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Abstract 

In the design of polymeric biomaterials for soft tissue adhesion, careful regulation of the interactions 

between the material and soft tissue is critical. In order to improve the efficacy of bioadhesives, a 

greater understanding of the relationship between their chemical design and resulting adhesion 

mechanisms is required. In this work, poly(acrylic acid) (PAA) was functionalised either through 

bromoalkene functionalisation via nucleophilic substitution or via 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMTMM)-mediated conjugation. Novel PAA-based hydrogels were 

developed through different types (chemistry) of crosslinks and crosslinking mechanisms. Two of 

these gels were crosslinked through UV initiation using Irgacure 2959 as the photoinitiator, another 

gel used visible light-mediated crosslinking with eosin Y as the photoinitiator, and the final gel utilised 

physical crosslinking through the interaction between boronic acid moieties and the polysaccharide 

mannan. Oscillatory rheometry was used to characterise the mechanical properties of the different 

gels, including their gelation kinetics. Tensile testing was used to characterise the adhesion of the 

different gels to hydroxyl and methacrylate self-assembled monolayers (SAMs), as a means of studying 

adhesion to interfaces with defined surface chemistry. Finally, adhesion to soft tissues (porcine 

epicardium and keratinized gingiva) was studied through lap shear and tensile testing. Our results 

indicate a variety of factors responsible for hydrogel/soft tissue adhesion; these include the tissue 

mechanics, bulk mechanics of the gel, weak non-specific adhesion forces, and strong covalent 

bonding. Tests confirm the effect of tissue biochemistry on adhesion, with thiyl-bonded gels displaying 

particularly strong adhesion to tissues (particularly the epicardium). It is hoped that the results 

presented provide insight for the improved rational design of biomaterials for tissue adhesion. 
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1. Introduction 

In the last few decades, a diversity of bioadhesive formulations have been developed and are finding 

increasing clinical applications to address medical conditions and enable new therapeutic and surgical 

technologies. Bioadhesives can be applied externally, commonly as topical medications, in 

applications such as wound closure and autologous skin grafts.1–3 Additionally, bioadhesives can be 

used in intracorporal conditions to promote bonding or sealing of tissues and membranes, often in 

contact with other organs and physiological fluids. These internal applications can include chronic 

organ repair and bleeding control,4,5 drug delivery,6 epicardial placement and stem cell delivery,7,8 

degradable adhesives for tissue regeneration,9 and mucoadhesives for denture adhesion.10–12 In 

contrast with externally-applied bioadhesives, in intracorporal conditions, factors such as the 

adhesives ability to bond to wet surfaces are critical. Furthermore, in applications such as tissue 

regeneration, bioadhesives typically require additional complex functionality due to their roles in cell 

attachment and differentiation.87 Overall, a critical engineering parameter is the nature of the 

interactions occurring between the bioadhesive and corresponding soft tissue. 

Poly(acrylic acid) (PAA) hydrogels have interesting properties such as stimuli responsive behaviour and 

high hydrophilicity, due to their high density of carboxyl groups. These groups are readily ionisable, 

leading to the expansion of the polymer chain conformation, due to increased repulsion between 

carboxylate groups. Consequently, PAA will reversibly swell/collapse, depending on the pH and ionic 

strength of the environment.13,14 This has led to the application of PAA-based materials in 

microdevices and sensors.15 Moreover, due to its excellent biocompatability, PAA is commonly applied 

as mucoadhesives for drug delivery,12,16–18 as well as surface coatings for biomedical devices.19,20 

Hydrogels can either be classed as chemical gels, where the crosslinks are permanent covalent bonds, 

or physical gels, where the crosslinks are non-permanent and a result of either physical entanglement 

of the network or non-covalent bonding such as hydrogen bonds and ionic bonding.21 In order to form 

crosslinks within a hydrogel, the polymer backbone can be functionalised with specific reactive 

moieties. The presence of carboxyl groups in PAA enables direct functionalisation with amines through 

the well-established EDC/NHS22,23 and DCC/DMAP24,25 conjugation methods. Functionalisation of 

hydrogels enables their chemical crosslinking via a range of approaches, from radical coupling such as 

thiol-ene chemistry26,27 and methacrylate polymerisations28,29, to tyramine mediated ligation30,31 and 

disulfide bond formation.32–34 In addition to such chemical crosslinks, in PAA gels, physical crosslinking 

inherently contributes to the mechanics of the networks, via secondary hydrogen bonds that crosslink 

polymer chains. PAA gels will also form physically entangled structures, in which polymer chains are 

physically trapped, resulting in further non-covalent crosslinks.35 Hence, a complex set of chemical and 

physical bonds typically determines the physical properties of PAA hydrogels. 
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Hydrogels can be chemically crosslinked using a photoinitiator upon exposure to UV or visible 

light.31,36–38 This typically requires radical reactive groups on the polymer backbone, such as alkenes 

and thiols (for thiol-ene coupling).26,27 Although Irgacure 2959 (I-2959) and Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP)39 are widely used UV-sensitive photoinitiators, their use for visible 

light initiation is not possible, due to their near zero extinction coefficient at wavelengths greater than 

400 nm.40  Instead, eosin Y is an attractive option for visible light-mediated photoinitiation, as it is 

cytocompatible, FDA-approved, highly water soluble and can be excited in the green region of the 

visible spectrum (450 – 550 nm).41 In thiol-ene coupling, the excitation of eosin Y by visible light 

exposure results in hydrogen abstraction from a sulfhydryl group to create a thiyl radical. These thiyl 

radicals then initiate a rapid and orthogonal thiol-ene gelation reaction (specifically with alkenes).40,41 

In order to further enhance radical generation, the use of eosin Y is often coupled with a co-initiator, 

leading to faster and more effective functional group conversion.40,41 For example, Noshadi et al. 

generated visible light crosslinked gelatin-based hydrogels, using eosin Y as a photoinitiator, 

triethanolamine (TEA) as a co-initiator, and N-vinylcaprolactam (VC) as a co-monomer. These gels had 

compressive moduli in the range of 5 – 56 kPa, depending on the concentration of the co-initiator and 

co-monomer used.41 However, due to potential cytotoxicity concerns associated with the use of co-

initiators such as triethanolamine,42,43 recent literature has also focussed on using eosin Y alone for 

radical generation.31,42,43 Thiol-ene radical coupling is a technique that is increasingly being used in 

areas such as the biofunctionalisation of biomaterials26,44 and the formation of 3D hydrogels 

encapsulating cells.45–47 The use of thiol-ene chemistry for the design of hydrogels is an attractive 

technique due to its tolerance to many different reaction conditions and the generally mild conditions 

required, as well as the simple and clearly defined reaction pathways, and the availability of alkene 

functions as side chains of macromolecules.48 

In comparison to chemical hydrogels, hydrogels crosslinked through physical interactions possess an 

intrinsic responsiveness to environmental stimuli, as these physical crosslinking interactions are 

reversible. However, physical hydrogels often lack the stability found within covalently crosslinked 

hydrogels. To combine the advantages of both physical and chemical hydrogels, dynamic covalent 

crosslinks, such as disulfide bonds, can be used. Disulfide bonds are capable of being broken down or 

reforming via the physiologically-relevant reduction/oxidation and thiol-disulfide exchange 

reactions,49 and they are emerging as promising candidates to enable in situ crosslinking of 

hydrogels.50,51 

Boronic acid-based materials and interfaces have also generated significant interest in the biomedical 

field due to their ability to form reversible quasi-covalent bonds with a number of biologically 
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important molecules bearing diol functionalities, such as glucose and a wide range of 

polysaccharides.52 The reversible covalent interaction of boronic acids with diols has proven 

sufficiently strong that it enables binding of saccharides at mM or sub-mM levels.53 Due to this ability 

to bind saccharides at low concentrations, along with the wide range of molecules boronic acids can 

bind to, boronic acids have been widely exploited in various biosensor applications.52–54 In addition, as 

boronate esters are pH sensitive and undergo hydrolysis in acidic conditions, boronic acid-crosslinked 

polymers have been extensively studied as stimuli-responsive hydrogels.52,55 For example, Heleg-

