest to detach from the tissue. 

Typical tensiometer force vs extension curves of tissue repaired with the non-porous standard film and the porous OC + DOPA film are depicted in B) and C) respectively. Plot 

D) shows the energy required to detach an AFM silicon tip for the same three groups; the toughness of the porous OC and porous OC + DOPA films were similar but both 

greater than the non-porous standard films. Typical AFM force vs extension curves are depicted for the non-porous standard film and the porous OC + DOPA film in E) and 

F) respectively. In these profiles, when the AFM tip moves up and away from the surface of the film, the tethered chitosan polymer chains electrostatically attracted to the 

tip are ‘stretched’ and consequently rupture, resulting in the multiple peaks shown in the graphs. Data is displayed as mean ± standard deviation where n = 30 for A) and 

n = 54 for D). P values were determined by one-way ANOVA, Tukey’s post-test, where ∗∗∗∗ signifies p < 0.0 0 01. 
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Fig. 3. Visual and spectroscopic observation of L-DOPA oxidation within the porous OC + DOPA films when irradiated with green light. A) depicts the browning of the porous 

OC + DOPA films when photochemically bonded to sheep small intestine tissue (film size ∼ 1.0 × 0.6 cm 

2 ); left image displays the film before LED irradiation and the right 

image shows the film after ∼ 6 min of LED irradiation. The browning of the adhesive is characteristic of products from L-DOPA oxidation [9 , 29 , 32] . Bi) depicts typical porous 

OC + DOPA films with and without irradiation that were dissolved in 2% v/v aqueous acetic acid to record their spectra. Bii) shows representative UV–Vis spectra of 1 mL 

aliquots from the dissolved samples shown in Bi). When the films were irradiated, the absorbance in the 30 0–50 0 nm range increased, indicating the formation of products 

with catecholquinones [12 , 28] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3

 

f  

w  

e  

n  

n  

p  

i  

s  

u  

t  

d  

(  

c  

O  

a  

e  

s  

l  

t

3

 

fi  

w  

h  

t  

l  

c  

c  

w  

p  

s  

[  

L  

o  

s

 

significantly higher than all other adhesives tested, which had

bonding strengths within 19 – 25 kPa ( p < 0.0 0 01, one-way ANOVA,

Tukey’s post-test) ( Fig. 1 A). Tissue separation in the repairs us-

ing OC + DOPA porous adhesives was due to cohesive failure; all

other films failed predominately ( > 60%) at the tissue interface.

When the films were on top of the serosa tissue layer and irradi-

ated ( Section 2.4.1 ), the bonding strength of the porous OC + DOPA

films (19 ± 1 kPa, n = 30) was still significantly higher than all the

adhesives tested in this study (13 – 16 kPa) ( p < 0.0 0 01, one-way

ANOVA, Tukey’s post-test) ( Fig. 1 B). Tissue separation during these

repairs was mostly ( > 70%) at the tissue interface for all films.

The bonding strength of the films placed above the serosa is ex-

pected to be lower since light is attenuated more readily by the

films due to their greater thickness. Without green light expo-

sure, all films had much lower bonding strengths ( Fig. 1 C), as

photochemical crosslinking reactions did not occur. Interestingly,

the OC + DOPA porous films also had significantly higher bonding

strengths (6 ± 1 kPa, n = 30) than all groups in this test (1 – 5 kPa)

( p < 0.0 0 01, one-way ANOVA, Tukey’s post-test). It also seems that

porosity may enhance tissue bonding via mechanical interlocking

( Fig. 1 D), as the porous films had higher bonding strengths than

the non-porous films ( Fig. 1 C). All films in these repairs failed at

the tissue interface. 

Catechols have been used to increase the tissue bonding of

many tissue adhesives [22 , 23] . Studies have shown improved tis-

sue bonding when catechols are incorporated with chitosan. For

example, a catechol and chitosan hydrogel treated with NaIO 4 pro-

duced an adhesive strength on rabbit intestine that was ∼ 2 times

stronger than a chitosan hydrogel alone [9] . A catechol conjugated

chitosan porous patch was also able to produce ∼ 4 times higher

bonding strength on mouse subcutaneous tissue than the porous

patch with just chitosan [10] . In this study, to simplify the fabrica-

tion procedure, L-DOPA was not chemically attached to chitosan.

