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Abstract 13 

The fast degradation of collagen-based membranes in the biological environment remains a 14 

critical challenge, resulting in underperforming Guided Bone Regeneration (GBR) therapy 15 

leading to compromised clinical results. Photoactive atelocollagen (AC) systems 16 

functionalised with ethylenically unsaturated monomers, such as 4-vinylbenzyl chloride 17 

(4VBC), have been shown to generate mechanically competent materials for wound healing, 18 

inflammation control and drug delivery, whereby control of the molecular architecture of the 19 

AC network is key. Building on this platform, the sequential functionalisation with 4VBC and 20 

methacrylic anhydride (MA) was hypothesised to generate UV-cured AC hydrogels with 21 

reduced swelling ratio, increased proteolytic stability and barrier functionality for GBR therapy. 22 

The sequentially functionalised atelocollagen precursor (SAP) was characterised via TNBS 23 
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and ninhydrin colourimetric assays, circular dichroism and UV-curing rheometry, which 1 

confirmed nearly complete consumption of collagen’s primary amino groups, preserved triple 2 

helices and fast (< 180 s) gelation kinetics, respectively. Hydrogel’s swelling ratio and 3 

compression modulus were adjusted depending on the aqueous environment used for UV-4 

curing, whilst the sequential functionalisation of AC successfully generated hydrogels with 5 

superior proteolytic stability in vitro compared to both 4VBC-functionalised control and the 6 

commercial dental membrane Bio-Gide®. These in vitro results were confirmed in vivo via both 7 

subcutaneous implantation and a proof-of-concept study in a GBR calvarial model, indicating 8 

integrity of the hydrogel and barrier defect, as well as tissue formation following 1-month 9 

implantation in rats. 10 

Keywords: Guided Bone Regeneration; barrier membrane; atelocollagen; enzymatic stability; 11 

sequential functionalisation; UV curing 12 

 13 

1. Introduction 14 

Guided Bone Regeneration (GBR) therapy has gained increasing attention, due to the 15 

growing trends in bone disorders associated with ageing, congenital diseases, trauma, and 16 

cancer, and the avoidance of tissue morbidity commonly observed with autologous bone 17 

grafting [1,2]. GBR therapy has proven successful in supporting the repair of alveolar bone 18 

critical-sized defects in the oral cavity [3], whilst new GBR strategies integrating membranes 19 

and soluble factors have also been explored for orthopaedic reconstruction [4,5]. An essential 20 

component of GBR therapy in dentistry is the placement of a physical barrier between the 21 

connective tissue and the alveolar bone critical-sized defect to allow repopulation of region-22 

specific osteogenic cells in the bone defect [6,7]. The GBR membrane acts as a barrier against 23 

soft tissue cells present in the connective tissue, aiming to promote the selective proliferation 24 

of osteogenic cells. Together with the GBR membrane, a graft material may also be applied 25 

to the critical-sized bone defect in vivo to provide an osteoconductive environment for bone 26 

regeneration. In addition, the graft material may also be applied to ensure membrane 27 
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conformation to, and preservation of, the critical-sized defect, minimising risks of membrane 1 

collapse into the defect [8,9].  2 

Resorption of the GBR membrane in vivo is a key aim in promoting full bone regeneration 3 

with a single-step clinical procedure, minimising the infection risks associated with a second 4 

surgery and membrane removal [10]. Although an ideal degradation profile has yet to be 5 

established, it is well accepted that the membrane must retain its barrier function for a certain 6 

amount of time following implantation in vivo to achieve a predictable regenerative outcome 7 

[11,12]. Considering that completed bone regeneration can take up to six months depending 8 

on the defect size [13], it can be estimated that the GBR membrane should display material 9 

integrity in the range from four weeks, when the bone remodelling phase starts, up to several 10 

months, to preserve the volume of the bone tissue defect, support selective homing of 11 

osteogenic cells and avoid soft tissue infiltration. Overall, the membrane should display (i) 12 

elasticity, to enable clinical handling and implantation in vivo with no mechanical damage; (ii) 13 

space-maintaining capability, to ensure conformation with, and protection of, the bone defect; 14 

(iii) tissue occlusivity, to minimise risks of soft tissue infiltration following implantation and 15 

during degradation; (iv) safe degradability to minimise risks of eliciting toxic response during 16 

membrane degradation [14]. Although GBR membranes have been used widely to treat bone 17 

defects in relation to severe periodontitis, peri-implantitis, and large bone loss, long term 18 

stability in vivo (> 1 month) is still a challenge for most clinically approved resorbable GBR 19 

products [14,15,16,17], resulting in soft tissue ingrowth and underperforming clinical outcome 20 

[18].    21 

Multiple natural polymers, e.g. bacterial cellulose [2], chitin [19], hyaluronic acid [20], 22 

poly(-glutamic acid) [21], and silk [22], have recently been proposed as protease-insensitive 23 

substrates for the design of new resorbable GBR membranes with prolonged stability in the 24 

physiological environment. Customisation of multiphase formulations into bespoke fibrous 25 

configurations has been proven promising, aiming to induce membrane tissue adhesion, 26 

trigger an osteogenic environment in vitro and minimise risks of surgery-induced infection 27 

[6,22,23,24,25]. These approaches have subsequently been translated to synthetic polymers 28 
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aiming to overcome the potential toxicity of degradation products [17], and to accomplish 1 

mechanical competence and space maintenance capability, together with osteogenic and 2 

barrier functionalities in vitro [26,27,28].  While these research efforts have shown promise at 3 

the preclinical testing stage, clinically approved resorbable membranes are still mainly made 4 

of type I collagen [7,14,18]. This is largely attributed to the fact that type I collagen is the main 5 

protein component of the extracellular matrix (ECM) of bone, whereby the hierarchical 6 

structure and natural crosslinks of collagen regulate bone function and remodelling in vivo. 7 

Extraction of collagen ex vivo is generally achieved via incubation in acidic or enzymatic media, 8 

which results in the breakdown of natural crosslinks of collagen [29]. The resulting water-9 

soluble material therefore presents minimal applicability in the physiological environment, so 10 

that synthetic routes aiming to restore covalent crosslinks are key [30]. 11 

Chemical crosslinking of type I collagen ex vivo has been widely adopted to equip resulting 12 

materials with water insolubility and mechanical competence in water [31], although the limited 13 

chemical accessibility of collagen triple helices raises challenges in the control and adjustment 14 

of macroscopic properties [ 32 ]. Recent synthetic approaches to accomplish controlled 15 

elasticity and degradation include crosslinked fibrillated type I collagen systems [33], UV-cured 16 

methacrylated collagen networks [ 34 , 35 ], collagen crosslinking with macromolecular 17 

segments [36,37,38,39], ionic co-networks [40], and nanostructured collagen-polyester 18 

composite [41]. While single-phase collagen materials proved to display at least 30 wt.% mass 19 

loss following 48 hours in collagenase medium [33,34], the fabrication of composite materials 20 

enabled structural customisation in the form of e.g. fibrous membrane [15] and double-layer 21 

sponge [42], whereby a mass loss of up to 30 wt.% was measured following 30 days in vitro 22 

[41]. These reports therefore indicate that current synthetic routes still only partially enable the 23 

fabrication of single-phase collagen-based membranes with GBR-compatible resorption rate 24 

