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A series of well-designed highly branched PEG-catechol based thermo-responsive copolymers were synthesized via a one-

pot RAFT polymerization. A varying degree of photocrosslinkable (meth)acrylate moieties were incorporated within the 3D 

structure to allow on-demand photocuring (strong cohesion, unlike conventional PEG adhesives). At the same time, 

multitudes of free catechol groups inspired from adhesive proteins of marine mussels were also introduced in the 

hyperbranched structure, giving rise to adherence to skin and cardiac tissue. The resulting ambivalent PEG-catechol based 

copolymers were systematically studied to investigate the effects of polymer composition on tissue bioadhesive and 

swelling properties, comparing acrylates to methacrylates and PEG to 2-hydroxyethyl acrylamide (HEAA). It was proved 

that DOPA played a major role in the adhesion performance as it significantly enhanced the adhesion performances on 

varied substrates. The highly branched PEG-catechol copolymers demonstrate the great potential in the design of novel 

surgical glues, sealants or drug delivery vectors.  

Introduction 

PEG-based adhesives have a long history of use in wound-healing 

applications to yield a water tight seal or a suture adjuvant that 

helps hemostasis in the wound.
1
 They offer the benefit of good 

solubility in physiological systems, the ability to avoid immune 

system recognition (immunological response) and are non-toxic and 

well tolerated.
2
 This family of tissue adhesive typically consists of 

chemically functionalized linear or star PEGs. Depending on 

available chemical groups, these modified PEGs can be crosslinked 

upon mixing through chemical crosslinking or upon photo-curing by 

irradiation of light to form a hydrogel adhesive.
3
 For example, PEG-

based hydrogels, commercialized under the brands of FocalSeal®, 

CoSeal® and DuraSeal
TM 

have been used in cardiovascular, 

pulmonary, intestinal anastomosis and dural surgical procedures 

with satisfactory mechanical performance.
1
 However, all of the 

aforementioned PEG-based polymers have some drawbacks that 

limit their widespread adoption. Firstly, the two-component dual-

barrel syringe system for in situ chemical crosslinking has a limited 

working life (polymerize in 5 seconds) and can lead to clogging of 

the delivery system.
4
 Moreover, the PEG-based hydrogels usually 

have a weak cohesion (internal strength) and the tendency to 

crystallize resulting in a brittle material, offering poor mechanical 

performance, due to its low glass transition temperature (Tg<-40 

o
C).

5
 Furthermore, the dramatic swelling property after the 

application to moist environment is another significant drawback of 

these PEG hydrogels, especially for those with low crosslinking 

density limited by the rare reactive end-groups in the molecules. 

For PEG-based medical adhesives, observed swelling values can rise 

up to 400 % of the original volume.
6
 Swelling of medical adhesives 

and sealants following deployment can lead to mechanical 

weakness in the swollen state as well as pressure built up on 

surrounding tissues such as local nerve compression.
7 

Therefore, 

these PEG-based adhesives are regarded as a valuable add-on to 

tissue approximation using sutures or staples, but are inappropriate 

to function as a strong tissue adhesive that can fully replace them. 

Inspired by the mussel adhesive proteins, researchers have focused 

their strategies on the development of biopolymers (e.g., 

copolypeptides, polystyrene and PEGs) incorporating the catechol 

functionality.
8
  So far, a variety of catechol-modified polymers have 

been reported, predominantly PEG-catechol hydrogel 

bioadhesives.
8b,8e

 However, to our knowledge, no PEG-catechol 

polymer with branched structure synthesized by controlled radical 

polymerization (CRP) has been reported. Herein, we describe the 

synthesis and characterization of a series of new photocrosslinkable 

PEG-catechol based highly branched polymer bioadhesives with 

controllable swelling properties, good adhesion to soft tissue, and 

considerable mechanical strength, thus addressing some of the 

limitations of PEG-based adhesives listed above. Firstly, this new 

robust PEG-based bioadhesive can provide a longer working time 

with on-demand adhesion upon a short period of UV irradiation 

(within 1 min) via a free radical mechanism, making it easy to 

handle, allowing surgeons to make fine adjustments/corrections 

prior to UV exposure.
9
 Secondly, due to the three-dimensional 

highly branched structure with high amount of photo-activated 

end-groups, these polymers can reach a high crosslinking density; 

therefore, strong cohesion strength can be expected in a short time
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Fig. 1 (A)Representation of the synthesis of (a) P(DMA-HEAA-PEGDA) 

and (b) P(DMA-PEGMEA-PEGDA) (c) P(DMA-HEAA-PEGDMA) and (d) 

P(DMA-PEGMEA-PEGDMA) via RAFT polymerization and the cross-

linking mechanism through radical photopolymerization by 

photocleavage after irradiation with 320-390nm UV. (The PEG with 

acrylate end-groups (pink colors) forms a network after photocuring. 