Our L-DOPA modified rose bengal-chitosan porous films, when

photoactivated, were ∼ 1.4 times stronger than the non-porous

rose bengal-chitosan (standard) films used in previous studies; in

vivo, these non-porous films can withstand the stresses of a beat-

ing heart [24] , and provide similar repair strengths to sutures

when used for nerve repair [4 , 25] . The high bonding strength of

the OC + DOPA porous films may be useful for clinical procedures

that required enhanced support to stabilize the wound such as ten-

don repairs [26] . 

n  
.2. Adhesion energy 

The adhesion properties of the porous OC + DOPA films were

urther characterized to establish whether their bonding energy

as also superior. Using the tensiometer, the tissue adhesion en-

rgy of the porous OC + DOPA films (8 ± 1 mJ) was found to be sig-

ificantly higher ( p < 0.0 0 01, one-way ANOVA, Tukey’s post-test,

 = 30) than the non-porous standard films (5 ± 1 mJ) and the

orous OC films (5 ± 1 mJ), when placed on top of the tissue and

rradiated ( Fig. 2 A). When AFM tip adhesion energy was mea-

ured, the non-porous standard films had significantly lower val-

es ( Fig. 2 D), indicating; the porous films have a higher adhesion

oughness. The AFM tip adhesion energy for the non-porous stan-

ard, porous OC + DOPA and porous OC films were (2 ± 1) × 10 −16 J,

6 ± 1) × 10 −16 J and (6 ± 1) × 10 −16 J respectively ( n = 54). The in-

reased adhesion toughness is an important feature of the porous

C + DOPA adhesives as more energy is necessary to detach these

dhesives and therefore are more resistant to failure. This prop-

rty makes it suitable for placement in areas of the body that are

ubject to movement. Commercial adhesives such as cyanoacry-

ates are unsuitable for placement in such environments because

he cured glue is brittle, despite their high adhesive strength [1] . 

.3. L-DOPA oxidation 

To examine L-DOPA oxidation within the porous OC + DOPA

lms upon LED irradiation ( Fig. 3 A), UV–Vis spectra of the films

ith and without irradiation were recorded ( Fig. 3 B), after they

ad been dissolved in 2% v/v acetic acid to record their spec-

ra. Upon irradiation, absorbance within the 300 to 500 nm wave-

ength range increased. This suggests the accumulation of amine-

atecholquinone products (30 0 – 40 0 nm) and the formation of

atecholquinone coupling derivatives (40 0 – 50 0 nm) in the film

hen irradiated [12 , 27–29] . These absorbances (30 0 – 50 0 nm) are

resented together as a broad shoulder (no distinct peaks can be

een) likely due to the absorbance summation of various products

28] . Both films had a peak at 280 nm, which is characteristic of

-DOPA [30] , and peaks at 528 nm and 563 nm, which are typical

f rose bengal [20] . The oxidation of L-DOPA was also observed vi-

ually as the films changed colour from pink to brown. 

The advantage of using photo-oxidation is that it avoids the

eed for premixing or chemical treatment to initiate crosslinking
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Fig. 4. Analysis of L-DOPA release and mechanisms of tissue adhesion for the porous OC + DOPA film. A) shows typical images of the staining on sheep intestine tissue when 

porous and non-porous OC + DOPA adhesive films (film size = 1.0 × 0.6 cm 

2 ) were photochemically bonded to the tissue (films were irradiated with green light for ∼ 6 min); 

the dark brown areas are characteristic of oxidised L-DOPA intermediates. Tissue browning was greatest with the porous OC + DOPA film. B) shows the bonding strength of 

the porous OC + DOPA films with ten times less DOPA (0.016%) and no L-DOPA (0%). The concentration of L-DOPA in this graph refers to the concentration of l -DOPA in the 

adhesive solution ( ∗∗ p < 0.005, one-way ANOVA, Tukey’s post-test, n = 6). C) shows the effect of release time on the bonding strength of the porous OC + DOPA; the films 

were left on the tissue for 0, 3, 6 or 9 min before ∼ 6 min of irradiation; there was no significant difference between groups ( p > 0.05, one-way ANOVA, n = 6). D) shows the 

percentage of L-DOPA from the porous OC + DOPA films when left in 5 mL of PBS at room temperature for different time intervals (for each point, n = 3). E) shows possible 

bonding mechanisms for the porous OC + DOPA films on tissue. Without green light exposure, this porous film primarily bonds to tissue through mechanical interlocking. 