(> 1 month), whilst the use of secondary polymeric phase, e.g. aliphatic polyesters, is critical 25 

to ensure long-lasting membrane stability in vivo, with the consequent safety concerns of 26 

degradation products. 27 

In an effort to address this challenge, we have recently developed a family of telopeptide-28 
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free collagen (i.e. AC) systems functionalised with ethylenically unsaturated monomers, e.g. 1 

4-vinylbenzyl chloride, that successfully generate hydrogel networks under light exposure with 2 

no addition of secondary crosslinker [43,44]. This strategy directly enabled customisation of 3 

properties according to the type of monomer that was chemically coupled to the collagen 4 

backbone [43,45,46]. Additional biofunctionalities could be successfully introduced in a drug-5 

free fashion by exploiting monomer-induced secondary interactions. For example, these 6 

molecular effects could generate drug-free inhibition of matrix metalloproteinases (MMPs) 7 

[44,47,48], ultimately delaying the enzymatic cleavage of the collagen network in vivo for 8 

durable material stability. The aim of this work was therefore to realise a single-phase and 9 

long-lasting AC-based hydrogel network with GBR applicability by leveraging the knowledge 10 

gained with the monomer-induced customisation of AC photonetworks. Departing from current 11 

design approaches of three-dimensional fibrous assemblies [16], hybrid synthetic/natural 12 

polymer formulations [41] and multi-layer composite structures [42], we hypothesised that 13 

building a covalent network of collagen triple helices with controlled crosslink density, capable 14 

of mediating drug-free MMP inhibition could enable the fabrication of a hydrogel-based GBR 15 

membrane with competitive elasticity, long-lasting stability in vivo and soft tissue barrier 16 

functionality. Our molecular design strategy to deliver this was centred on the sequential 17 

functionalisation of AC triple helices with both 4VBC, as the MMP-inhibiting monomer, and 18 

MA, as the highly reactive monomer, and to investigate the effect of the UV-curing solvent as 19 

an additional experimental space to adjust hydrogel compressibility, proteolytic degradability 20 

and swelling properties. The thorough physicochemical characterisation was pursued (i) to 21 

identify specific atelocollagen formulations generating GBR-compliant membrane 22 

microstructure and macroscopic properties (i.e. long-lasting stability, relatively low swelling 23 

and mechanical competence in biological environments); (ii) demonstrate in vitro the superior 24 

prototype proteolytic stability over Bio-Gide® as one of the clinical gold standard membranes; 25 

and (iii) corroborate in vivo the direct effect played by the prototype properties on the GBR 26 

performance, aiming to de-risk future product development. 27 
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2. Materials and Methods 1 

2.1 Materials 2 

Pepsin-extracted, medical-grade type I AC (6 mg·ml-1 in 10 mM HCL) was purchased from 3 

Collagen Solutions PLC (Glasgow, UK). 4VBC, MA and triethylamine (TEA) were purchased 4 

from Sigma-Aldrich (UK). 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methylpropan-1-one 5 

(I2959) was purchased from Fluorochem Limited (Glossop, UK). Ninhydrin 99% was ordered 6 

from Alfa-Aesar (Massachusetts, USA). Absolute ethanol and diethyl ether were purchased 7 

from VWR internationals. All other chemicals were purchased from Sigma-Aldrich unless 8 

specified.  9 

 10 

2.2 Sequential functionalisation of AC 11 

A two-step functionalisation route was developed to accomplish coupling of both 4VBC and 12 

MA residues to the AC backbone. In the first step, 4VBC-functionalised AC was prepared as 13 

previously reported [43,44]. The solution of AC was diluted to a concentration of 3 mg·ml-1 by 14 

addition of 10 mM HCl and subsequently neutralised to pH 7.5 by the addition of 0.1 M NaOH 15 

and 10 mM HCl. Polysorbate 20 (PS-20) was introduced at a concentration of 1 wt.% 16 

concentration (with respect to the weight of the diluted AC solution), prior to the addition of 17 

4VBC and TEA at a fixed molar ratio of 4VBC (and TEA) to AC’s primary amino groups 18 

([4VBC]·[Lys]−1 = 25; [4VBC] = [TEA]). After 24-hour reaction, the mixture was precipitated in 19 

10-volume excess of absolute ethanol for at least 8 hours, recovered by centrifugation and 20 

air-dried. The freshly synthesised 4VBC-functionalised AC was subsequently solubilised in 10 21 

mM HCl (3 mg·ml-1) under stirring at room temperature, and the solution pH adjusted to 7.5. 22 

MA and TEA were then added at a molar ratio of 25 ([MA]·[Lys]−1 = 25; [MA] = [TEA]). After a 23 

24-hour reaction, the reacting mixture was precipitated in 10-volume excess of absolute 24 

ethanol for 8 hours, recovered by centrifugation and air-dried. Samples of the sequentially 25 

functionalised AC and 4VBC-functionalised control are coded as 4VBC-MA and 4VBC, 26 

respectively.  27 
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2.3 (2,4,6)-Trinitrobenzenesulfonic acid (TNBS) and Ninhydrin assays 1 

Both TNBS and Ninhydrin assays were used to measure the consumption of free AC’s amino 2 

groups and respective degree of AC functionalisation, as described previously [43,44,47]. For 3 

the TNBS assay, the molar content of primary free amino groups and degree of 4 

functionalisation (F) were calculated via Equation 1 and Equation 2, respectively: 5 

𝑚𝑜𝑙(𝐿𝑦𝑠)𝑔(𝐴𝐶) = 2 × 𝐴𝑏𝑠(346𝑛𝑚)× 0.021.46∙104 × 𝑏 × 𝑥                        (Equation 1) 6 

 𝐹 = 100 − 𝑚𝑜𝑙(𝐿𝑦𝑠)𝑓𝑢𝑛𝑐𝑡.𝑚𝑜𝑙 (𝐿𝑦𝑠)𝐴𝐶  ×  100                             (Equation 2)  7 

where Abs (346nm) is the absorbance value recorded at 346 nm; 2 is the dilution factor; 0.02 8 

is the volume of the sample solution (in litres); 1.46·104 is the molar absorption coefficient for 9 

2,4,6-trinitrophenyl lysine (in M-1 cm-1); b is the cell path length (1 cm); x is the dry sample 10 

weight; and mol(Lys)AC and mol(Lys)funct .represent the total molar content of free amino groups 11 

in native and functionalised AC, respectively. 12 

Confirmation of collagen functionalisation was obtained via Ninhydrin assay. 10 mg of the dry 13 

sample was mixed with 4 ml of distilled water and 1 ml of 8 wt.% Ninhydrin solution in acetone. 14 

The mixture was reacted at 100 ˚C for 15 mins, followed by cooling in ice and the addition of 15 

1 ml of 50 vol.% ethanol in distilled water. The molar content of amino groups was measured 16 

by reading the absorbance at 570 nm against the blank. A standard calibration curve was 17 

prepared with collagen samples of known mass.  18 

Three replicates were used for each assay, and data presented as mean ± SD. 19 

 20 

2.4 Circular dichroism 21 

The circular dichroism (CD) spectra of native and functionalised AC samples were acquired 22 

using a Chirascan CD spectrometer (Applied Photophysics Ltd) using 0.2 mg·ml-1 solutions in 23 