DMA = dopamine methacrylamide, PEGMEA = poly(ethylene glycol) 

methyletheracrylate, HEAA = N-(2-Hydroxyethyl) acrylamide, 

PEGDA = poly(ethylene glycol) diacrylate, PEGDMA = poly(ethylene 

glycol) dimethacrylate.) (B)UV-vis spectra of the representative 

PEG-catechol polymer, with a peak appearing at 280 nm. No 

detection of a peak after 350nm shows that the PEG-catechol 

polymer was not oxidized. 

following UV light exposure. Thirdly, free catechol groups are 

introduced to produce PEG−catechol copolymer systems not only 

possessing high cohesion strength but also the ability to adhere to 

tissue  surfaces.
6b,10 

Furthermore, a physiologically useful phase 

transition temperature(FTT- around 32
o
C), which immediately 

relates to the swelling behavior of the hydrogel can be 

accomplished by altering the hydrophilic and hydrophobic block 

components in the polymers. Lastly, the covalently formed 

hydrogels (except for the hydrophobic P(DMA40-HEAA30-PEGDA30) 

all exhibit a negative-swelling in physiologic conditions (unlike 

similar PEG-based systems) in response to the temperature, thus 

avoiding the possibility of mechanical weakening and tissue-

damage associated with exothermic reactions.
11

 

In this study, highly branched copolymers composed of an 

interfacial adhesion segment (dopamine methacrylamide-DMA), a 

water-soluble segment (poly(ethylene glycol) methyletheracrylate-

PEGMEA575) or (N-(2-Hydroxyethyl) acrylamide-HEAA) and a cross-

linking segment (poly(ethylene glycol) diacrylate-PEGDA258) or 

(poly(ethylene glycol) dimethacrylate-PEGDMA550) were 

synthesized via reversible addition fragmentation chain transfer 

(RAFT) polymerization [Fig. 1(A)]. Polymers with different photo-

crosslinking components (acrylate or methacrylate), different 

hydrophilic components (PEG or HEAA) and their contents were 

compared. Furthermore, the adhesion properties of DOPA were 

demonstrateded by comparison of the PEG-DOPA copolymers with  

previously reported hyperbranched PEG-based copolymer 

P(PEGDA25–PEGMEMA50) without DOPA
12

. When combined with a 

photoinitiator (Irgacure 2959), photocrosslinkable bioadhesives 

could be efficiently achieved by ultraviolet (UV320-390nm) 

irradiation for one minute. The deactivating nature of RAFT 

polymerization renders to produce soluble highly branched 

copolymers with free catechol groups (demonstrated by UV-vis in 

Fig. 1(B)) by copolymerizing with unprotected DMA monomer for 

biological and biomedical applications. A range of accessible 

monomers can be used for this controlled living radical 

polymerization, allowing the combination of DOPA (catechol), HEAA 

and various formulations of PEG in a highly controlled fashion. This 

work is the first report of photo-activated highly branched PEG-

catechol copolymers synthesized by a one-pot and one-step RAFT 

polymerization for tissue closure applications. We believe that 

these new highly branched PEG-catechol copolymers will have huge 

applications in the design of future synthetic bioadhesives. 

Experimental Section 

Materials:  

Dopamine hydrochloride, sodium borate, sodium bicarbonate, 

methacrylate anhydride, sodium hydroxide, magnesium sulfate, 

poly(ethylene glycol) methyletheracrylate(PEGMEA, Mn = 575 gmol
-

1
), N-(2-Hydroxyethyl)acrylamide(HEAA), poly(ethylene glycol) 

diacrylate(PEGDA, Mn = 258 gmol
-1

), poly(ethylene glycol) 

dimethacrylate (PEGDMA, Mn = 550 gmol
-1

), 1,10-Azobis-

cyclohexane-carbonitrile(ACHN), 2,2-dimethoxy-2-

phenylacetophenone and pH indicator paper were purchased from 

Sigma. Tetrahydrofuran, hexane 95%, methylene chloride, ethyl 

acetate, dimethylformamide, methanol, diethyl ether, hydrochloric 

acid were purchased from Fisher Scientific. 4-Cyano-4-

[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid was obtained as 

a gift from Dr. Hongyun Tai at Bangor University, UK.  

Synthesis of dopamine methacrylamide (DMA):  

The reaction media was prepared in 200 ml of distilled water by 

adding 20 g of sodium borate and 8 g of sodium bicarbonate in 

order to protect dihydroxy benzene moiety. Both sodium borate 

and sodium bicarbonate were saturated in water and demonstrated 

some insolubility. The aqueous solution was degassed by bubbling 

argon through it for 20 minutes. 10 g of 3,4-

dihydroxyphenethylamine hydrochloride was added to this solution. 