Shabtai et al. demonstrated the use of Gossypol-crosslinked boronic acid-modified hydrogels as a 

functional matrix for the controlled release of an anticancer drug.55 Furthermore, due to the 

reversibility of the covalent bonding between boronic acids and diols, hydrogels crosslinked with 

boronic acid have demonstrated self-healing properties at neutral and acidic pH.56 

The crosslinking strategy used to generate a gel has a critical influence on its mechanical 

properties,21,57 but also its adhesive performance. Most covalently crosslinked hydrogels display 

relatively brittle properties with limited stretchability and toughness.57 However, hydrogels formed 

through a synergy of physical and covalent crosslinks, have been shown to demonstrate significantly 

enhanced stretchability and toughness.57,58 This behaviour can result from the introduction of energy 

dissipating mechanisms in the form of sacrificial physical bonds. Upon loading of a material, this 

network of physical bonds ruptures and dissipates energy, leaving the covalent bonding intact.59,60 

Furthermore, these physical bonds show the ability to re-form upon unloading of a sample, leading to 

the recovery of these energy dissipating mechanisms. As an example, Sun et al. synthesised hydrogels 

from a network of ionic and covalent crosslinks, leading to a gel with high toughness which can be 

stretched to beyond 20 times its initial length.57  

In order to evaluate the benefit of different coupling chemistries on hydrogel mechanics and soft 

tissue adhesion, side-by-side comparison is required. In this work, we synthesised a range of PAA-

based hydrogels displaying different crosslinking chemistries and able to bond to surfaces and soft 

tissues via different mechanisms. The coupling strategies targeted aimed to make use of the 

biochemistry typically associated with cell membranes and epithelial tissues, to ensure bonding and 

crosslinking via the same moieties. We investigate the influence of such chemical design on the 

resulting mechanical and adhesive properties. Four different crosslinking chemistries were studied. 

Two of these gels were formed through UV irradiation in the presence of Irgacure 2959, to mediate 

thiol-ene and thiol-thiol couplings, making use of the natural presence of cysteines in membrane 

bound and extra-cellular matrix proteins. Another strategy explored was the use of tyramine coupling, 

initiated by visible light in the presence of the photoinitiator eosin Y, enabling simultaneous coupling 
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to tissues via reaction with tyrosine residues.61,62 The final strategy developed the use of boronic acid 

moieties to crosslink the polysaccharide mannan, resulting in more dynamic crosslinks, and 

contributing to tissue bonding via membrane proteoglycans and glycosaminoglycans. Parallel plate 

shear rheometry allowed the characterisation of the complex evolution of the rheological and shear 

mechanical properties of these materials prior, during and after curing. The bonding strength of these 

PAA hydrogels to two soft epithelial tissues, the gingiva (which structure and homeostasis is regulated 

by gingival keratinocytes) and the epicardium (a membrane to which adhesion is particularly relevant 

for epicardial placement strategies63,64), was then explored. The systematic study of the impact of 

chemical design on the mechanical behaviour and bioadhesive properties of PAA gels is proposed to 

be essential to improve their performance and the rational design of other hydrogel adhesives. 

Adhesive properties were characterised via tensile and lap shear testing, allowing the correlation of 

adhesion strength and hydrogel chemistry. To enable better understanding of the adhesion process, 

adhesion to model surfaces displaying hydroxyl and methacrylate residues was also quantified.  

2. Experimental Section 

2.1. Chemicals and materials 

Poly(acrylic acid) (PAA, average MV 450 kDa, determined by the supplier), 3-

(bromomethyl)phenylboronic acid (90%), 5-bromo-1-pentene (95%), 2-hydroxy-4ʹ-(2-hydroxyethoxy)-

2-methylpropiophenone (Irgacure 2959, 98%), toluene (anhydrous, 99.8%), triethylamine (≥99.5%), 

Dulbecco’s phosphate buffered saline (PBS), cystamine dihydrochloride (≥98%), tyramine 

hydrochloride (≥98%), methanol (MeOH, 99.9%), 3-(trimethoxysilyl)propyl methacrylate (98%), 

mannan from Saccharomyces cerevisiae (prepared by alkaline extraction), DL-Dithiothreitol (DTT, 

≥98%), diethyl ether (99%), deuterium oxide (D2O, 99.9 atom % D), dimethyl sulfoxide-d6 (DMSO-d6, 

99.9 atom % D), poly(ethylene glycol) dithiol (PEGDT, average Mn 1 kDa, determined by the supplier) 

and eosin Y (99%) were purchased from Sigma-Aldrich and used as received. 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, >98%) was purchased from Tokyo Chemical 

Industry UK Ltd. Dimethylformamide (DMF, ≥99.9%) was purchased from VWR Chemicals. Chloroform-

D (CDCl3, 99.8%) was purchased from Cambridge Isotope Laboratories Inc. Cellulose ester dialysis 

membranes (3.5-5 kDa MWCO) were purchased from Spectrum Laboratories Inc. All Plasma treatment 

was carried out using a Henniker Plasma Vacuum System HPT-200. pH measurements were taken 

using a Mettler Toledo, SG2 – SevenGo pH meter.  
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2.2. Functionalisation of poly(acrylic acid) 

Amine ligation via DMTMM-mediated conjugation 

The conjugation of PAA with amines was carried out using DMTMM, following a procedure adapted 

from the literature.30,31 For functionalisation of PAA (450 kDa) with tyramine, PAA (1.5 g, 20.8 mmol) 

was initially dissolved in deionized water (30 mL). The pH of the solution was adjusted to 5.5 using 2 

M NaOH, following which DMTMM (2.857 g, 10.4 mmol) was added and left to dissolve. Tyramine 

hydrochloride (1.429 g, 8.26 mmol) was dissolved separately in deionized water (20 mL) and the pH 

of this solution was adjusted to 5.5 using 50 mM NaOH. This solution was then added dropwise to the 

polymer solution, which was then left at 37˚C for 24 h. The conditions used equate to molar 

equivalences of 0.4:0.5:1 for tyramine:DMTMM:PAA. The cooled reaction mixture was then 

precipitated in acetone three times, re-dissolving the resulting material in deionised water each time, 

and the polymer was left for several days to dry under reduced pressure. After drying, the polymer 

was re-dissolved in deionized water (25 mL) and then dialyzed in a solution of 150 mM NaCl for two 

days, whilst changing the dialysis solution at least 3 times a day. Next, the polymer was dialyzed in 

deionized water for a further two days, whilst again changing the dialysis solution at least three times 

a day. Following dialysis, the resulting polymer was frozen in liquid nitrogen and freeze dried for one 

to two days, until fully dry.  