When these films are exposed to a LED green light, the rose bengal dye (RB) absorbs the light and produces singlet oxygen at the tissue interface, which can in turn 

facilitate the oxidation of L-DOPA and tissue collagen [16 , 17] . The L-DOPA oxidation products can initiate the crosslinking between tissue collagen and the amino groups of 

chitosan through i) Michael addition and iii) Schiff base reactions [12 , 29] . The photo-oxidation can also promote the polymerisation of L-DOPA into oligomers as shown in 

ii) [12 , 29 , 32] . The tissue collagen radicals generated from the photo-oxidation may also initiate the crosslinking of chitosan’s amino groups with the tissue surface as shown 

in iv) [16 , 17] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. SEM images showing the surface of a typical porous adhesive film made from the OC + DOPA composition and the OC composition. The pores in both films were 

interconnected and ∼ 110 μm in diameter. 

Fig. 6. Percentage mass loss (A) and percentage mass swelling ratio (B) of porous OC + DOPA films with and without irradiation in PBS at 37 °C. Each point represents mean 

± standard deviation ( n = 6). The percentage mass loss of the irradiated porous OC + DOPA films and porous OC films were significantly different at day 5 and day 7 ( p < 0.05, 

one-way ANOVA, Tukey’s post-test). The irradiated porous OC + DOPA film had lower swelling ratios than the porous OC + DOPA film at each timepoint after 30 min ( p < 0.05, 

one-way ANOVA, Tukey’s post-test). 
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reactions. The use of light is easier to apply and will allow the

surgeon to control more precisely, when, where and how long the

adhesive is crosslinked. Many of the catechol modified adhesives

reported in the literature, use oxidising agents such as periodate

or ferric ions, which can cause allergic reactions [22 , 23] . Other re-

ported adhesives have used oxidising enzymes such as tyrosinase

but are limited by production issues despite their better biocom-

patibility [22 , 23] . Furthermore, the level of reactive oxygen species

produced by photoactivated rose bengal for PTB has been con-

firmed to be biocompatible when tested in vitro, in vivo and in a

clinical trial [2 , 3 , 31] . 

3.4. L-DOPA release 

The amount of L-DOPA released from the films was qualitatively

examined to understand why the porous OC + DOPA films had an

increased bonding strength; these tests were done under similar

conditions as the adhesion tests ( e.g. room temperature and con-

tact time with tissue = same time in PBS). No oxidation peaks from

L-DOPA were observed during these measurements. The amount

of L-DOPA released from the porous OC + DOPA films was greater
han the non-porous ones after 6 min in PBS. This is expected as

he porous films contain more L-DOPA, which was outlined pre-

iously in Section 2.11 . Therefore, to compare the release of L-

OPA between the non-porous and porous films, the percentage

ass ratios were calculated. The percentage mass ratio of L-DOPA

n the non-porous OC + DOPA films to the porous OC + DOPA was

77% (mass of L-DOPA in non-porous film: mass of L-DOPA in

orous film). The percentage mass ratio of L-DOPA released into

BS from the non-porous OC + DOPA films to the porous OC + DOPA

lms was ∼ 67% (mass of L-DOPA released from non-porous film:

ass of L-DOPA released from porous film). These results indicate

hat the porous OC + L-DOPA films release L-DOPA at a faster rate

han the non-porous OC + L-DOPA films. This faster release of L-

OPA from the porous OC + L-DOPA films correlates well with the

bservations shown in Fig. 4 , where the distinctive brown colour

ue to the oxidation of L-DOPA was more accentuated in tissue

epaired with the irradiated porous OC + DOPA films ( Fig. 4 A) and

hen these films had 10 times less L-DOPA, the bonding strength

ecreased ( Fig. 4 B). The bonding strength of the films also does

ot decrease as release time increases; when we left the adhesive

lm on the tissue for 0, 3, 6 or 9 min before the 6 min of irradia-
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Fig. 7. Tensile strength (A), percentage elongation (B), Young’s modulus (C), and representative stress vs strain profiles (D) of the irradiated and non-irradiated porous films 