9.4 ml of methacrylate anhydride solution in 50 ml of 

tetrahydrofuran (THF) was prepared separately and added 

dropwise into the aqueous solution containing 3,4-

dihydroxyphenethylamine hydrochloride. The pH of the prepared 
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solution was checked with pH indicator paper. In order to keep the 

reaction mixture moderately basic (pH 8 or above), 2M NaOH 

solution was added dropwise. The reaction mixture was stirred for 

14 hours at room temperature with argon bubbling through. At this 

time, a white slurry-like solution had formed which was then 

washed twice with 100 ml of ethyl acetate. The resulting solid in the 

solution was centrifuged and the obtained aqueous solution was 

acidified to pH 2 with 6M of HCl solution. The organic layer of the 

solution was extracted three times from the acidified aqueous 

solution with 100 ml of ethyl acetate. The extracted clear brown 

organic layer in the ethyl acetate was dried over MgSO4. The 

solution volume was reduced to around 50 ml with a rotary 

evaporator before the precipitation appeared. The obtained 

solution was added to 500 ml of hexane with vigorous stirring to 

precipitate a brownish solid and then the formed suspension was 

refrigerated to maximize crystal formation size. To purify, the 

resulting light brown solid was dissolved in 40 ml of ethyl acetate 

and precipitated in 500 ml of hexane. The final solid powder was 

dried in a vacuum overnight. 

Synthesis of P(DMA-PEGMEA-PEGDA)/P(DMA-PEGMEA-PEGDMA) 

and P(DMA-HEAA-PEGDA)/ P(DMA-HEAA-PEGDMA):  

P(DMA-PEGMEA-PEGDA)copolymers were synthesized by the 

copolymerization of DMA, PEGMEA (Mn= 575 g mol
-1

) and 

multivinyl branching monomer PEGDA (Mn= 258 g mol
-1

) using 

reverse addition–fragmentation chain transfer (RAFT) 

polymerization. Briefly, thecopolymers were prepared in DMF at 

the concentration of ACHN being 0.012 M in a 100 ml round 

bottomed flask. The mole ratio of initiator (ACHN), RAFT agent, and 

all the monomers were always kept at 1:2:100 and among all the 

monomers DMA always took the mole percentage of 40% with the 

mole ratio of PEGMEA and PEGDA altered(40:20, 30:30 and 20:40) 

in order to get copolymers with different branching ratio and 

amounts of vinyl end groups. The mixtures were stirred until the 

solution was homogeneous and then was bubbled with argon for 

20-25 minutes to remove any oxygen. The reaction was conducted 

at 70 ˚C in an oil bath while being stirred at 700 rpm until the 

desired polymer molecular weight, conversion and polydispersity 

was acquired (monitored by gel permeation chromatography - GPC). 

To terminate the polymerization, the stopper was removed 

exposing the reaction to oxygen and cooling the flask rapidly in 

water. The other four polymers were synthesized using the same 

methods except that the mole ratio of PEGMEA to PEGDMA kept at 

30:30 and 20:40, HEAA to PEGDA/PEGDMA at 30:30. The resulting 

viscous solution was diluted with 10 ml of MeOH. The diluted 

solution was added dropwise into 150 ml of diethyl ether with 

moderate stirring to precipitate the synthesized copolymer. The 

obtained polymer was dissolved in methylene chloride and 

precipitated over diethyl ether to purify it. The purified polymer 

was dried overnight in a vacuum oven. The final product was a light 

brown color, very sticky and tough.  

Characterization of P(DMA-PEGMEA-PEGDA)/P(DMA-PEGMEA-

PEGDMA) and P(DMA-HEAA-PEGDA)/ P(DMA-HEAA-PEGDMA) 

copolymers:  

Characterization of the copolymers was carried out by 
1
H-NMR, GPC 

and UV-vis. Weight average molecular weight (Mw), number average 

molecular weight (Mn), polydispersity (PDI, Mw/Mn) and conversion 

rate were obtained by GPC (Aligent, PL-GPC50) with RI detector. The 

GPC eluted DMF from columns (2 x Agilent Rapidgel, 5μm, Mixed C 

300mm x 7.5 mm) and calibration was carried out using poly 

(methyl methacrylate) standards. Analysis and calibration was 

carried out at 60 ˚C at a flow rate of 1mL/min. 
1
H NMR was carried 

out on a 400 MHz Bruker NMR with Delta NMR processing software. 

The oxidation state of catechol-containing polymers used in this 

study were confirmed by UV-vis spectroscopy measuring 

absorbance from 200-600 nm with ultrapure water as a control. 