17.4 mM AcOH solution [30]. Sample solutions (n = 2) were collected in quartz cells of 1.0 mm 24 

path length, whereby CD spectra were obtained with 2.0 nm band width and 20 nm·min-1 25 

scanning speed. A spectrum of the 17.4 mM acetic acid control solution was subtracted from 26 

each sample spectrum. The mean residue ellipticity (mrw,) was calculated according to 27 
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Equation 3:  1 𝜃𝑚𝑟𝑤,𝜆 = 𝑀𝑅𝑊×𝜃𝜆10×𝑑×𝑐            (Equation 3) 2 

where MRW is the mean residue weight and equals to 91 g·mol-1 for amino acids [47];  is 3 

the observed ellipticity (degrees) at wavelength , d is the path length (1.0 mm), and c is the 4 

concentration (0.2 mg·ml-1).  5 

 6 

2.5 Fabrication of the GBR membrane  7 

Samples of SAP were dissolved (1.2 wt.%) in solutions of either 10 mM HCl, 17.4 mM acetic 8 

acid (AcOH) or 10 mM PBS, to investigate the effect of typical AC solvents on the macroscopic 9 

properties of resulting UV-cured AC hydrogels. I2959 was selected as a water-soluble 10 

photoinitiator and firstly dissolved (1 wt.%) in the aforementioned solvents via incubation at 60 11 

ºC in the dark for three hours. Following equilibration to room temperature, the obtained I2959-12 

supplemented solutions of either 10 mM HCl, 17.4 mM AcOH or 10 mM PBS were employed 13 

for the solubilisation of AC. The resulting AC solutions were centrifuged at 3000 rpm for 5 mins 14 

to remove any air bubbles and then cast onto a 24-well plate (Corning Costar), followed by 15 

curing under UV lamp (365 nm, 8 mW·cm-2, Spectroline) for 30 mins on both top and bottom 16 

sides. At least three hydrogel replicates were prepared in each UV-curing solvent, whereby 17 

0.6-0.8 g of hydrogel-forming solution were poured in each well prior to UV-curing. The 18 

resulting UV-cured samples of GBR membrane were carefully removed with a spatula and 19 

rinsed with distilled water (15 mins, x3). Dehydration in an ascending series of distilled water-20 

ethanol mixtures (0, 20, 40, 60, 80, (×3) 100 wt.% EtOH) was carried out prior to air-drying. 21 

The above dehydration step was carried out to ensure gradual removal of water from the 22 

sample while preserving the sample geometry, as well as to remove any unreacted species. 23 

Control samples of 4VBC-functionalised AC were prepared as outlined above via solubilisation 24 

in either 10 mM HCl or 17.4 mM AcOH solutions supplemented with 1 wt.% I2959. Samples 25 

of UV-cured network are coded as either 4VBC-MA* or 4VBC*, where * indicates the 26 

crosslinked state. 27 
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2.6 Swelling, gel content and compression tests 1 

Dry UV-cured samples of known mass (md= 10-20 mg, n=4) were individually incubated in 2 

distilled water (1.5 ml) at room temperature. Following 24-hour incubation, water-equilibrated 3 

samples were collected, paper blotted and weighed (ms). The swelling ratio (SR) was 4 

calculated according to Equation 4: 5 𝑆𝑅 = 𝑚𝑠−𝑚𝑑𝑚𝑑 × 100                                  (Equation 4) 6 

The gel content was measured to investigate the overall fraction of the covalent hydrogel 7 

network insoluble in 17.4 mM AcOH [43-47]. Dry collagen networks (md= 10-20 mg, n=4) were 8 

individually incubated in 2 ml of 17.4 mM AcOH for 24 hours, and subsequently air-dried and 9 

weighed (m1). The gel content (G) was calculated according to Equation 5: 10 𝐺 = 𝑚1𝑚𝑑 × 100                       (Equation 5)                            11 

Water-equilibrated hydrogel discs (Ø: 14 mm; h: 5-6 mm, n=3) were compressed at room 12 

temperature with a compression rate of 3 mm·min-1 (Instron ElectroPuls E3000) and a 250 N 13 

load cell. The dimensions of the hydrogel samples (Ø: 14 mm; h: 5-6 mm) were selected to 14 

minimise risks of sample tilting prior to or during the test, and to ensure uniaxial compression, 15 

in line with recent publications [36,43,49,66]. The compression modulus was quantified as the 16 

slope of the linear plot region at 25-45% compression in the stress-compression curves, at 17 

which range any potential risks of a platten effect are minimal.  18 

Data of swelling ratio, gel content and compression modulus were presented as mean ± SD. 19 

 20 

2.7 Scanning electron microscopy (SEM) 21 

The morphology of UV-cured hydrogel surface and cross-section was explored via variable 22 

pressure SEM (Hitachi S-3400N VP, 60-70 Pa) combined with a Deben cool stage control 23 

(Model: LT3299).  24 

 25 

2.8 Enzymatic degradability in vitro 26 

Dry UV-cured samples (n=4) of known mass (md) were incubated for up to 14 days in 1 ml of 27 

50 mM [tris(hydroxymethyl)-methyl-2-aminoethane sulfonate] (TES) buffer containing 0.36 28 
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mM calcium chloride at 37C and either 1 or 2.5 collagen digestive units (CDU) per mg of the 1 

sample of collagenase type I from Clostridium histolyticum (125 CDU·mg-1 solid). At the 2 

selected degradation time point (either day 4 or day 14), the samples were collected, rinsed 3 

with distilled water (15 min, x3), and dehydrated via an ascending series of water-ethanol 4 

mixtures (0, 20, 40, 60, 80, (×3) 100 vol.% EtOH) followed by air-drying and weighing (mt). 5 

The relative mass (µrel) of retrieved samples was calculated as below:  6 𝜇𝑟𝑒𝑙 = 𝑚𝑡𝑚𝑑 × 100                                             (Equation 6)                          7 

 8 

2.9 Gelation kinetics by UV-equipped rheometer 9 

The UV-induced gelation kinetics of the GBR membrane was measured by a modular compact 10 

rotational rheometer (MCR 302, Anton Paar, Austria) equipped with a UV curing module 11 

(Ominicure 1500, Excelitus Technologies). The measurements of storage modulus (G’) and 12 

loss modulus (G’’) were accomplished during UV light exposure of the I2959-supplemented 13 

solution (~ 0.4 g) of functionalised AC, to characterise the gelation kinetics profile and confirm 14 

the synthesis of the UV-induced collagen network. The oscillatory shear was applied to a 15 

transparent glass parallel plate (Ø: 25mm) with a gap between the plates of 300 µm. UV light 16 

(365 nm, 8 mW·cm-2) was initiated after 5 s of shear oscillation at 21˚C.  17 

 18 

2.10 Cytotoxicity tests 19 

L929 fibroblast cells were cultured in Dulbecco's modified Eagle's medium (DMEM), 20 

supplemented with 10% fetal bovine serum (FBS), 1% glutamine, and 2.5 mg·ml−1 penicillin-21 

streptomycin, in a humidified incubator (37°C, 5% CO2). Cells were passaged every 3 days 22 

with 0.25% trypsin/0.02% EDTA. UV-cured samples were individually prepared on to a 24-23 

well plate, extensively washed in distilled water and dehydrated in an ascending series of 24 

distilled water-ethanol mixtures [0, 20, 40, 60, 80, (×3) 100 vol.% EtOH]. This dehydration step 25 

was carried out aiming to accomplish gradual removal of water, preservation of the sample 26 

geometry, and removal of any unreacted species. Prior to cell seeding, samples were 27 

disinfected in a 70 vol.% ethanol solution under UV light and washed in PBS (10 min, ×3) 28 
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 11 

under a cell culture hood. L929 cells (8×103 cells·ml−1) were seeded on top of the hydrogels 1 

and left for 3 hours to allow time for cells to adhere, followed by the addition of 2 ml of cell 2 

culture medium and overnight incubation (37°C, 5% CO2). The cell-seeded hydrogels were 3 

carefully transferred to a new 24-well plate to minimise risks of cell attachment to the well 4 

surface and to ensure that only the cells attached to the hydrogel were cultured further. 2 ml 5 

of cell culture medium were added to each sample-containing well, and the plate was 6 

incubated for up to 7 days (37°C, 5% CO2), with the cell culture medium replaced every two 7 

days. After incubation, samples (n = 6) were washed with PBS (×3) and transferred to a new 8 