PAA was also functionalised with cystamine via DMTMM conjugation. This was achieved through a 

two-step procedure involving initial functionalisation with cystamine followed by cleavage of the 

disulfide bond using dithiothreitol (DTT).32,33 For functionalisation of PAA (450 kDa) with cystamine, 

PAA (300 mg, 4.17 mmol) was initially dissolved in deionized water (6 mL). The pH of the solution was 

adjusted to 5.5 using 5 M NaOH, following which DMTMM (572 mg, 2.07 mmol) was added and left to 

dissolve. Cystamine dihydrochloride (466 mg, 2.07 mmol) was dissolved separately in deionized water 

(4 mL) and the pH of the resulting solution was adjusted to 5.5 using 50 mM NaOH. This solution was 

then added dropwise to the polymer solution and left at 37˚C overnight. After reacting overnight, the 

pH of the polymer solution was changed to 9.0 using a solution of 5 M NaOH. DTT (424 mg, 2.75 mmol) 

was dissolved separately in deionized water (5 mL) and the pH of this solution was adjusted to 9.0, 

using a solution of 500 mM NaOH. This DTT solution was then added dropwise to the polymer solution, 

which was then left overnight at room temperature. These conditions equate to molar equivalences 

of 0.5:0.5:1 for cystamine:DMTMM:PAA. Next, the reaction mixture was precipitated in acetone three 

times, from deionized water, and the polymer was then dried under reduced pressure.  
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Bromoalkene functionalisation via nucleophilic substitution 

The procedure for the functionalisation of PAA via conjugation with bromine moieties was adapted 

from protocols in the literature that investigated the functionalisation of carboxymethylcellulose 

(CMC)65 and poly(dimethylaminoethyl methacrylate) (PDMAEMA).27 For functionalisation of PAA (450 

kDa) with bromo pentene, NaOH (104 mg, 2.6 mmol) was initially dissolved in deionized water (2.63 

mL). PAA (250 mg, 3.47 mmol) was then added, followed by heating of the solution to 70˚C. 5-bromo-

1-pentene (130 mg, 872 µmol) was dissolved in DMF (0.5 mL) separately and this solution was added 

dropwise to the polymer solution and then left overnight at 70˚C. These conditions equate to molar 

equivalences of 0.75:0.25:1 for base:conjugate:PAA. The cooled reaction mixture was precipitated in 

acetone:diethyl ether (3:1), re-dissolved in deionized water and then precipitated in acetone twice, 

from deionized water. The polymer was then left for several days to dry under reduced pressure.  

For functionalisation of PAA (450 kDa) with boronic acid moieties, PAA (3 g, 41.7 mmol) was initially 

dissolved in a solution of NaOH (1.25 g, 31.25 mmol) and deionised water (31.54 mL), which was then 

heated to 70˚C. 3-(bromomethyl)phenylboronic acid (2.241 g, 10.43 mmol) was separately dissolved 

in DMF (6 mL) and then added to the polymer solution dropwise. These conditions equate to molar 

equivalences of 0.75:0.25:1 for base:conjugate:PAA. The mixture was left at 70˚C overnight. The 

cooled reaction mixture was precipitated in acetone:diethyl ether (3:1), re-dissolved in deionized 

water and then precipitated in acetone twice, from deionized water. The polymer was then left for 

several days to dry under reduced pressure.  

Characterisation of polymers 

Fourier Transform Infrared–Attenuated Total Reflectance Spectroscopy (ATR-FTIR) was carried out on 

polymer samples which had been fully dried and crushed into a powder. Spectra were acquired using 

a Bruker Tensor 27 with an MCT detector (liquid N2 cooled), at a resolution of 4 cm-1 with a total of 

256 scans per run. Nitrogen was run through the system during measurements in order to limit the 

effects of environmental fluctuations. 1H NMR was used to quantify polymer functionalisation levels. 

Spectra were obtained using Bruker’s 400 MHz spectrometers (Bruker AV 400 and AVIII 400) and data 

was analysed using Bruker’s IconNMR software. Multiple batches were synthesised for each polymer 

and the corresponding mean values and standard error in functionalisation level are reported. 

2.3. Crosslinking of polymers 

The protocol for the preparation of gels based on tyramine functionalised PAA was adapted from a 

previous study that investigated the photo-crosslinking of hyaluronan.31 Initially, the functionalised 

PAA was dissolved in PBS. Following this, an eosin Y solution was prepared (50 mg/mL PBS) and added 

at 0.15% molar equivalence relative to the polymer (tyramine residues), based on previous studies.31 
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Visible light curing was applied at an intensity of 40 mW/cm2 for 5 min. Visible light of controllable 

intensity was achieved via an OSL2 fiber illuminator from Thorlabs (λ 400-1300 nm). Throughout this 

article, gels formed through this approach will be referred to as PAA-Tyr hydrogels. For all of the gels 

generated in this article, solutions were prepared freshly before tests and the photoinitiator, or 

crosslinking agent, was added the evening before testing to allow for a more homogeneous mixing 

without the introduction of bubbles.  

For gels prepared from cystamine functionalised PAA, the polymers were dissolved in PBS, followed 

by the addition of 30% molar ratio of Irgacure 2959 relative to the thiol content, which was added in 

solution form (250 mg/mL MeOH). The photoinitiator concentration used was selected based on 

previous reports.66 Gels were cured under UV light at an intensity of 17 mW/cm2 for 10 min. The UV 

light source used was an Omnicure series 1500 mercury lamp (λ 280-600 nm). An ILT 1400-A 

radiometer photometer from International Light Technologies Inc. was used to measure UV light 

intensities. Throughout the article, these gels are referred to as PAA-Cys hydrogels. 

Mannan was used to physically crosslink boronic acid-functionalised PAA. Mannan was dissolved in 

PBS (250 mg/mL), before addition to the polymer solutions. For preparation of the gels, the polymer 

was initially dissolved in PBS, and then once fully dissolved the mannan solution was added at a level 

of 10% molar equivalence relative to boronic acid (saccharide vs. boronic acid moieties). Due to the 

high density of hydroxyl groups available per mannan molecule, this relatively low concentrations was 

sufficient. Throughout the article, these gels are referred to by the notation PAA-BA hydrogels. 

For preparation of gels based on 5-bromo-1-pentene-functionalised PAA, the polymer was initially 

dissolved in PBS. PEGDT (225 mg/mL PBS) and Irgacure 2959 solutions (250 mg/mL MeOH) were 

prepared, and PEGDT was then added at a molar ratio of alkene:thiol of 2:1, followed by the addition 

of Irgacure 2959 at a molar ratio of 5% relative to the alkene level. Both these concentrations were 

selected based on previously published results.47 UV initiation was carried out at an intensity of 17 

mW/cm2 for 2 min, using the UV source detailed earlier. Throughout this article, these gels are referred 

to by the notation PAA-BP hydrogels. 