Preparation and characterization of photocured adhesive samples 

by lap-shear tests:   

For shear-lap tests on borosilicate glass, each copolymer (50 mg) 

was dissolved in photoinitiator Irgacure 2959 solution (2,2-

dimethoxy-2-phenylacetophenone,200 µL,1% (w/v) in methylene 

chloride). For shear-lap tests on porcine skin, P(DMA40-PEGMEA20-

PEGDMA40) copolymer (100 mg) was dissolved in photoinitiator 

aqueous solution (500 µL,1% (w/v). The adherends (borosilicate 

glass or porcine skin sample) applied with the polymer adhesive (an 

area of 2.0 × 2.5 cm), were overlapped with a borosilicate glass 

adherend and allowed to cure for 60 s with a spot-curing UV light 

source (OmniCure S1000, LumenDynamicsGroup Inc.) equipped 

with a filter in the range of 320 to 390 nm when using a light 

intensity of 0.40 W/cm
2
.The lap-shear tests were performed using a 

Hounsfield universal testing system right after 60 s cure at room 

temperature. Each measurement was repeated 5 times, averaged, 

and error bars of 80% confidence intervals are shown. 

Preparation and characterization of photocured adhesive samples 

by uniaxial tensile tests on bovine heart tissue:  

Bovine heart tissue samples were kept moist at all times by keeping 

in PBS buffer solution before use. The samples were cut to 30 mm 

wide, 40 mm long, and approximately 10 mm thick. An incision, 

10mm wide was made in the center of the specimen, and cut to a 

depth of approximately 50% of the specimen thickness. The interior 

of the incision was dabbed with tissue to remove excess water on 

the surface of the sample before the test. P(DMA40-PEGMEA20-

PEGDMA40) was dissolved in distilled water at a concentration of 

15% w/v. 100µL of the polymer adhesive was pipetted into the 

incision and the incision closed by hand. The samples were then 

allowed to cure 60 s with a spot-curing UV light source using a light 

intensity of 0.40 W/cm
2
. To secure the lamb heart sample in the 

tensile testing machine, teflon string and small fish hooks were used. 

Teflon string was used as it is a very strong material and would not 

deform under the tensile load. Fish hooks were sourced from a local 

fish tackle shop. Three hooks were hooked evenly apart at either 

end of the sample and on opposite sides of the incision. Nylon 

Table 1 Copolymerization of DMA, PEGMEA575/HEAA and PEGDA258/PEGDMA550 via RAFT polymerization, using 1,10-Azobis-cyclohexane-

carbonitrile (ACHN) as initiator, 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid as RAFT agent and DMF as solvent with 

ACHN concentration of 0.012M and the mole ratio of initiator (ACHN), RAFT agent, and all the monomers kept at 1:2:100 at 70˚C.  

Entry Polymer RT
a
 MC

b
 Mw(PDI)

c
 FTT

d
 DOPA

e
 PEG

e
 Vinyl

e
 BR

e
 AS(kPa)

f
 

1-1 P(DMA40-PEGMEA40-PEGDA20) 17h 95.6% 18.8k (1.6) 32
o
C 42.8% 57.2% 4.6% 6.5% 16.1(Co) 
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1-2 P(DMA40-PEGMEA30-PEGDA30) 13h 90.6% 15.0k (1.5) 22
o
C 36.5% 63.5% 10.9% 13.4% 41.6(Co) 

1-3 P(DMA40-PEGMEA20-PEGDA40) 11h 80.8% 14.2k (1.6) 15
o
C 36.0% 64.0% 17.5% 21.6% 149.7(Ad) 

2-1 P(DMA40-PEGMEA30-PEGDMA30) 6h 74.4% 11.2k (1.5) 23
o
C 31.4% 68.6% 13.7% 26.1% 105.2(Co) 

2-2 P(DMA40-PEGMEA20-PEGDMA40) 5h 61.9% 13.6k (1.4) 30
o
C 25.0% 75.0% 10.6% 34.3% 208.9(Ad) 

3 P(DMA40-HEAA30-PEGDA30) 15h  77.2% 14.8k (1.6) NA 28.0% 44.5% 13.2% 31.3% 81.6(Co) 

4 P(DMA40-HEAA30-PEGDMA30) 9h 55.9% 11.1k (1.4) 10
o
C 31.5% 47.1% 22.3% 24.8% 316.3(Ad) 

a 
Reaction time; 

b 
Monomer conversion estimated from copolymer and monomer peaks in GPC traces; 

c 
Mw–weight average molecular 

weight, PDI-polydispersity index (Mw/Mn); 
d 

FTT-the phase transition temperature at the polymer concentration of ~10% w/v which was 

monitored by raising the temperature from 5 to 35˚C and measuring the temperature at the onset of cloudiness; 
e 

Final DOPA composition, 

PEG composition, vinyl groups content and branching ratio within the polymer structure calculated by 
1
H NMR; 

f 
Adhesion strength was 

tested by shear-lap tests on borosilicate glass (n = 5) and the average value was presented here along with the failure type (Co-cohesive or 

Ad-adhesive failure) by dividing recorded maximum load (force) by overlapped borosilicate glass surface area. 

holders allowed the Teflon string to be secured to both members of 

the tensile testing machine. The sample was handled with care to 

ensure that the glued incision was not ruptured. As the test was 

carried out, the incision on the lamb heart sample was closely 

observed. The type of failure of the adhesive and the force at which 

it failed was noted. This allowed the point on the stress-strain curve 

where the adhesive failed to be identified.  