24-well plate, to ensure that only cells attached to and grown on the hydrogel were imaged 9 

and respective metabolic activities quantified. Subsequently, the dying agents of Calcein AM 10 

and Ethidium homodimer-1 were added, and the sample plate incubated in the dark for 20 11 

minutes. Live/dead stained hydrogels were placed onto a glass slide for fluorescence 12 

microscopy imaging (Leica DMI6000 B). Cells grown on tissue culture treated plastics were 13 

used as the positive control (Nunc, UK). Other than live/dead staining, cell viability was 14 

assessed at selected time points (day 1, 4 and 7) using Alamar Blue assay (ThermoFisher 15 

Scientific, UK) according to the manufacturer's guidance. Six replicates were used at each 16 

time point for each hydrogel group. VP-SEM (Hitachi S-3400N VP) combined with Deben cool 17 

stage control (Model: LT3299) was also employed to observe cell attachment after 7-day 18 

culture. 19 

 20 

2.11 Subcutaneous stability test in vivo  21 

All animal studies were conducted under procedures approved by the University of Leeds 22 

Ethics Committee and under the UK Home Office project license (PPL: 70/8549). Hydrogels 23 

4VBC-MA* (Ø: 15 mm, n=2) were prepared in a PBS solution supplemented with 1 wt.% I2959. 24 

The UV-cured hydrogels were washed in distilled water and dehydrated in an ascending series 25 

of distilled water-ethanol mixtures and air-dried. Air-dried samples of 4VBC-MA* (n=2) were 26 

disinfected in a cell culture hood via incubation in a 70 vol.% ethanol solution under UV 27 

exposure (as reported in section 2.10). Ethanol-disinfected samples were incubated in a 28 
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sealed PBS-containing vial for 24 hours, prior to subcutaneous implantation in a 3-month old 1 

Sprague Dawley (SD) male rat (300-350 g). The rat was placed in a trifluorane chamber and 2 

anaesthetised (level 5 trifluorane and 2.5% oxygen) for ~2 minutes. After induction, the animal 3 

was transferred onto a heated mat and anaesthesia was maintained (level 2.5 triflurane and 4 

2.5% oxygen) via a nose cone. The upper and lower sections of the back were shaved and 5 

two full thickness skin incisions were made per section. The subcutaneous tissues were then 6 

bluntly dissected using artery forceps to create two pockets so that the PBS-swollen hydrogels 7 

were individually implanted within these pockets. The wounds were closed using 5-0 ethilon 8 

sutures. The wound was cleaned with sterile injection water and the triflurane switched off and 9 

the oxygen left on until the rats were fully recovered. A buprenorphine (0.03 mg∙ml-1, 300 μl) 10 

injection was given to the rat. Following 4-week implantation, the rat was sacrificed using a 11 

carbon dioxide chamber for 6 minutes, followed by cervical dislocation. The samples and the 12 

surrounding tissue were then dissected out, photographed and fixed in 10% neutral buffered 13 

formalin (NBF). 14 

 15 

2.12 In vivo GBR pilot study 16 

A 30-day proof-of-concept study in vivo was carried out in a rat calvarial defect model using 17 

eight 3-month-old Sprague Dawley rats. The objectives of this study were to corroborate the 18 

results obtained in vitro and to build the foundation for a future larger animal study, de-risking 19 

animal testing in the early stage of prototype development, in line with the principles of the 20 

3Rs (Replacement, Reduction and Refinement). The experimental GBR procedure was 21 

performed as previously reported [50,51]. Two full-thickness calvarial bone defects (Ø: 5 mm) 22 

were created with a trephine. A sample of the commercial membrane (Bio-Gide®, Geistlich) 23 

was trimmed to 6 mm diameter and always implanted to the intracranial side of the defect, as 24 

one of the leading GBR membrane gold standards. A commercial sample of deproteinised 25 

bovine bone mineral graft (Bio-Oss®, Geistlich) was carefully applied to fill the bone defect 26 

area, whereby a negative control group without Bio-Oss® was also used. Subsequently, either 27 

the ethanol-disinfected hydrogel 4VBC-MA* (Ø: 8 mm, UV-cured in I2959-supplemented PBS 28 
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solution) or Bio-Gide® (as control, Ø: 8 mm) was applied to the extracranial side to assess the 1 

barrier functionality in the most degradative environment of the presented GBR model [14]. 2 

Finally, the flap was sutured in layers to close the wound. The commercial membranes were 3 

always oriented with the rough surface towards the bone defect. Two rats of each group were 4 

sacrificed by schedule 1 method at both 1 and 4 weeks, and the samples were removed for 5 

histological analysis. The experimental groups are presented in Table 1. 6 

Table 1. 7 

 8 

2.12.1 Histology 9 

The rat calvarium samples (including the materials) were fixed in 10% NBF. Following 10 

decalcification, the specimens were embedded in paraffin for sectioning. Anterior–posterior 11 

consecutive sections of 8–10 µm every 100 µm were cut with a fully motorised and 12 

programmable rotary microtome (Leica RM 2265) and stained with haematoxylin and eosin 13 

(H&E) according to the experimental groups presented in Table 1. 14 

 15 

2.13 Statistical analysis 16 

Statistical analysis was carried out using OriginPro 8.51. Statistical differences were 17 

determined by one-way ANOVA and the post hoc Tukey test. A p value less than 0.05 was 18 

considered to be significantly different. Data are presented as mean ± SD. 19 

 20 

3. Results and Discussion 21 

The fabrication of a GBR membrane was pursued via sequential functionalisation of AC with 22 

both 4VBC and MA residues, followed by solubilisation in an I2959-supplemented aqueous 23 

solution and UV curing (Figure 1). Coupling of both 4VBC and MA residues to lysine functions 24 

was hypothesised to generate a mechanically competent UV-cured material with enhanced 25 

enzymatic stability, reduced swelling ratio and barrier functionality, due to the nearly complete 26 

functionalisation and crosslinking of AC’s primary amino groups, and the capability of 4VBC’s 27 

aromatic residues to chelate and deactivate collagen-degrading MMPs in vivo [44]. The 28 

characterisation of the AC products will be presented at molecular, micro and macroscopic 29 
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scales, and following L929 cell culture in vitro. Ultimately, a proof-of-concept study in vivo in 1 

both a subcutaneous implantation model and GBR model in rats will also be discussed to 2 

explore the material degradability and tissue formation following material implantation. 3 