with or without L-DOPA. The films were tested in the hydrated state to mimic in vivo conditions. Data represents mean ± standard deviation ( n = 10 for each group). There 

was no significant difference between any of the groups ( p > 0.05, one-way ANOVA, Tukey’s post-test). 
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ion, the bonding strength for these groups were not significantly

ifferent ( Fig. 4 C). It seems that L-DOPA accumulates at the inter-

ace between the film and tissue and most of the L-DOPA may be

eleased during this time; about 50% of L-DOPA is released from

he film when left in PBS at room temperature for 6 min ( Fig. 4 D).

herefore, the high bonding strength of the porous OC + DOPA ad-

esive may be attributed to the increased amount of crosslink-

ng reactions between the chitosan film and tissue surface due to

he presence of more reactive catecholquinones formed at the in-

erface; the oxidised L-DOPA molecules can be thought of like a

ridge that covalently links the chitosan with the functional groups

n the tissue surface [9] . The transformation of L-DOPA to cate-

holquinones is initiated by singlet oxygens produced by rose ben-

al molecules when irradiated with green light [16 , 17] . The cat-

cholquinones promote crosslinking as they can react with the

hitosan amino groups and tissue collagen amino groups through

chiff base and Michael addition reactions [12 , 18 , 29] . A summary

f possible tissue adhesion mechanisms for this film is presented

n Fig. 4 E. 

.5. Porous structure 

The addition of L-DOPA at 0.16% w/v did not significantly af-

ect the interconnected microporous structure of the films ( Fig. 5 ).

he pore diameter of the OC + DOPA and OC porous films were

08 ± 22 μm and 110 ± 24 μm respectively ( p > 0.05, unpaired t -test,

 = 300). The efficacy of porous chitosan scaffolds as viable sup-

orts for facilitating tissue regeneration has been demonstrated in
everal reports [33] . The pore size can also be made smaller or

arger to suit specific cell sizes by adjusting the cooling conditions

temperature and time) before freeze drying [34 , 35] . 

.6. Erosion and swelling 

The percentage mass loss of the porous OC + DOPA films after 7

ays in PBS at 37 °C was comparable to the porous OC films (day

 = 18 ± 2% vs 20 ± 2%, n = 6, p > 0.05, one-way ANOVA, Tukey’s

ost-test). A similar result was also obtained when compared at

ay 1, 3 and 5. Irradiation did not significantly change the ero-

ion rate of the films ( p > 0.05, one-way ANOVA, Tukey’s post-test),

hich is in agreement with a previous study that found no signif-

cant effect of irradiation on the degradation rate of chitosan films

5] . The irradiated porous OC + DOPA films however, eroded signif-

cantly less than the non-irradiated porous OC films at day 5 and

ay 7 ( p < 0.05, one-way ANOVA, Tukey’s post-test). The erosion

rofile of these films is shown in Fig. 6 A. 

The swelling ratios of the porous OC + DOPA films and porous

C films were not significantly different at each timepoint within

he 2 h interval of incubation ( p > 0.05, one-way ANOVA, Tukey’s

ost-test). Irradiation did lower the swelling ratios at each time-

oint after 30 min for the porous OC + DOPA films ( p < 0.05, one-

ay ANOVA, Tukey’s post-test) as shown in Fig. 6 B. 

The presence of crosslinking products formed in the irradi-

ted porous OC + DOPA films, as seen in Fig. 4 C, may contribute

o the reduction of its swelling and solubility. The formation of

-DOPAquinone intermediates and the resulting crosslinks formed
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Fig. 8. Assessment of% cell viability (A) and representative live (green)/dead (red) images (B) of cells seeded on OC + DOPA films after 6 days in vitro ; cells incubated without 

the films were used as controls and cells treated with 6% ethanol were used as negative controls. Cell viability was quantified based on the reduction of MTT compound 

by fibroblast cells. Data is displayed as mean ± standard deviation where n = 4, in duplicates. P values were determined by one-way ANOVA, Tukey’s post-test, where ∗∗∗∗

signifies p < 0.0 0 01. In B) arrows indicate live cells (infiltrating the film) and arrowheads indicate dead cells. Respective brightfield images are also shown as insets. Calcein- 