Rheological properties of Hydrogel 

Real-time photocrosslinking rheological studies were performed on 

P(DMA40-PEGMEA20-PEGDMA40) with a UV light source (UV320-390 

nm, Omnicure1000, light intensity of 0.40 W/cm
2
). The bottom 

plate was made of PMMA through which the samples were exposed 

to UV light. The oscillatory measurements were performed at 25
o
C, 

respectively, for 200 s, with a frequency of 10 Hz, a strain of 0.5%, 

and a gap of 0.3 mm. The strain was within the linear viscoelastic 

region. The samples were exposed to UV light for 2 min after the 

first minute of data collection. 

Swelling of Hydrogels:  

Hydrogels were formed using ice cold water by 2 mins UV curing at 

a light intensity of 0.40 W/cm
2
 respectively on both sides. To 

observe thermo-reversible swelling properties of the hydrogels, the 

changes in swelling between two fixed temperatures (20 
o
C or 37 

o
C) 

were obtained by alternatively placing the samples in two water 

baths with different temperatures in every 4 hours. After every 4 

hours, samples were removed from PBS, blotted to remove excess 

surface water, and weighed. Swelling Ratio (SR) was calculated by 

SR= (mf-mi)/mi (1), where mf and mi represent the initial and final 

mass of the hydrogels, respectively. Five replicates were performed 

and the average value was reported.  

Cytotoxicity Assays:  

To quantitatively assess in vitro cytotoxicity of PEG-DOPA 

copolymers, viability assay was performed. First, the solution of 

different copolymers (1-1, 1-2, 1-3, 2-1 and 2-2) in Dulbecco's 

modified Eagle's medium (DMEM), containing 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) streptomycin, were prepared in 

four different concentrations: 10, 5, 1, 0.5 and 0.1 mg/mL. Next, 

200μL of a solution of 3T3 fibroblast cells in DMEM (5×10
4
 cells/mL) 

was added and incubated for 24 hours at 37°C, 5% CO2 and 95% 

relative humidity in a 96-well cell culture plate. The medium of each 

well was then replaced by polymer-containing DMEM solutions with 

various concentrations and incubated for another 24 hours 

followed by the standard alamarblue® assay. Viability of cells in the 

DMEM containing polymers were normalized to that of cells 

cultured in blank medium (DMEM without polymers) as control.  

In order to assess the cytotoxicity of the extracts of PEG-DOPA gel, 

the prepared gel samples (100 mg) were first soaked in PBS (pH 7.4) 

for 24 h and then they were sterilized with UV light for 30 mins and 

placed in wells of 24-well culture plate which already contained 1 

mL DMEM. After 24 h, three different extract solutions were 

prepared: 1×, 10× and 100× (1× was the solution of leached 

products without dilution; 10× and 100× means 10 times and 100 

times dilution with medium, respectively) and were used for cell 

culture after removing the gels. 3T3 fibroblast cells were seeded in 

wells of 96-well plates with a density of 10
4 

cells per well. The 

viabilities of cells were evaluated using the standard alamarblue
®
 

assay after another 24 h incubation by normalizing metabolic 

activity to cells which were cultured in the blank medium. 

Results and Discussions 

One of the most common and facile synthesis methods is to 

polymerize vinyl monomers bearing unprotected catechols by free 

radical polymerization. A random copolymer P(DMA-co-MEA) 

containing 11.3 mol% DMA synthesized by free radical 

copolymerization of dopamine methacrylamide with methoxyethyl 

acrylate was firstly reported by Messersmith et al. P(DMA-co-MEA) 

was demonstrated to have reversible attachment to a variety of 

surfaces in any environment.
13

 Inspired by the pioneering work, the 

(un)protected version catechol-functionalized monomer was 

copolymerized with more common monomers such as methyl 

methacrylate,
8c

 styrene,
8d

 acrylamide
8a

 and more predominantly, 

PEG-(meth)acrylates,
8b,14

 employing conventional free radical 

polymerization (FRP) methods in several scientific groups. However, 

the controlled synthesis of catechol-bearing polymers by routine 

CRP techniques, is limited by the presence of the unprotected 

catechols, which are known to be radical scavengers and prone to 

oxidize, and thus might inhibit or impede the radical 

polymerization.
15

 In this study, a range of highly branched PEG-

catechol based copolymers with different amounts of photo-

reactive (meth)acrylate groups and varying branching ratios were 

synthesized by altering the feed ratio as shown in Table 1. The free 

pendent catechol functionality was successfully introduced into 

these highly branched PEG copolymers by copolymerizing with 

unprotected DMA monomer and the DOPA (catechol) ratio was 
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designed to remain constant by holding the DMA component 