Figure 1. 4 

 5 

3.1 Chemical characterisation of sequentially functionalised AC 6 

UV-cured collagen hydrogels have been shown to display adjusted macroscopic properties 7 

depending on the degree and type of covalent functionalisation of respective hydrogel-forming 8 

collagen precursors [30,46,52]. For example, an increase in the degree of methacrylation was 9 

demonstrated to directly correlate with the gel content (as an indirect measure of molecular 10 

crosslinking density), as well as the compression modulus and proteolytic stability (at the 11 

macroscopic scale) of respective UV-cured AC hydrogel [43]. Given the relevance of 12 

aforementioned macroscopic properties on GBR functionalities, functionalisation of AC was 13 

therefore pursued via sequential reaction with both 4VBC and MA ([monomer]·[Lys]-1 =25), 14 

aiming to accomplish nearly complete derivatisation of AC’s lysines and exploit the relatively 15 

high reactivity of MA [47], as well as the molecular rigidity and metal-chelation capability of 16 

4VBC [44]. Both TNBS and ninhydrin assays have been reported to be reliable methods to 17 

quantify the molar content of free amino groups [20,34,47] and were therefore selected to 18 

indirectly determine the degree of functionalisation in obtained AC products. Both assays 19 

confirmed a decreased molar content of free primary amino groups in 4VBC-reacted AC 20 

([Lys]= 2.89 ± 0.06  2.38 ± 0.02 mol·g-1), corresponding to an averaged degree of 21 

functionalisation of 18 mol.% (Table 2), in line with previous reports [43,44].  22 

Table 2. 23 

 24 

The relatively large molar content of free primary amino groups measured in the collagen 25 

product therefore supported the use of 4VBC as the reacting monomer of the first 26 

functionalisation step (prior to the reaction with MA), in line with the decreased reactivity of 27 

4VBC towards nucleophilic substitution [43,45,46]. When the 4VBC-functionalised AC 28 

precursor was reacted with MA ([MA]·[Lys]-1 =25), nearly 100 mol.% of AC functionalisation 29 
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was observed by TNBS and ninhydrin assays (Table 2), indicating successful covalent 1 

coupling of both monomers and an increased molar fraction of MA compared to 4VBC 2 

residues in the retrieved AC product. The lower degree of AC functionalisation with the 3 

aromatic (4VBC) compared to the methacrylate (MA) monomer is attributed to the generation 4 

of hydrochloric acid during the reaction of AC’s primary amino groups with 4VBC’s methylene 5 

bridges, leading to protonation and decreased reactivity of remaining primary amino groups 6 

(Figure S1). 7 

In contrast to previous reports [33,34,35,43], this sequential functionalisation strategy 8 

therefore proved successful to enable nearly-complete functionalisation of AC amino group 9 

terminations with two distinct monomers, promising a wider range of macroscopic and 10 

degradation profiles in the absence of dispersed [6,41] or crosslinked [37,39] synthetic phase. 11 

Together with the confirmation of sequential functionalisation, the reaction product of AC 12 

was characterised by CD spectroscopy to elucidate the impact of sequential functionalisation 13 

on AC’s triple helix organisation (Figure 2). Dichroic patterns of sample 4VBC-MA proved to 14 

be comparable to the ones of native AC, whereby a negative peak at about 198 nm was 15 

observed corresponding to the presence of left-handed polyproline II helices; as well as a 16 

positive peak at about 220 nm, attributed to right-handed triple helices. 17 

Figure 2. 18 

 19 

Aforementioned CD spectra proved to be in stark contrast with the CD spectrum of gelatin 20 

[45,46], which shows no positive CD peak and confirming the presence of a randomly oriented 21 

polypeptide configuration. Other than the CD patterns, the magnitude ratio between positive 22 

and negative peak intensities (RPN) was also calculated and found to be equal to 0.12 and 23 

0.088 in the case of native AC and SAP, respectively. While the former value appears to be 24 

in line with previous reports on type I collagen [30,43,45,46], the decrease of RPN in the SAP 25 

suggests a reduction in the content of AC triple helices. This observation is likely due to the 26 

nearly complete derivatisation of triple helix-stabilising primary amino groups of lysine 27 

terminations [47,53] and to the partial introduction of bulky 4VBC aromatic groups (Table 2). 28 
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3.2 Fabrication of UV-cured hydrogels 1 

When 4VBC-MA was dissolved in I2959-supplemented aqueous solutions, full gelation was 2 

accomplished following exposure to UV light, an observation that supported the synthesis of 3 

a covalently crosslinked network of sequentially functionalised AC triple helices. No detectable 4 

macroscopic differences were detected between hydrogels 4VBC-MA* and 4VBC* (Figure S2, 5 

Supp. Inf.), and with respect to state-of-the-art glutaraldehyde crosslinked collagen [54]. Cool-6 

stage SEM of hydrogels 4VBC-MA* revealed a homogeneous distribution of interconnected 7 

micropores (Ø ≤10 μm) across the material (Figure 3).  8 

Figure 3. 9 

 10 

High pore interconnectivity has been observed in previously reported UV-cured networks of 11 

covalently crosslinked collagen molecules [30,33,35,46], and indirectly suggests densification 12 

of collagen molecules via covalent crosslinking as well as improved degradability and 13 

mechanical properties [36]. Furthermore, control of internal pore size can also be leveraged 14 

to minimise risks of soft tissue cell infiltration in GBR membranes, as supported by the low 15 

porosity revealed by Bio-Gide®, as one of the current clinical gold standards (Figure S3, Supp. 16 

Inf.). Typically, micro-pores (Ø: 5-20 μm) are beneficial to limit the passage of cells during the 17 

initial phase of bone healing, while larger pores formed following initiation of the membrane 18 

degradation process may support bone growth in the degrading membrane [10,55,56]. The 19 

aforementioned observation of relatively small internal pores therefore provides the above 20 

hydrogel with inherent soft tissue barrier functionality, given the confined space available to 21 

cells, which limits cell spreading, proliferation and vascularisation [33,57]. The importance of 22 

pore size in barrier functionality is also in agreement with the low porosity depicted by SEM in 23 

a sample of commercial collagen membrane used for GBR (Figure S3, Supp. Inf.). 24 

Given the secondary interaction capability of AC amino acidic terminations and grafted 25 

photoactive residues, the effect of the UV-curing solvent on hydrogel properties was 26 

investigated as a new strategy to achieve hydrogel controllability. To explore the gelation 27 

kinetics and confirm the formation of a UV-induced hydrogel network, the SAP was dissolved 28 
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in either 10 mM HCl (pH ~2), 17.4 mM AcOH (pH ~3) or 10 mM PBS (pH 7.5), as typical 1 

solvents for AC, so that respective solutions were tested with oscillatory time sweeps during 2 

exposure to UV light. A significant increase in storage and loss moduli was promptly observed 3 

in all aqueous systems once UV light was activated (Figure 4). The value of G’ was significantly 4 

(> 175-fold) higher than the one of G’’ after 180 s of UV irradiation (Table S1, Supp. Inf.), 5 

indicating a predominantly elastic behaviour as expected by the formation of a UV-induced 6 

covalently crosslinked collagen network. Following complete gelation, hydrogels 4VBC-MA* 7 

revealed a 20-fold increase in storage modulus compared to hydrogel 4VBC* [43], indicating 8 

significantly increased hydrogel elasticity, which is key to ensure enhanced clinical handling 9 

of the GBR membrane, and to minimise risks of mechanical damage following membrane 10 

implantation in vivo. The aforementioned variation in shear modulus can be rationalised 11 

considering the significant difference in the degree of functionalisation between sequentially 12 

and 4VBC-functionalised AC precursors (F: 18  95 mol.%, Table 2). These results therefore 13 

confirm the direct effect of this molecular parameter on the macroscopic properties of 14 

respective UV-cured hydrogels, as previously observed with single functionalised collagen 15 

precursors [43,46,52]. 16 

Figure 4. 17 

 18 

Although the gelation profiles were found to display comparable trends, it was interesting 19 

to measure quantitative differences in shear moduli depending on the UV-curing solvent used 20 

for hydrogel network formation. When dissolved in 10 mM HCl, sample 4VBC-MA revealed 21 

the highest values of storage and loss modulus during the entire time sweep, whereby the 22 

value of G’ (8149 ± 345 Pa) was found to be more than 200 times higher than the value of G’’ 23 