We note that none of the hydrogels developed were incubated or washed, prior to characterisation, 

to allow better comparison of the different mechanical/rheological characterisation data and to avoid 

dissolution and weakening of physically crosslinked hydrogels. We also highlight that all 

concentrations of PAA polymer backbones used are expressed as w/v%, with respect to the 

corresponding functionalised polymer backbone, without taking into account additional crosslinkers 

(e.g. mannan). 
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2.4. Hydrogel characterisation via oscillatory rheometry  

The mechanical properties of gels were characterised by oscillatory rheology, using a TA Discovery HR-

3 hybrid rheometer with a 20 mm diameter standard Peltier plate geometry installed. Gels were 

characterised using time sweeps, frequency sweeps, amplitude (strain) sweeps and through stress 

relaxation profiles. Time sweeps were used to monitor the change in mechanics before, during and 

after curing of the gels; for these tests, oscillating frequencies of 1 Hz and oscillating displacements of 

10-4 rad (0.2% strain) were used. The frequency sweeps were performed from 0.1-100 Hz at an 

oscillating displacement of 10-4 rad (0.2% strain). Amplitude sweeps were performed at an oscillating 

frequency of 1 Hz. For stress relaxation experiments, gels were subjected to a 2% strain (2 s strain rise 

time) and the subsequent drop in stress was monitored.  

In order to achieve sufficient bonding  between the hydrogels and the upper and lower geometries of 

the rheometer, functionalised glass coverslips were used.65 These coverslips were produced 

industrially with high geometrical accuracy and were cleaned prior to functionalisation. They were 

glued in place using Loctite super glue and could subsequently be readily removed by immersion in 

acetone. For functionalisation, glass coverslips (20 mm diameter) were plasma oxidized (10 min, air) 

and then placed in a solution of anhydrous toluene (30 mL), 3-(trimethoxysilyl)propyl methacrylate 

(30 µL) and triethylamine (50 µL), and left overnight. They were then washed with deionised water, 

followed by ethanol, and then dried under a stream of nitrogen. 

Curing of the gels was via photo-irradiation through the lower surface of the gels using a TA 

Instruments UV curing accessory. UV and visible light sources, as detailed in section 2.3, could be 

applied using this light guide accessory. Prior to starting each experiment light intensities were 

measured in situ through the glass slides. All rheology experiments were repeated at least 3 times and 

representative curves are shown in all cases. A one-way ANOVA test with Tukey’s post hoc analysis 

was used to determine statistical significance. In all figures, standard errors are reported. 

2.5. Preparation of soft tissues 

Soft tissue samples were sourced and dissected as described in our previous work.67 Briefly, epicardial 

and gingival samples were obtained from freshly obtained porcine tissues (6 to 7-month-old pigs). 

These were cut into 15 mm2 samples for testing, with a thickness of approximately 2 mm. In order to 

accurately account for variations in sample sizes, images were captured for each sample and the area 

was calculated using ImageJ. All testing was carried out within 48 hours from the day fresh samples 

were obtained and samples were stored in PBS in the fridge prior to tests. Gingival samples were 

extracted using a scalpel from the lingual side of the lower mandible. These samples were taken from 

the region of the keratinized attached gingiva which is the gingival portion that lies between the free 
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gingival groove and the mucogingival junction. Epicardial samples were extracted from the wall of the 

left and right ventricles. These samples were taken from the healthy areas of the myocardium away 

from any major adipose tissue deposits or prominent blood vessels. For each adhesion experiment, 

results were obtained from samples extracted from a minimum of two separate animals. 

2.6. Characterisation of hydrogel bonding 

Tensile bond adhesion testing 

Tensile bond tests were carried out using a TA Discovery HR-3 hybrid rheometer in axial mode, moving 

at a constant linear rate of 2.5 mm/min and with an angular velocity of 0 rad/s. Testing utilised a 20 

mm Peltier plate geometry and samples were loaded in-between the upper and lower plates (similarly 

to oscillatory rheometry experiments) ensuring there was full gap coverage. Tests were ended when 

any material bridging the gap between the upper and lower Peltier plates had completely detached 

or failed. To keep material loading constant between tests and conditions, a gap size of 300 µm was 

used across experiments. Adhesion tests to self-assembled monolayers (SAMs) were carried out using 

either plasma treated (10 min, air) or methacrylate functionalised (see section 2.4) glass slides glued 

to the lower and upper plates. Adhesion tests to soft tissues were carried out using the same 20 mm 

Peltier plate geometry with a plasma treated (10 min, air) 20 mm glass slide glued to the lower plate. 

Supplementary Figure 1A shows a diagram of the experimental setup used for the testing of these 

tissue samples, in which the samples were glued to the upper plate using Loctite Super Glue. To 

enhance bonding of the tissue samples to the Peltier plate geometry a thin plastic sheet (the lid of a 

polystyrene plastic petri dish) was placed between the tissue sample and upper plate surface. 

Adhesion of the gels to glass slides was studied across adhesion tests as this allowed the testing of gel 

adhesion following in situ photo-curing, consistently throughout this study. Similarly to the oscillatory 

rheometry experiments, in situ photo-curing was carried out using the light guide accessory. Sample 

curing was completed shortly before tensile bond testing was carried out, to minimise the effects of 

sample drying. 

Lap shear adhesion testing  

Lap shear experiments for soft tissue testing were performed using an Instron 5967 universal testing 

system with a 100 N static load cell and lap shear rig installed. Supplementary Figure 1B shows a 

diagram of the experimental setup used. During testing, a constant extension speed of 10 mm/min 

was used. For loading of samples, tissue segments were initially glued to a PMMA slide that had been 

positioned flat on the bench. Approximately 150 µl of polymer solution was pipetted over the tissue 

surface. A plasma treated (10 min, air) glass slide was then placed on top of the polymer 

solution/tissue with the hydroxyl-functionalised surface facing downwards. This setup allowed for the 
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curing of gels with UV light (through the upper surface of the glass slide) before they were loaded into 

the Instron testing rig. Immediately after UV curing of gels, samples were very carefully loaded into 

the testing rig ready for tests. Testing was ended when there was no longer any contact between the 

upper and lower slides.  

In the tensile bond and lap shear tests, different failure mechanisms were observed for the gels and 

these were assessed by a visual inspection of the surfaces following testing. In circumstances where 

complete debonding of the gel was observed from the glass or tissue substrate, this was characterised 

as adhesive failure. On the other hand, where the gel remained on both the upper and lower 

substrates, this was classed as cohesive failure. From the data obtained for the tensile bond and lap 

shear tests, two parameters were characterised: adhesion strength and energy density. Both were 

calculated using a custom-built Matlab script. Adhesion strength is defined as the maximum force 

divided by the initial contact area between the gel and substrate. Energy density is defined as the 

detachment work (the area under the force-extension curve) divided by the initial contact area 

between the gel and substrate. In all adhesion tests, experiments were repeated at least 3 times and 

representative curves are shown in all cases. A one-way ANOVA test with Tukey’s post hoc analysis 

was used to determine statistical significance. In all figures, standard errors are reported. 
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Figure 1. Schematic representation of the process used to form gels based on poly(acrylic acid), 
functionalised via DMTMM-mediated amine conjugation, or by bromoalkene functionalisation via 
nucleophilic substitution. PAA-Tyr gels are formed through crosslinking of tyramine molecules under 
visible light-mediated initiation. PAA-Cys gels are formed from cysteamine-functionalised PAA under 
UV-mediated initiation. PAA-BP gels are formed through thiol-ene reactions in the presence of UV 
light, with poly(ethylene glycol) dithiol (PEGDT) as the thiol crosslinker. PAA-BA gels are physically 
crosslinked through the interaction between boronic acid and the polysaccharide, mannan. 