feeding ratio at 40 mol% throughout all reactions. DMA was 

prepared from the reaction of 3,4-dihydroxyphenethylamine 

hydrochloride and methacrylate anhydride in an aqueous solution 

of sodium borate and sodium bicarbonate with a liaccording to a 

previously reported technique.
13,16

 The synthesized DMA monomer 

was a solid pale-gray powder prepared in a yield of 64%. Proton 

nuclear magnetic resonance (
1
H NMR) spectral analysis on samples 

of the synthesized DMA (Figure S1) and all copolymers (FigureS2-S5) 

were performed to confirm that the resulting materials had the 

desired chemical structure. 40mol% feeding ratio of DMA is chosen 

here as the final copolymers comprise around 30±10mol% DOPA 

content (Table 1) and it has been reported that around 30% DOPA 

maximized adhesion without too much cross-linking being a 

detriment to function.
8d

 During the reaction the polymer chain 

growth was monitored using gel permeation chromatography (GPC) 

analysis (Figure S6). Reaction time for comparable molecular 

weights was shorter when a higher ratio of crosslinking PEGDA or 

PEGDMA was involved while the monomer conversion rate was 

lower (entry 1-1, 1-2, 1-3, Table 1). Even if a high concentration of 

PEGDA was chosen (40 mol%), a copolymer with a final conversion 

of 80.8 % after 11 h of polymerization was accomplished (entry 1-3, 

Table 1), incorporating a high degree of vinyl functionality (17.5 

mol%) and branching (21.6 mol%) within its structure (entry 1-

3,Table 1). With PEGDMA as the crosslinking segment, the 

polymerization rate is much faster (see entry 2-1, 2-2, Table 1). 

HEAA was also used as hydrophilic segment to replace PEGMEA 

with lower PEG content in the copolymer. The polymer composition 

is outlined in Table 1 showing the vinyl group content and 

branching degree of the copolymers. Except for P(DMA40-HEAA30-

PEGDA30), all copolymers show good solubility in water below the 

phase transition temperature (FTT) (Table 1). From FTT data, we can 

conclude more hydrophilic co-monomer generally increases the FTT 

of the copolymer (compare entry 1-1, 1-2 and 1-3, Table 1).  

The curing of these DOPA-containing compounds was typically 

accomplished by oxidation of DOPA residues to form DOPA-quinone, 

which participated in intra- and/or intermolecular cross-linking 

reactions to form a gel network. However, it has been reported that 

the oxidized forms of DOPA are believed to be less adhesive than 

unoxidized DOPA. DOPA-containing proteins and polymers exhibit 

better adhesion to both metallic and mucosal surfaces when DOPA 

residues are not oxidized.
17

 In this study, both DOPA and 

(meth)acrylate terminal functionalities coexist in the highly 

branched structure. Thus, we preserved the unoxidized adhesive 

form of DOPA in hydrogel formation by utilizing the methacrylate 

via photocrosslinking. The effect of PEG content, acrylate or 

methacrylate content and highly branched structure on bonding 

performance of the pure copolymer was further evaluated through 

lap-shear adhesion tests after photo-crosslinking with the control of 

hyperbranched PEG-based copolymer P(PEGDA25–PEGMEMA50) 

bearing 12.8 mol% vinyl content and 20.0 mol% branching ratio 

(FigureS7). Borosilicate glass was used as the bonding surfaces due 

to the well defined surface area and UV light transparency. 

Comparing the copolymer with 20% and 30% molar ratio of PEGDA, 

P(DMA40-PEGMEA20-PEGDA40) possessed the highest lap-shear 

strength (149.7 kPa) as a lower degree of vinyl end groups resulted 

in cohesive failure of the material owing to its limited cross-

linking(entry 1-1, 1-2, 1-3, Table 1). P(DMA40-PEGMEA20-PEGDMA40) 

also showed an improved adhesion strength compared to P(DMA40-

PEGMEA30-PEGDMA30), probably because of a stronger cohesive 

strength arising from a higher branching ratio as well as a relative 

lower DOPA ratio which accelerated the photocuring rate (entry 2-1, 

2-2, Table 1). When using the same feeding ratio of crosslinking 

component, the copolymer with PEGDMA tended to obtain an 

increased lap-shear strength, which may be due to a faster/more 

complete UV crosslinking, as typically PEGDMA is more reactive 

compared to PEGDA. Comparing entry 1-2 with 3 and 2-1 with 4 

(Table 1), it can be seen that the copolymer with less PEG 

composition ratio had a higher lap-shear strength. It is possible that 

an increase in PEG composition limits the adhesion capabilities 

given that PEG may prevent interactions with other molecules.
8b,18

 

We can also conclude that DOPA plays a major role for overall 

tissue and surface adhesion when comparing entry 1-3 with the  
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Fig.2 (A) Schematic of sample preparation prior to shear-lap test and stress-strain curve of porcine skin sample glued with P(DMA40-