(40 ± 12 Pa) following UV treatment (Figure 4A). The hydrogels 4VBC-MA* therefore revealed 24 

a 20-fold increase in storage modulus compared to hydrogel 4VBC*, i.e. obtained via UV-25 

curing AC precursors bearing 4VBC residues only [43]. These observations therefore 26 

demonstrate the significantly increased elasticity of UV-cured sequentially functionalised AC 27 

hydrogels, which is key to enable hydrogel applicability in GBR therapy. The aforementioned 28 
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values of storage modulus measured in hydrogels 4VBC-MA* proved to be higher than the 1 

ones reported with both orthogonally crosslinked collagen-hyaluronic acid co-networks [37] 2 

and carboxymethyl cellulose-crosslinked collagen [40], and close to the ones of 3 

nanostructured collagen-PLGA composites [41], whilst higher values were revealed when type 4 

I collagen hydrogels were crosslinked with high molecular weight dextran [36]. These results 5 

therefore indicate the significant effect of the presented sequential functionalisation route on 6 

the mechanical properties of collagen-based materials prepared in the absence of either 7 

secondary polymers or collagen self-assembling step.  8 

Other than the rheological differences at equilibrium, the solution of sample 4VBC-MA in 9 

10 mM HCl displayed a constantly higher value of G’ with respect to the G’’ prior to, and no 10 

cross-over point following, UV irradiation. This observation suggests the development of 11 

secondary interactions and molecular entanglements between sequentially functionalised AC 12 

molecules, such as aromatic-aromatic and hydrogen-bonding interactions, which is in 13 

agreement with the relatively high solution acidity (pH= 2), the high concentration of AC in the 14 

photoactive solution (1.2 wt.%) and the presence of aromatic and methacrylate residues 15 

covalently coupled to AC. In contrast to the rheograms recorded in 10 mM HCl solution, 16 

samples of 4VBC-MA dissolved in either 17.4 mM AcOH or 10 mM PBS revealed a clear 17 

cross-over point following UV activation, which was reached more quickly in the former (~ 4.5 18 

s) compared to the latter (~ 7.5 s) solvent. UV-curing in diluted acetic acid also proved to 19 

generate covalent networks with significantly increased storage and loss moduli (G’= 3675 20 

±185 Pa; G’’= 19 ± 1 Pa) with respect to UV-curing of the PBS-dissolved SAP (G’= 796 ± 61 21 

Pa; G’’= 5 ± 1 Pa) (Figure 4B and C). 22 

As a well-known ampholyte, environmental factors, such as pH, ionic strength and salt 23 

concentration, as well as the amino acidic composition, affect secondary interactions and long-24 

range configuration of collagen molecules [34,40,58]. For instance, incubation of crosslinked 25 

type I collagen in aqueous solutions of decreased acidity was exploited to accomplish 26 

hydrogels with decreased swelling by controlling the electrostatic interactions between amino 27 

acidic side chains [59]. In this study, the sequential functionalisation with both 4VBC and MA 28 
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residues is expected to contribute new secondary interactions between AC molecules. This 1 

observation is supported given the pH-dependent capability of aforementioned aromatic and 2 

methacrylate groups to mediate - stacking interactions and hydrogen bonds, respectively, 3 

the nearly complete consumption of AC’s free amino groups and the consequent decrease in 4 

AC’s isoelectric point. Indeed, the isoelectric point of collagen was found to decrease from 5 

~6.5 to ~5.5 following functionalisation of 30 mol.% of lysines with methacrylate residues [34], 6 

in agreement with the increased molar content of negatively charged carboxylic functions in 7 

the collagen backbone. Therefore, the increased molar content of MA (compared to 4VBC) 8 

residues and the decreased isoelectric point in the SAP are attributed to explain the above-9 

mentioned decrease of storage and loss moduli in AC networks prepared in solutions of 10 

increased pH. With the increase in pH, the presence of OH– ions generates weaker hydrogen 11 

bonds [ 60 ] as well as electrostatic repulsion between AC side chains terminating with 12 

deprotonated carboxylic terminations [34], resulting in decreased shear moduli, as observed 13 

with UV-cured MA-functionalised AC [43]. Unlike the case where UV curing was carried out at 14 

increased pH (Figure 4 B-C), significant secondary interactions could be detected when the 15 

sample 4VBC-MA was solubilised in the 10 mM HCl solution (pH ~ 2), whereby no cross-over 16 

point and a predominantly elastic response was measured following activation of UV light 17 

(Figure 4A). 18 

 19 

3.3 Physical characterisation: swelling ratio, gel content and compression properties 20 

AC networks UV-cured in either 10 mM HCl, 17.4 mM AcOH or 10 mM PBS were further 21 

characterised in vitro with respect to their crosslinked architecture, macroscopic properties 22 

and enzymatic degradability, aiming to assess their applicability as GBR membrane. A high 23 

gel content (G ≥ 95 wt.%) was exhibited by all dry AC networks following 24-hour incubation 24 

in 17.4 mM AcOH (Figure 5), in agreement with the nearly complete functionalisation of AC 25 

and in contrast to the complete dissolution observed with a control sample of native AC in the 26 

same conditions. Although UV curing in the PBS solution proved to generate networks with 27 

high gel content (G= 95±3 wt.%), these values proved to be lower than the ones measured in 28 
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the two acid-cured groups, an observation that agrees with previously observed solvent-1 

induced variations in gelation kinetics (Figure 4) and shear moduli (Table S1, Supp. Inf.). Since 2 

the gel content is directly related to the extent of conversion of the photoactive precursor to 3 

the crosslinked network [61], the above-mentioned values of G therefore provide additional 4 

confirmation of the successful UV-induced crosslinking reaction between sequentially 5 

functionalised AC molecules in all three solvents. This is key aiming to minimise risks of 6 

releasing soluble collagen fraction following contact with the biological environment, as 7 

reported with currently available collagen membranes [62], and to accomplish clinically-8 

relevant elasticity and swelling properties. The elasticity of the GBR membrane is indeed of 9 

outmost importance from a clinical point of view to enable clinicians to accomplish membrane 10 

manipulation and adaptation to the bone defects and to allow for proper fixation of the barrier 11 

membrane when used alone or in combination with a bone graft.  12 

Given that water acts as a plasticiser in biopolymers [32], it is critical that respective water-13 

induced swelling does not deteriorate the clinical handleability of the collagen membrane and 14 

that the membrane dimensional conformation with the tissue defect is ensured. Indeed, a 15 

relatively low swelling ratio in the GBR membrane is important for clinicians to ensure primary 16 

wound closure. Conversely, an unexpected /uncontrolled swelling ratio during the early 17 

healing phase might lead to membrane /graft exposure and healing by secondary intention, 18 

which would compromise the regeneration outcome. Consequently, it was important to 19 

measure the swelling behaviour of accomplished UV-cured hydrogel networks. All dry 20 

collagen samples took up, and swelled when incubated in, distilled water, whereby a swelling 21 

ratio (SR) in the range of 350±48–684±76 wt.% was measured upon solvent equilibration 22 