 

3. Results and Discussion 

3.1. Functionalisation of poly(acrylic acid) 

To promote the coupling of amines to PAA, we used 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) mediated coupling. Recent reports proposed DMTMM as an 

alternative to EDC/NHS coupling for ligation of amines and applied it in particular to the 

functionalisation of Hyaluronan.30,31,68 This method proceeds through aromatic substitution of the 

carboxyl group, forming an intermediate that is reactive towards nucleophiles, such as amines.68,69 

Previous studies by Thompson et al.69 and Pelet et al.70 also indicated the efficacy of this method for 
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the derivatization of PAA. Systematic comparison between the use of DMTMM and EDC/NHS suggests 

that the former is overall more efficient, not requiring as accurate control over the pH to remain 

effective,68 and that DMTMM is stable and soluble in water for significantly greater periods of time.71,72 

As a result, DMTMM-mediated ligation is a promising tool for the functionalisation of polymer 

derivatives for biomedical and pharmaceutical applications. Hence, DMTMM coupling was selected 

for the coupling of reactive amines onto PAA. In addition, to tether pentene and toluene boronic acid 

residues to PAA chains, starting from bromo-carbons, we explored the use of nucleophilic substitution 

(Figure 1). 

PAA was initially functionalised with 5-bromo-1-pentene via nucleophilic substitution. 1H NMR 

confirmed the structure of the polymer obtained (Supplementary Figure 2), with clear alkene protons 

observed at 5.0 and 5.8 ppm corresponding to three protons, and a broad peak at 4.0 ppm 

corresponding to the two protons adjacent to the ester moiety. Overall, a functionalisation level of 

4.4 ± 0.4% was achieved and the polymer displayed excellent solubility in aqueous media. Considering 

the molar mass of the PAA used (450 kDa), this corresponds to 325 alkene residues per chains. FTIR 

spectra were consistent with this structure (Supplementary Figure 3). A broad O-H stretching band 

can be observed between 2400 and 3700 cm-1. C-H and C-O stretching bands can be seen at 2970 and 

1260 cm-1, respectively. Two O-H bending bands can be observed at 800 and 1440 cm-1, and a strong 

C=O stretching is observed at 1700 cm-1.73,74 The presence of alkenes is also confirmed via the =C-H 

bending band observed at approximately 950 cm-1. In contrast to the FTIR spectra obtained for other 

functionalised PAA materials in this study, the C=O stretching band is split, forming separate peaks at 

1657 and 1710 cm-1. This additional peak at 1657 cm-1 corresponds to the significant neutralisation of 

acids and the formation of sodium acrylate residues.75 

1H NMR characterisation of boronic acid functionalised PAA, also obtained via nucleophilic 

substitution, revealed a higher functionalisation level of 17.8 ± 0.3% (Supplementary Figure 4), 

calculated using the ratio of aromatic peaks to backbone protons. For 5-bromo-1-pentene 

functionalised PAA, higher pentene functionalisation led to either insolubility of the polymer or slight 

crosslinking in air. In contrast, the high degree of functionalisation obtained with boronic acid may be 

attributed to the hydrophilicity of the boronic acid residues, enabling enhanced solubility of the 

polymer in water. FTIR spectra (Figure S5) confirmed the presence of phenyl boronic acid residues, via 

the occurrence of B-O stretching vibrations and BO2 out-of-plane deformations, at 1330 and 700 cm-

1, respectively.76  

Next, tyramine functionalisation via DMTMM-mediated conjugation was investigated. DMTMM was 

selected as the route for functionalisation of PAA due to the fact that tyramine is highly unstable at 
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the pH range required for EDC/NHS ligation.30 1H NMR spectra indicated an overall lower 

functionalisation level of 1.8 ± 0.2%, calculated using the ratio of aromatic peaks (protons c-f; 

Supplementary Figure 6) to backbone protons. FTIR spectra confirmed the presence of additional 

amide I and II bands (between 1500 and 1700 cm-1), and the coupling of amines to the PAA structure 

(Supplementary Figure 7).77,78 

Finally, cysteamine functionalisation (after disulfide cleavage) was confirmed by 1H NMR, with a 

calculated functionalisation level of 4.5 ± 0.1%, based on the quantification of the integration of the 

peak corresponding to the protons adjacent to the amide, compared to backbone protons 

(Supplementary Figure 8). FTIR spectra confirmed such functionalisation, with the occurrence of 

additional amide bands (between 1500 and 1700 cm-1, see Supplementary Figure 9). However, the S-

H bond cannot be identified in corresponding spectra, presumably due to the comparative weakness 

of this band in FTIR.78 For all PAA functionalisations explored in this study, the aim was to maximise 

the degree of functionalisation whilst still maintaining good solubility of the polymers in aqueous 

solutions. Accordingly, the functionalisation levels achieved for these different polymers 

corresponded to the highest degree of substitution that we were able to achieve or that was possible 

without precipitation of the polymer at neutral pH.  

3.2. Formation of poly(acrylic acid)-based hydrogels 

The rheological properties of the four PAA-based gels were investigated next (Figure 2). Compositions 

of these hydrogels, and a summary of the conditions used, are presented in   



15 
 

Table 1. The storage moduli of the gels, taken from the frequency sweeps at 1 Hz (0.2% strain), are 

reported in Figure 2A. As the gel mechanics are significantly influenced by the polymer concentration, 

the concentration of functionalised PAA was kept at 15% (w/v).  Supplementary Figure 10 shows the 

evolution of the storage moduli during the curing process for the visible and UV-light photoinitiated 

gels, where, as an exception, testing was performed with gels at a concentration of 10% (w/v).  

PAA-Tyr hydrogels demonstrated gradual stiffening over extended time periods under the action of 

visible light. Storage moduli reached 40 Pa after 5 min of curing (Supplementary Figure 10), with the 

value continuing to rise. These relatively weak mechanical properties, together with their slight 

frequency dependence and stress relaxation profile (Figure 2B-D), indicate covalent crosslinking of 

these hydrogels. Stress relaxation profiles indicated some energy dissipation, but through a relatively 

slow process and with some elastic component. This is in agreement with the formation of a low 

density of covalent crosslinks in this system, possibly as a result of the low functionalisation level 

achieved for PAA-Tyr, in combination with the slow curing and potentially low reaction efficiency of 

the system.  

 

Figure 2. Characterisation of the shear mechanical properties, by oscillatory rheometry, of PAA-based 
gels under the conditions and concentrations used in adhesion tests (see   
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Table 1). Gels are all at a concentration of 15% (w/v) of functionalised PAA in PBS. (A) Storage modulus 
values of gels. Values taken from frequency sweeps at 1 Hz (0.2% strain). Error bars show standard 
errors for repeats across samples (sample size n ≥ 3). *, p ≤ 0.05. ***, p ≤ 0.001. (B) Frequency sweeps 
(0.2% strain) of gels. (C) Strain sweeps (frequency of 1 Hz). (D) Stress relaxation of gels subjected to a 
rise in strain of 2% over the initial 2 s.  

 

The relatively weak crosslinking achieved for PAA-Tyr gels may also result from the slower generation 

of radicals compared to other UV-triggered photoinitiators, such as I-2959.40,41 Indeed, in the presence 

of I-2959 and the crosslinker poly(ethlyene glycol) dithiol (PEGDT), PAA-BP gels rapidly crosslinked and 

stiffened upon UV photoirradiation (Supplementary Figure 10), with moduli reaching 3.2 kPa (Figure 

2A). Together with the lack of frequency dependence and the low level of stress relaxation observed, 

this points to a higher density of crosslinks in this system. PAA-Cys hydrogels displayed intermediate 

moduli, near 970 Pa, with modest levels of frequency dependence and stress relaxation. This is 

consistent with moduli achieved in comparable gels based on hyaluronic acid, whether mediated by 

photo-radical oxydation66 or base-catalysed oxidation.32,33 However, it was observed that, although 

PAA-Cys was soluble and generated free flowing viscous solutions prior to curing, the modulus 

measured was already relatively high. Even though the gels were at neutral pH, this may be a result of 

some air oxidation (particularly at the edge of the sample and geometries where rheology is most 

sensitive), leading to the formation of partially crosslinked networks. 