AM was used for the green fluorescence and PI as the red fluorescence. Red fluorescence was observed from the films, but this did not affect the qualitative analysis of the 

cells. Scale bar = 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ith chitosan in the films have been observed in the UV–Vis spec-

ra shown in Fig. 3 B. Rose bengal molecules may initiate the for-

ation of reactive oxygen species, namely singlet oxygen [36] ,

hich can easily oxidise the L-DOPA molecules into various L-

OPAquinone intermediates. These molecules can covalently bond

ith the amino groups of chitosan and polymerise with other cate-

hols to form melanin like conglomerates, which have hydrophobic

roperties [12 , 32] . A similar process has been indicated to explain

he reduced hydrophilicity of periodate-oxidised L-DOPA-chitosan

lms [32] . 

.7. Mechanical properties 

When the porous OC films with or without L-DOPA were LED-

rradiated, the mechanical properties (tensile strength, percentage

longation and Young’s modulus) did not change significantly ( p

 0.05, one-way ANOVA, Tukey’s post-test). These results sug-

est that rose bengal does not significantly crosslink the chitosan

olecules in the films when irradiated, which is in agreement

ith previous reports [5 , 37] . The results also indicate that the

oncentration of L-DOPA introduced into the films and the self-

rosslinking between chitosan and L-DOPA following LED irradia-

ion ( Fig. 3 ) does not meaningfully influence the film’s mechani-

al properties. This may be because the concentration of L-DOPA

as low (solution concentration = 0.16% w/v) and that the me-

hanical tests were performed immediately after the LED irradia-

ion. In another study, periodate oxidised chitosan films with L-

OPA at much higher concentrations (solution concentrations = 5

20% w/w) were significantly stiffer than pure chitosan films [32] .

he ability of L-DOPA to autooxidise may also affect the adhe-

ive mechanical properties in the medium (weeks) and long-term

months) by limiting their shelf life. More studies are needed to

valuate the mechanical properties and bonding strength of the ad-

esives after several weeks of storage. It is nonetheless possible to

low down the autooxidation process by storing the adhesives in a

acuum sealed environment. 

.8. Biocompatibility study 

The porous OC + DOPA films with and without green light irra-

iation were compatible with human fibroblasts in vitro . The same

esult was obtained for OC + DOPA films without rose bengal. Cell

iability tests revealed no change in metabolic activities in the fi-

roblasts growing on all the OC + DOPA films and those attached

o the dishes ( Fig. 8 A). The films retained similar level of cell via-

ility compared to that of control cells that were attached directly

n the dishes. The films also showed significantly increased cell vi-

bility compared to that of the negative control cells ( p < 0.0 0 01,

ne-way ANOVA, Tukey’s post-test). Cell viability and film penetra-

ion was also qualitatively assessed by live/ dead cell staining using

alcein-AM and PI. Live fibroblasts (green) were shown to heav-

ly infiltrate (arrows) into the films irrespective of irradiation, rose

engal and L-DOPA ( Fig. 8 B). Even though dead cells (red) were

resent in small amounts in all the groups including the control

roup, they were much lower compared to that of negative control

roup (arrowheads); red fluorescence from the films was also ob-

erved but this did not affect the qualitative analysis of the cells.

herefore, the concentration of L-DOPA and rose bengal in the ad-

esive is safe for cells and the crosslinking products in the adhe-

ive formed after irradiation (see Fig. 3 ) are not cytotoxic. Further-

ore, reports have shown that chitosan–catechol porous patches

roduce no significant inflammatory responses when used in vivo

10 , 38] . 
. Conclusion 

The adhesive film made in the work through a judicious blend

f biocompatible materials including medium weight chitosan,

ligomeric chitosan, rose bengal and L-DOPA was fabricated and

ested in vitro . This film had the following remarkable properties:

1) a higher photochemical tissue bonding strength and adhesion

nergy than previous non-porous rose bengal-chitosan adhesives,

2) a porous, erodible and elastic structure that is biocompatible

ith human cells and (3) a simple and scalable manufacturing

rocedure involving mixing of components, lyophilising and air-

rying. These adhesives are suitable for providing strong tissue

upport without sutures and facilitating tissue repair in surgical

rocedures, which paves the way for sutureless wound healing. 
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