(Figure 5). Especially the SR of the PBS-cured hydrogels was found to be comparable to the 23 

one of Bio-Gide® (SR= 289±22 wt.%, p= 0.0602) and significantly smaller than the one 24 

measured in crosslinked collagen systems intended for GBR therapy [38,42,63] as well as 25 

UV-cured homo-networks of either 4VBC- or MA-functionalised collagen [43,44,46]. From a 26 

physical property point of view, the aforementioned swelling behaviour therefore support the 27 

GBR applicability of this hydrogel, aiming to reduce the volumetric expansion of the membrane 28 
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at the defect site in vivo following contact with the physiological medium and to ensure tissue 1 

occlusivity [14,50]. The aforementioned relatively low values of SR can be attributed to the 2 

significant crosslink density in the resulting UV-cured network and the relatively high 3 

concentration of collagen used in the UV-curing aqueous system.  4 

Figure 5. 5 

 6 

Although it is difficult to confirm the exact nature of the covalent crosslinks formed in the UV-7 

cured network, i.e. homo-crosslinks (either 4VBC-4VBC or MA-MA), hetero-crosslinks (4VBC-8 

MA) or combinations thereof, the decreased values in SR provides indirect evidence of 9 

complete crosslinking between the photoactive residues covalently coupled to the same AC 10 

backbone. These results therefore support the direct effect of the degree functionalisation on 11 

the macroscopic properties of UV-cured sequentially functionalised AC hydrogels. 12 

Samples prepared in the 17.4 mM AcOH solution (pH ~ 3) revealed the largest swelling 13 

ratio (SR), whilst insignificant differences of SR were recorded in samples cured in solutions 14 

of either 10 mM HCl or 10 mM PBS. Typically, networks with increased gel content tend to 15 

display decreased swelling properties, in light of the increased content of crosslinks between 16 

polymer chains. Whilst the above data seem to deviate from the inverse G-SR relationship, 17 

electrostatic effects are likely to play an additional contribution in this case [64], given the 18 

amphoteric character of AC and the nearly full consumption of primary amino groups in the 19 

SAP. The swelling of collagen is known to decrease in neutral pH, due to the protonation of, 20 

and electrostatic interaction between, amino and carboxylic terminations, whilst increased 21 

swelling is observed in acidic or basic environment due to the electrostatic repulsions between 22 

the amino acidic side groups of collagen [40,59,65,66,67]. Consequent to the full consumption 23 

of primary amino groups, the SAP dissolved in the PBS-based UV-curing system is only 24 

expected to expose fully deprotonated carboxylic terminations. The most likely explanation for 25 

the significantly lower values of SR in hydrogels UV-cured in physiological (10 mM PBS, pH 26 

7.5) with respect to acidic (e.g. 17.4 mM AcOH, pH 3) conditions is therefore attributed to the 27 

secondary interactions between ionic species of PBS and the deprotonated carboxylic 28 
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terminations of the SAP. The aforementioned secondary interactions are unlikely to be found 1 

when the AC network is prepared in either 10 mM HCl or 17 mM AcOH, since ionisation of 2 

AC’s carboxylic terminations (pKa= 3.65-4.25) is decreased in these aqueous media (pH ≤ 3). 3 

Consequently, this solvent-induced mechanism of swelling ratio control may offer an additional 4 

dimension to build hydrogels with controlled structure-function relations.  5 

Given the large swelling ratio in physiological conditions and the fact that water acts as a 6 

plasticiser for collagen, the attention moved to the characterisation of the mechanical 7 

properties in the water-equilibrated collagen networks. Samples with a diameter/height ratio 8 

of ~2 were prepared to minimise risks of sample tilting during compression, which is typically 9 

observed when hydrogel samples with a relatively large height are measured. All samples 10 

described a J-shaped stress-compression curve (Figure 6A), which is typical of biological 11 

tissues [36,43,49,66] and which is attributed to the complex interplay of aqueous fluid and 12 

covalently-crosslinked collagen molecules under compression [68].  13 

Figure 6. 14 

 15 

The compression properties of the AC networks varied according to the UV-curing solvent, 16 

whereby the PBS-cured samples displayed the largest compressibility (up to nearly 90% 17 

compression) and significantly reduced compression modulus (Ec= 22±9 kPa), compared to 18 

both acid-cured samples (Ec= 155±24–178±20 kPa) (Figure 6B). This variation in compression 19 

modulus agrees with previously discussed trends in shear moduli (Figure 4), confirming the 20 

suitability of selected sample geometry and compression setup, so that a multimodal 21 

mechanical characterisation was accomplished. The variation in compression modulus also 22 

reflects the increased compressibility and decreased gel content measured in AC networks 23 

UV-cured in PBS (Figure 5). The increased compressibility presented by the PBS-cured 24 

hydrogel networks is key aiming to accomplish safe membrane implantation and fixation at 25 

the critical-sized defect site, minimising risks of membrane collapse in the defect and /or 26 

membrane damage, including curling or wrinkling observed following contact with body fluid 27 

[16]. 28 
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3.4 Proteolytic stability in vitro and subcutaneous implantation in vivo 1 

Samples UV-cured in PBS were subsequently selected for degradation tests in collagenase 2 

media, given their relatively low swelling ratio, relatively high compressibility and acid-free 3 

synthesis. These three features were considered key for GBR therapy, aiming to ensure 4 

occlusivity, elasticity and surgical handling, as well as cell tolerability and safety in vivo, 5 

respectively. Following 14-day enzymatic incubation (37 ºC, 1 CDU∙ml-1), samples 4VBC-MA* 6 

successfully displayed significantly higher relative mass at both days 4 and 14 (rel = 73±8 wt.% 7 

 50±4 wt.%), with respect to both controls of UV-cured 4VBC-functionalised homo-network 8 

(rel = 46±2  24±4 wt.%) and the commercial collagen membrane Bio-Gide® (rel = 19±5  9 

14±4 wt%) (Figure 7A). The enhanced proteolytic stability of the UV-cured samples 4VBC-10 

MA* was further confirmed in solutions supplemented with increased collagenase 11 

concentration (2.5 CDU∙ml-1), whereby nearly 50 wt.% of the original mass was still retained 12 

(rel = 57±2  47±3 wt.%), whilst almost all sample of Bio-Gide® was lost (rel =2±4  1±2 13 

wt.%) (Figure 7B). These gravimetric results were in agreement with the digital macrographs 14 

captured during sample incubation in vitro, whereby the hydrogel 4VBC-MA* revealed minimal 15 

changes in macroscopic integrity in contrast to the samples of the collagen membrane (Figure 16 

7C). The aforementioned degradation trends were also confirmed when control samples of 17 

native AC were used, which revealed a 10-fold decrease in relative mass with respect to the 18 