In contrast, the physically crosslinked PAA-BA gels displayed the weakest mechanical properties 

(Figure 2). Despite the high functionalisation level in boronic acid residues, the physical crosslinks, 

mediated by interactions between boronic acid moieties and mannan chains, resulted in low 

concentration levels and densities of effective crosslinks. In addition, the striking frequency 

dependence and high level of stress relaxation of PAA-BA gels was consistent with such physical 

crosslinks, which are able to dissociate and reform, depending on timescales, in order to dissipate 

energy and relax chains.21 Indeed, PAA-BA gels displayed significantly higher stiffnesses at high 

frequencies compared with low frequencies (gels displayed a storage modulus of 46 Pa at 1 Hz, 

compared with 176 Pa at 10 Hz; Figure 2B), in agreement with the creation of transient networks that 

can restructure dynamically after mechanical disruption.52 Such features are notably utilised to design 

hydrogels with self-healing properties.79,80 In comparison, when mannan was added to PAA 

(unfunctionalised), no significant increase in modulus or change in rheological properties was 

recorded, indicating that polymer crosslinking is primarily occurring as a result of interactions between 

boronic acid moieties and mannan (Figure 3). PAA and PAA-BA solutions displayed no measurable 

stress when sheared in stress relaxation experiments, and physical crosslinks resulting from hydrogen 

bonding between chains, were too weak and short-lived to results in elastic behaviour (Figure 3D). 
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Figure 3. Oscillatory rheometry data for PAA, PAA with mannan, and PAA functionalised with boronic 
acid (PAA-BA), with and without the addition of mannan. Samples are all at a concentration of 15% 
(w/v) of PAA (or functionalised PAA) in PBS. Boronic acid functionalisation levels are at 17.8 ± 0.3% 
and mannan is added at 10% molar equivalence (relative to boronic acid). (A) Storage modulus values 
of different samples. Values taken from frequency sweeps at 1 Hz (0.2% strain). Error bars show 
standard errors for repeats across samples (sample size n ≥ 3). ***, p ≤ 0.001. n.s., non-significant. (B) 
Frequency sweep (0.2% strain) of samples. (C) Corresponding strain sweeps (frequency of 1 Hz). (D) 
Stress relaxation of corresponding samples subjected to a rise in strain of 2% over the initial 2 s.  

 

In comparison to commonly used tissue adhesives, such as fibrin glues, all of our gels 

demonstrated good mechanical properties. As an example, the weakest of our gels, PAA-BA, 

had a storage moduli of 43 Pa (Figure 2A), which is in a similar range to what is often observed 

for fibrin glues (although this depends on composition), used for stem cell delivery (20 and 80 

Pa for concentrations of fibrinogen of 2.5 mg/mL and 5 mg/mL, respectively8). The remaining 

3 gels we presented had significantly stronger mechanical propertie, with storage moduli in a 

similar range to recently reported thiol-ene crosslinked poly(2-alkyl-2-oxazoline) hydrogels for 

epicardial placement and stem cell delivery8. 

 

3.3. Adhesion of hydrogels to glass and methacrylate monolayers 

Prior to characterising adhesion to tissues, we examined the adhesion of the four hydrogels to glass 

and methacrylate monolayers, which displayed well defined chemistry. This was to examine the 

contribution of such adhesion to the more complex adhesion profiles measured with tissues. Figure 4 

presents the quantification of adhesions between the four different PAA hydrogels tested (  
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Table 1) and unfunctionalised glass or methacrylated coverslips, measured via tensile bond testing. A 

representative force-extension curve is also shown for each gel (Figure 4C). Clearly, radical mediated 

crosslinking via thiol-ene and thiol-thiol coupling resulted in stronger adhesion to these model 

substrates. In particular, PAA-BP displayed adhesion strength in the range of 56-89 kPa, and PAA-Cys 

in the range of 8-17 kPa, in agreement with the ability of these gels to form covalent bonds with 

methacrylate residues and silanoyl radicals of the associated surfaces. In contrast, PAA-BA and PAA-

Tyr were unable to form bonds, whether physical or covalent, with the model substrates studied. It 

should be noted that the apparent small differences in starting loads between gels resulted from the 

initial zeroing of loads and the contraction of gels during in situ curing. This trend is also observed in 

later tensile bond tests performed on soft tissues (Figure 5B and Figure 6B). 
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Table 1. Summary of the conditions used for the formation of the gels used in the adhesion studies. 
For all tests, the functionalised PAA polymer is dissolved in PBS and has a MW of 450 kDa. Polymers 
used are functionalised with either Tyramine (Tyr), Cysteamine (Cys), 5-bromo-1-pentene (BP) or 
boronic acid (BA). Functionalisation levels were quantified via NMR.  

Polymer Functionalisation 
Level (%)a 

Functionalised PAA 
Concentration (% 
(w/v)) 

Crosslinker 
Concentration 

Photoinitiator 
Concentration 

Crosslinking 
Mechanism 

PAA-Tyr 1.8 ± 0.2 15 N/A eosin Y (7.5% 
equiv. to 
tyramine) 

5 min visible 
light (40 
mW/cm2) 

PAA-Cys 4.5 ± 0.1 15 N/A Irgacure 2959 
(30% equiv. to 
thiol) 

10 min UV 
light (17 
mW/cm2) 

PAA-BP 4.4 ± 0.4 15 PEGDT (50% 
equiv. to 
alkene) 

Irgacure 2959 
(5% equiv. to 
alkene) 

2 min UV light 
(17 mW/cm2) 

PAA-BA 17.8 ± 0.3 15 Mannan (10% 
equiv. to 
boronic acid) 

N/A Physical 

a from 1H NMR. 
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Figure 4. Tensile bond tests for adhesion of PAA-based hydrogels to unfunctionalised and 
methacrylate glass substrates. (A) Adhesion strength of gels (maximum tensile force (N)/contact area 
(m2)). (B) Energy density for gels (detachment work (J)/contact area (m2)). (C) Force-extension for gels 
at a constant extension speed of 2.5 mm/min. Error bars show standard errors for repeats across 
samples (sample size n ≥ 3). **, p ≤ 0.01. ***, p ≤ 0.001. n.s., non-significant. 

 

PAA-BP hydrogels failed adhesively at the glass interface. On the other hand, the other gels tested all 

displayed relatively elastic properties, with failure associated with a gradual decrease in load (Figure 

4C). Accordingly, the adhesion strength of PAA-Cys to SAMs was significantly lower than that of PAA-

BP (adhesion strength of PAA-Cys was < 13 KPa; Figure 4A), however the energy densities measured 
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for both gels were comparable. Given that these two gels have significantly different rheological 

properties (Figure 2), this similarity in energy density indicates the toughness of PAA-Cys hydrogels. 