PEGMEA20-PEGDMA40) under lap-shear tensile test (B) Schematic of sample preparation prior to tensile testing and typical stress-strain 

curve of an idealized bovine heart tissue wound model with an incision (10 mm long and 5 mm deep) glued with P(DMA40-PEGMEA20-

PEGDMA40). 

control P(PEGDA25–PEGMEMA50) polymer having  similar vinyl 

content and branching ratio but lacking DOPA (FigureS7). The 

mechanical properties of the photocrosslinked P(DMA40-PEGMEA20-

PEGDMA40) hydrogel was also studied by in situ photocrosslinking 

rheology experiments in the presence of photoinitiator Irgacure 

2959. The samples were exposed to UV light for 2mins after the first 

minute of data collection. The results showed that the crossover of 

G′ and G′′ occurred within 25 seconds of UV exposure, suggesting 

the start of the polymerization and leading to photocrosslinked gels 

with moduli 3 orders of magnitude greater than uncrosslinked 

polymers and then a plateau value in the hydrogel storage modulus 

was reached (FigureS8). These results suggest that P(DMA40-

PEGMEA20-PEGDMA40) polymer solutions underwent fast 

photopolymerization and reached almost complete gelation within 

60 seconds. 

P(DMA40-PEGMEA20-PEGDMA40) hydrogel was also evaluated as an 

adhesive on porcine skin and heart tissue to obtain some 

preliminary data by including the control of P(PEGDA25–

PEGMEMA50) polymer lacking DOPA. After 1 min UV curing, 

approximately 10 kPa adhesion strength can be achieved under 

shear stress on porcine skin samples and 5 kPa adhesion under 

tensile stress in a bovine heart tissue wound model (Fig.2). In 

comparison, P(PEGDA25–PEGMEMA50) showed a very low adhesion 

strength on soft tissue and failed to produce any stable results. 

Despite a retarding inhibitory effect of DOPA on 

photopolymerization due to the phenolic nature of the catechol 

side chain of DOPA,
19 

P(DMA40-PEGMEA20-PEGDMA40) hydrogels do 

not require oxidizing reagents to gel and possess mechanical stress 

sufficient for use in many biomedical application with an on-

demand adhesion mechanism. 

To investigate the cytotoxicity of PEG-DOPA copolymers, cell 

metabolic activity was measured, as shown in Fig. 3(A). We 

observed moderate toxicity with a cell metabolic activity between 

63±4 and 56±3 % of that in the blank medium when copolymers 

with acrylate end-groups (1-2 and 1-3) at the concentration of 1 

mg/mL were utilized. In diluted solutions of 0.5 and 0.1 mg/mL, the 

cell metabolic activity was between 75±3 and 90±5 %. However, 
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Fig.3 Alamarblue® assay based cytotoxicity study with 3T3 fibroblast 

cells: A) PEG-DOPA copolymers B) Leachable products (sol content) 

of PEG-DOPA gels. All data were normalized to cell metabolic 

activity in blank medium. 

PEG-DOPA copolymers with methacrylate groups (2-1 and 2-2) only 

showed minimally reduced metabolic performance (around 70±3 %) 

even at a higher concentration (5 mg/mL), demonstrating better 

cell metabolic activity than copolymers with acrylate groups. When 

the concentration of PEG-DOPA copolymers with methacrylate 

groups (2-1 and 2-2) come up to 10 mg/mL, moderate toxicity with 

a cell metabolic activity 55±3% of that in the blank medium was 

measured. We assume the toxicity is mainly due to the reactivity of 

the methacrylate and especially acrylate double bond towards 

Michael addition reactions with amino- or thiol-groups of 

proteins.
20 

It has been reported that autoxidation of these catechol 

species generates a considerable amount of reactive oxygen species 

(ROS) and also quinone, which may increase cytotoxicity.
21 

Hydrogen peroxide (H2O2) is a major component of ROS that has 

been detected in cell culture media containing DOPA.
22

 However, 2-

1 (P(DMA40-PEGMEA30-PEGDMA30) copolymer with a higher DOPA 

ratio (31.4%) did not exhibit significant toxicity difference with 2-2 

(P(DMA40-PEGMEA20-PEGDMA40) copolymer having a lower DOPA 

ratio (25.0%), probably due to the fact that the catechol groups 

synthesized from RAFT polymerization are quite stable (proved by 

UV-vis in Fig. 1B). The metabolic activity of cells exposed to the 

leachable content (sol content) of crosslinked PEG-DOPA gels (10 

wt%)  with acrylate groups (1-2 and 1-3) at 1× concentration was 

between 55±4 and 52±3 % of the control, inferring moderate 

cytotoxicity. The leachable product (1×) of PEG-DOPA gels with 

methacrylate groups (2-1 and 2-2) resulted in a relative cell 

metabolic activity of at least 65±3%, suggesting that the leachable 

products did not induce significant cytotoxicity (Fig. 3B). 

Furthermore, compared to the cytotoxicity of PEG-DOPA 

copolymers, leachable products (1×) from PEG-DOPA gels showed 

notably higher cell metabolic activity, probably due to the 

consumption of (meth)acrylate groups during the photocrosslinking 

process.  

Swelling due to water absorption is a general feature of chemically 

hydrophilic cross-linked polymer networks. Usually the swelling of 

hydrogels significantly depends on the hydrophilicity, polymer 

architecture, the degree of crosslinking density and polymer volume 

fraction.
23

 With reference to thermo-responsive polymers, 

covalently linked networks exhibit a change in their degree of 

swelling in response to temperature, Fig. 4(A), whereas physical 

gels show a sol-gel transition.
24

 To circumvent the shortcomings 

caused by significant swelling upon immersion into excess water, 

which happens in most in-situ forming hydrogel sealants,
6
 we 

sought to utilize the thermally induced transition from hydrophilic 

to hydrophobic in aqueous systems by altering the hydrophilic and 

hydrophobic block components in their network structure to induce 

gel contraction as a way to modulate the swelling behavior. To 

confirm the thermo-responsive properties, the swelling ratio of the 

hydrogels (10 wt%) was measured during temperature fluctuations. 

Here, the hydrogel samples were alternatively placed in the 

thermostat baths at 20 or 37 
o
C, and their swelling changes were 

measured (Fig. 4B) every 4 hours. Figure 4(B) shows the effect of 

temperature on the swelling ratio. It was observed that at 20
o
C, 

swelling values of copolymers with FTT ≥ 22
o
C range from 8.2 % to 

25.4 % increasing with the hydrophilicity of the co-monomer 

(PEGDMA550 is hydrophilic while PEGDA258 is hydrophobic) and 

decreasing with the crosslinking density of the copolymer. Our 

previous research has demonstrated that 10% hyperbranched PEG 

copolymer with around 20% hyperbranching can reach a maximum 

of 80% swelling ratio in 48 h.
12

 We attribute the decreased swelling 

behavior to the hydrophobic nature of the fully protonated form of 

DOPA at pH values below 10.5.
25

 On the contrary, gel 1-3 and 4 with 

FTT < 20
o
C contracted 21.0-50.6% presumably because of the 

enhanced hydrophobic interaction at temperatures higher than FTT 

leading to a collapse of chains into hydrophobic domains (Fig. 

4A).
24b,26

 It was interesting to note that,   all hydrogels exhibited a 

negative thermo-responsive swelling behavior. Exposure of the 

hydrogels to a higher temperature (37
o
C) led to shrinking in volume. 

For Gel 1-3 and Gel 4, they contracted more at 37
o
C than at 20

o
C. 

Comparing HEAA containing copolymer with PEGMEA containing 

copolymer, we can see incorporation of more PEG reduced de-

swelling and shrinkage of the gel confirming other work indicating 

that increasing PEG content decreased the thermo-responsiveness 

and slows the phase transition of such copolymers.
27

  When the 

hydrogels were exposed to 20 
o
C again, they recovered their initial 

swelling ratio. Swelling of the hydrogels was reversibly changed 

between the two temperatures. The interesting swelling properties 

of the copolymers show they may find some potential applications 

in drug delivery as the decrease in the volume of the gel will result 

in release of entrapped drug. 
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Fig.4 (A) Schematic representation of a gel in its shrunken and 

swollen states. The red and blue points correspond to crosslinking 

points and water, respectively. (B) Thermo-swelling reversibility of 

DOPA-PEG gels as a function of gel formation temperature. Gels 

were studied in the temperature-based experiments at 20
o
C and 

37
o
C alternatively. 

Conclusions 

In conclusion, we describe the design and synthesis of hydrogel 

adhesives, which combine a mussel inspired adhesion component 

DOPA, with a biocompatible PEG segment in a highly branched 

structure. The resulting polymer forms gels in a short time after UV 

curing, and these gels possess strong cohesive strength. The lap-

shear strength of the adhesives could be increased by substituting 

HEAA for PEGMEA (i.e. reducing the PEG content) and it was found 

that those containing the crosslinking segment PEGDMA were 

stronger than those with PEGDA. The tissue adhesive potential was 

demonstrated through lap-shear adhesion measurements on both 

borosilicate glass and porcine skin, and also through tensile test 

measurements on a bovine heart tissue wound model, producing 

bond strengths greater than PEG-based adhesives. This novel class 

of thermo-sensitive copolymers with low cytotoxicity represents a 

facile and versatile synthetic route to strong mussel-inspired 

polymer hydrogels with an accurately controlled swelling to fit in 

different clinical application through variation of polymer 

composition and structure. 
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