Indeed, PAA-Cys gels failed cohesively, with long fibres bridging the upper and lower substrates, 

resulting in high energy densities. Most covalently crosslinked hydrogels display relatively brittle 

properties with limited stretchability and toughness,57 as observed for PAA-BP gels. The high 

toughness of PAA-Cys gels is proposed to result from the formation of covalent crosslinks at low 

density, but with relatively high homogeneity. In particular, no crosslinking molecule is required for 

such process, whereas PAA-BP relied on crosslinking with PEGDT.  In addition, disulfide bonds might 

remodel under load and reform, acting as energy dissipating elements that may toughen these 

hydrogels. 

Both PAA-BA and PAA-Tyr gels failed cohesively during testing. Interestingly, although PAA-Tyr gels 

had a storage modulus over an order of magnitude greater than that of PAA-BA gels (Figure 2A), the 

adhesive properties of PAA-BA gels to the defined surfaces studied, are comparable to those of PAA-

Tyr (energy density > 1.28 Jm-2 compared with an energy density < 0.53 Jm-2 for PAA-Tyr gels; Figure 

4B). This may be a result of the higher functionalisation levels for PAA-BA gels coupled with stronger 

interactions of these gels with the underlying substrates. PAA-BA gels displayed increased adhesion 

with substrates presenting hydroxyl residues, compared with those presenting methacrylates (4.87 

KPa and 3.62 KPa, respectively; Figure 4A), suggesting that the occurrence of hydrogen bonding 

significantly contributes to adhesion for these gels.  

3.4. Characterisation of PAA hydrogel adhesion to soft tissues 

The adhesion of PAA hydrogels to gingiva and epicardium was tested next, considering the potential 

application of these materials for bioadhesives at such interfaces. The adhesion of PAA hydrogels to 

these tissues (using porcine samples) was carried out via lap shear and tensile bond testing. The 

experimental setup used for these tests is presented in Supplementary Figure 1. Adhesion was 

investigated with a functionalised glass slide on the lower surface, to allow photo-curing, and the 

tissue sample on the upper plate. This setup allowed for curing of some of the gels in situ. Indeed, 

photo-crosslinked hydrogels are attractive for the design of bioadhesives that can be applied in 

minimally invasive surgery (e.g. for cell delivery8). As there was no significant difference found 

between the adhesion profiles of the gels to hydroxyl-functionalised slides compared with 

methacrylate-functionalised slides, bonding was evaluated directly against glass slides. Figure 5 and 

Figure 6 present the tensile bonding of the different gels to epicardium and gingiva, respectively. 

Failure for PAA-BA and PAA-Tyr, to both of these tissues, was cohesive (see Figure 5D and Figure 6D, 

respectively). Following testing, both gels presented clear surface coverage of the tissue surface, 
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indicating that bonding had occurred and failure occurred within the weak bulk of these gels. Similarly 

to results obtained on model substrates, PAA-BA and PAA-Tyr gels showed elastic deformation profiles 

(Figure 5B and Figure 6B). In addition, no significant difference in the adhesion strength was observed 

between PAA-BA and PAA-Tyr gels, to both the epicardium and gingiva. 

 

Figure 5. Tensile bond tests for adhesion of PAA-based hydrogels to porcine epicardium. (A) Adhesion 
strength of gels (maximum tensile force (N)/contact area (m2)). (B) Force-extension for gels at a 
constant extension speed of 2.5 mm/min. (C) Energy density for gels (detachment work (J)/contact 
area (m2)). (D) Image showing partial deposition of PAA-BA gel on epicardium surface following 
cohesive failure of the gel during testing. The gel can be seen to maintain near-complete wetting of 
the tissue surface. (E) Significant deformation observed for PAA-Cys gel during testing, with the 
formation of long fibres between the tissue and glass surface. Error bars show standard errors for 
repeats across samples (sample size n ≥ 3). **, p ≤ 0.01. ***, p ≤ 0.001. n.s., non-significant. 

 

Photo-radical initiated PAA-BP and PAA-Cys gels displayed stronger adhesion, although failure was 

adhesive in both cases (See Figure 5 and Figure 6). For PAA-Cys gels, failure occurred at the tissue 

interface for both epicardial and gingival samples. Similarly to what was observed on the model 

substrates, this gel displayed high elasticity and toughness, as a result of the combination of covalent 

and physical crosslinks, with failure only occurring at relatively large extensions (Figure 5B/E and 

Figure 6B). This is highlighted by the large energy densities calculated for adhesion to the epicardium 

and gingiva (energy densities of 7.1 Jm-2 and 12.8 Jm-2, respectively; Figure 5C and Figure 6C). As these 

gels extended so significantly, with long fibres forming between the upper and lower substrates, the 



23 
 

tests were ended early, prior to complete failure of the sample. Consequently, there is a sudden drop 

in force at extensions of 10 mm when testing was ended. In terms of energy density, PAA-Cys gels 

displayed significantly greater adhesion to soft tissues than all other gels tested. In comparison to the 

data from the model substrates, this increase in energy density for PAA-Cys gels is thought to arise 

from increased reactivity with biomacromolecules at the tissue surface (e.g. via available cysteines) 

and partial interpenetration of the interfaces.  

 

Figure 6. Tensile bond tests for adhesion of PAA-based hydrogels to porcine keratinized gingiva. (A) 
Adhesion strength of gels (maximum tensile force (N)/contact area (m2)). (B) Force-extension for gels 
at a constant extension speed of 2.5 mm/min. (C) Energy density for gels (detachment work (J)/contact 
area (m2)). (D) Image showing partial deposition of PAA-Tyr gel on gingiva surface following cohesive 
failure of the gel during testing. The gel can be seen to maintain near-complete wetting of the tissue 
surface. (E) Complete deposition of PAA-BP gel on glass surface following adhesive failure of gel at 
tissue interface. Error bars show standard errors for repeats across samples (sample size n ≥ 3). **, p 
≤ 0.01. ***, p ≤ 0.001. n.s., non-significant. 

 

In contrast, PAA-BP gels adhesively failed at the glass interface for testing on epicardium tissue, and 

adhesively failed at the tissue interface in the case of the gingiva (Figure 6E). Similarly to the tests on 

model substrates, PAA-BP gels failed in a brittle manner with minimal extension of the gels occurring 

before failure at the tissue or glass interface (Figure 5B and Figure 6B). Accordingly, high adhesion 

strengths were measured (28.7 KPa for the gingiva; Figure 6A), and in comparison to PAA-Cys gels, 

slightly lower energy densities were recorded (2.6 Jm-2 for the gingiva; Figure 6C). Overall, tensile 
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bonding assays indicate excellent tissue bonding for PAA-BP, presumably due to the combined 

stiffness and chemical bonding of this gel with the tissue interface. 

In terms of overall gel mechanics and tissue adhesion, one important contributing factor that should 

be highlighted is the functionalisation level for PAA (see   
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Table 1). Unfortunately, matching degrees of functionalisation was not possible for the different 

chemistries selected. Differences in reactivities, but also in the solubility of the resulting polymers 

prevented us from achieving near 20% functionalisation in all cases. However, we aimed to promote 

the formation of stiffer and more strongly bonded hydrogels and therefore decided to use polymers 

with different degrees of substitution, despite the issue that this change brings about, in terms of 

comparing crosslinking and bonding. In the case of PAA-Cys and PAA-BP gels, functionalisation levels 

are sufficiently close (4.5 ± 0.1 and 4.4 ± 0.4%, respectively) that direct comparisons can be made 

between these two systems. For the other two gels, even though there are large differences in 

functionalisation levels, interesting comparisons can still be made and associated characteristics of 

the gelation systems can be inferred. As an example, despite the significantly higher functionalisation 

levels for PAA-BA (17.8 ± 0.3%), these gels still displayed comparatively weak mechanics and adhesion, 

as a result of the physical nature of their crosslinks. In addition, despite the low functionalisation levels 

of PAA-Tyr gels (1.8 ± 0.2%), in comparison to PAA-BA they still displayed excellent shear mechanics 

and soft tissue adhesion at a comparable level, reflecting the formation of stronger covalent crosslinks. 

However, in comparison to PAA-Cys and PAA-BP gels, the reduction in mechanics of PAA-Tyr is perhaps 

a result of the reduced functionalisation level achieved, but also as a result of the less efficient reaction 

between tyramine moieties. 

Tissue adhesion was further characterised via lap shear experiments. Testing could only be carried out 

on gels that displayed sufficient mechanical strength, due to the vertical loading of samples in the 

testing apparatus. As such, testing was only carried out on PAA-BP and PAA-Cys. Similarly to results 

from tensile bond tests, PAA-BP and PAA-Cys gels displayed distinct modes of failure from one 

another, with PAA-BP gels displaying a more brittle mode of failure (Figure 7C) and PAA-Cys gels a 

more elastic one (Figure 7D). 
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Figure 7. Lap shear tests for adhesion of PAA-BP and PAA-Cys hydrogels to porcine epicardium and 
keratinized gingiva at a constant extension speed of 10 mm/min. (A) Adhesion strength of gels 
(maximum tensile force (N)/contact area (m2)). (B) Energy density for gels (detachment work 
(J)/contact area (m2)). (C) Force-extension curves for PAA-BP gels. (D) Force-extension curves for PAA-
Cys gels. Error bars show standard errors for repeats across samples (sample size n ≥ 3). *, p ≤ 0.05. 
**, p ≤ 0.01. n.s., non-significant. 

 

Failure of PAA-BP gels for tests on the epicardium, was adhesive at the glass interface, in line with 

strong adhesion previously reported for thiol-ene hydrogels to epicardium.8 For tests on the gingiva, 

failure was adhesive again, occurring at both the glass or tissue interface across different repeats. 

These modes of failure are similar to those observed in the tensile bond tests and they suggest that 

PAA-BP gels are adhering to the epicardium with greater strength than to the gingiva. This is proposed 

to arise from differences in the surface chemistry of these tissues, notably a greater density of 

cysteines at the surface of epicardium, promoting enhanced bonding. In comparison to other tissue 

adhesives presented in the literature the PAA-BP hydrogels display comparatively high adhesion. A 

recent report by You et al. presented poly(2-alkyl-2-oxazoline) (POx)-based thiol-ene crosslinked 

hydrogels for epicardial placement and delivery of mesenchymal stromal cells (MSCs).8 Lap shear 

adhesion characterisation of these gels to the epicardium was performed under identical conditions 

to the methodology used in the present report, and displayed significantly reduced adhesion strengths 

of all POx formulations used (< 3 KPa), in comparison to our PAA-BP gels (8.39 KPa; Figure 7A). 
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Moreover, tensile testing of commercial fibrin sealant to human soft tissue was reported to display an 

adhesive strength of 811 mN/cm2.81 For comparison, in our system, tensile adhesive strengths for PAA-

BP were 560 and 2480 mN/cm2, for the epicardium and gingiva respectively (values extracted and 

converted from Figure 5A and Figure 6A). 

In addition to the impact of covalent bonding on the adhesion behaviour of the different systems 

studied, weaker hydrogen bonding, hydrophobic interactions and coulombic forces may also play a 

role in modulating tissue-specific responses. Indeed, it was previously reported that PAA brushes 

adhere more strongly to the epicardium compared to the gingiva.67 This was found to be mediated by 

hydrogen bonding and hydrophobic forces primarily, based on comparison with model monolayers. 

Due to the relatively low functionalisation levels of our polymers studied (< 20% in all cases), such 

non-specific adhesion of PAA to tissues may impact on the overall adhesion behaviour observed. 

Colloidal probe AFM experiments also highlighted the strong influence of the cell glycocalyx (a 

proteoglycan brush-like layer that coats the cell membrane)82 on such non-specific adhesion67. To the 

best of our knowledge, the epicardial glycocalyx has yet to be characterised. Accordingly, this study 

identifies a need for a more detailed characterisation of the surface chemistry of tissues to which 

biomaterials bonding is required. 

For PAA-Cys gels, failure was adhesive and occurred at the tissue interface for tests on both the 

epicardium and gingiva. During testing of these gels, long fibres formed, bridging the gap between the 

upper and lower substrates and resulting in long extensions prior to complete failure (Figure 7D). 

Similarly to results from the tensile bond tests, the adhesion strength of PAA-Cys gels to each tissue 

type was significantly lower than that of PAA-BP gels (adhesions strengths < 0.99 KPa for PAA-Cys, 

compared with > 4.85 KPa for PAA-BP; Figure 7A). This difference was reduced in the case of energy 

density, and even inverted in the case of the gingiva (Figure 7B), potentially as a result of the increased 

viscoelasticity of PAA-Cys. 

Finally, it should be pointed out that the mechanical properties of the tissue samples used will also 

likely contribute to the overall adhesion profiles measured. As the epicardium and gingiva have 

significantly different mechanical properties (Young’s moduli of 20.7 and 1020 kPa, respectively, were 

quantified via nanoindentation67) this is expected to have some influence on the adhesion profiles 

observed for our gels. Evidence for the greater compliance of the epicardium, and the effect that this 

has on the results obtained, can be found when analysing force-extension profiles. Extension lengths 

at which the maximum force values are recorded are much greater for the epicardium compared with 

the gingiva (Figure 5B, Figure 6B and Figure 7C/D), indicating the influence of tissue deformation on 

the data obtained. 
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4. Conclusion 

Our results indicate that hydrogel/soft tissue adhesion is regulated by a range of factors, including 

weak non-specific adhesion forces (the type of coupling that can occur between biomaterials and 

tissues), hydrogel and tissue mechanics, as well as potential interpenetration. In the context of the 

PAA hydrogels studied, covalent coupling mediated by thiol-ene chemistry, as in PAA-BP hydrogels, 

produces relatively high moduli and elasticity, whilst ensuring relatively strong coupling to tissues. Our 

study also highlights that thiol-thiol photo-mediated coupling is an attractive strategy to form disulfide 

networks that display increased viscoelasticity, compared to thiol-ene networks, potentially providing 

a path for energy dissipation and contributing to high extensibility and energy density. Hence, 

optimisation of the mechanical properties of these structures may results in particularly efficient 

bioadhesive hydrogels. Our results also indicate the importance of tissue biochemistry and the 

occurrence of reactive sites for coupling. The glycosylation and biochemistry of the glycocalyx present 

in the tissue of interest may significantly impact on adhesion and could potentially dominate adhesion 

properties. Hence, the integration of physical crosslinking to such interfaces, such as those mediated 

by boronic acids, could provide complementary physical crosslinks to enhance the strength of 

adhesion and ensure compatibility in more challenging environments. The design of such dual 

coupling systems remains limited, but could benefit from the flexibility of thiol-ene-mediated 

coupling. 
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