UV-cured samples 4VBC-MA* following 4-day incubation with increased collagenase 19 

concentration (2.5  5 CDU ml-1, Figure S4, Supp. Inf.).  20 

Figure 7. 21 

 22 

Similar trends were also exhibited by the homo-networks of both 4VBC* (p< 0.005) and MA*, 23 

whereby nearly 2-fold and 1-fold decrease in relative mass were recorded with respect to 24 

samples 4VBC-MA* (Figure S4, Supp. Inf.). These results provide additional confirmation that 25 

the coupling of both aromatic and methacrylate residues onto AC’s lysines and consequent 26 

nearly complete functionalisation of AC lysines are key to accomplish long-lasting proteolytic 27 

stability of the AC hydrogels. The long-lasting proteolytic stability of hydrogel 4VBC-MA* 28 
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observed in vitro was ultimately corroborated by an in vivo subcutaneous implantation test in 1 

rats, whereby samples successfully demonstrated to remain intact and to display only low 2 

diameter reduction (~ 13%) after 4 weeks in vivo (Figure 7D). The results of this test in vivo 3 

therefore contributed additional research leverage aiming to progress preliminary prototype 4 

evaluation with a proof-of-concept study in a GBR defect model in vivo, minimising animal 5 

testing risks and respective ethical issues. 6 

Overall, the presence of 4VBC-crosslinked AC molecules is expected to induce cation- 7 

interactions between 4VBC’s aromatic rings and active zinc sites of collagenases, so that 8 

drug-free enzymatic deactivation can be successfully accomplished with minimal peptide bond 9 

scission [43]. Together with 4VBC, the presence of MA in the SAP is on the other hand 10 

beneficial to accomplish increased crosslink density following UV curing and delayed AC 11 

degradation. The 14-day proteolytic stability (μrel = 47±3 wt.%) of 4VBC-MA* in vitro was 12 

significantly higher than that reported for hyaluronic acid-collagen co-networks [37], UV-cured 13 

methacrylated collagen [34], as well as PVA- [66], genipin- [67] and PEG-crosslinked collagen 14 

[69 ], whilst, as expected, it was lower than that of carboxymethyl cellulose-crosslinked 15 

collagen [42], in light of the protease insensitivity of cellulose. 16 

 17 

3.5 Biocompatibility and cell proliferation in vitro 18 

Consequent to the degradation tests, efforts focused on assessing the tolerability of the 19 

accomplished AC hydrogel 4VBC-MA* with L929 fibroblasts, aiming to confirm cell viability, 20 

the absence of any hydrogel-induced toxic effects, and cell barrier functionality (Figure 8). 21 

Accordingly, dry UV-cured samples were incubated in a 70 vol.% ethanol solution under UV 22 

exposure, to achieve material disinfection [70,71]. Live/dead staining of the L929 fibroblasts 23 

cultured on to the resulting UV-cured samples 4VBC-MA* (Figure 8A) revealed high cellular 24 

tolerability of the hydrogel (Figure 8B), whereby only partially detectable dead cells were 25 

observed (in red) at the end of day 7 (Figure 8C). These observations are in agreement with 26 

the previously reported biocompatibility of AC homo-networks 4VBC* and MA* [43], and the 27 

high gel content values measured on the hydrogel 4VBC-MA* (G= 95±3 wt.%, Figure 5), which 28 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 



   

 

 25 

indicate full network formation and minimal presence of unreacted species following UV-curing. 1 

The post-synthesis hydrogel dehydration in aqueous solutions of increasing ethanol 2 

concentration is also expected to serve as an additional hydrogel purification step, whereby 3 

any unreacted residues are washed away from the samples, reducing risks of toxic response 4 

during cell culture. Superimposed confocal microscopy images of freshly-synthesised and 7-5 

day cultured hydrogels also revealed that the viable cells were mainly localised on the surface 6 

of, rather than across, the hydrogel structure. This surface-localised growth of L929 fibroblasts 7 

is in agreement with the presence of relatively small micro-pores observed in the hydrogel 8 

microstructure (Figure 3). This, together with the fact that no detection of dead (red) cells was 9 

observed (Figure 8D), therefore supports both the barrier functionality and high tolerability of 10 

this hydrogel. 11 

Figure 8. 12 

 13 

Cell viability results were corroborated via the Alamar Blue assay, which was carried out 14 

during the 7-day culture to gain insight on the cell metabolic activity (Figure 9A). The cellular 15 

activity proved to be directly related to the culture time on both the collagen hydrogel and the 16 

tissue culture plastic (TCP) control. The cells cultured on TCP exhibited a 3- and 16-fold 17 

averaged increase in the metabolic activity at day 4 and 7 of culture, respectively, when 18 

compared to the metabolic activity of cells at day 1. Interestingly, the cells cultured on the AC 19 

hydrogel exhibited a significantly increased metabolic activity when compared to the TCP 20 

control. Cells cultured on the hydrogels exhibited a 15- and 40-fold averaged increase in 21 

metabolic activity at day 4 and 7, respectively, when compared to day 1. These findings 22 

therefore further evidence the viability of hydrogel-cultured cells (Figure 9B) and indicate an 23 

increased rate of cell proliferation induced by the AC hydrogel when compared to conventional 24 

TCP.  25 

Figure 9. 26 

 27 

Consequently, the surface of the AC hydrogel effectively supports the migration and 28 
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proliferation of L929 cells, in line with the effect of collagen on cell adhesion, proliferation and 1 

survival in vitro [72], and despite the sequential functionalisation and UV-curing route pursued 2 

for the hydrogel fabrication. At the same time, the presence of the relatively small micropores 3 

in the hydrogel (Figure 3) is seen to prevent cell spreading and proliferation in the inner 4 

hydrogel structure (Figure 8D). This explanation is supported by the significantly less porous 5 

hydrogel surface depicted at day 7 of cell culture (Figure 9C-D) compared to the native 6 

hydrogel (Figure 3), proving cell attachment on the hydrogel surface. These observations 7 

therefore indirectly suggest the capability of the hydrogel to integrate with the surrounding 8 

tissue, yet minimising risks of tissue growth in the inner microstructure, in agreement with the 9 

functionality of a GBR membrane.  10 

The proteolytic scission of peptide bonds in the biological environment may be associated 11 

with the formation of internal larger pores in the AC hydrogel at later time points (i.e. after 7 12 

days of cell culture), raising risks of decreased barrier functionality. Conversely, a low 13 

decrease in sample diameter (~ 13%) was measured in the hydrogels following 4-weeks 14 

subcutaneous implantation in vivo, in line with the increased material integrity observed in vitro 15 

with respect to Bio-Gide® (Figure 7). These observations speak in favour of a surface erosion 16 

rather than bulk degradation mechanism, in agreement with previous degradation studies on 17 

collagen-based hydrogels [52,73]. According to a surface erosion mechanism, larger pores 18 

are predominantly formed in the outer layer rather than on the hydrogel core, generating 19 

minimal risks on the long-term barrier and tissue integration membrane functionalities.  20 

The aforementioned data therefore demonstrate that the presented sequential collagen 21 

functionalisation route enables the simple fabrication of a biocompatible hydrogel with 22 

convenient microstructure for localised fibroblast growth and barrier functionality, yet avoiding 23 

complex manufacturing steps and multi-layered membrane architectures [15,16,19,42].  24 

 25 

3.6 In vivo pilot study of GBR functionality  26 

Having confirmed its biocompatibility and barrier functionality in vitro, as well as its 4-week 27 

material integrity in vivo, the attention focused on exploring the performance of the hydrogel 28 
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as a GBR barrier membrane in a GBR animal model. Given the unknown tolerance in vivo of 1 

this previously-unreported AC membrane, a proof-of-concept study was carried out in rats 2 

using a relatively low number of animals, in line with the principles of the 3Rs for animal testing 3 

and aiming to lay down the research foundation for a future larger investigation in vivo. 4 

Samples of the AC hydrogel and Bio-Gide® were employed as the experimental group and the 5 

clinical gold standard, respectively. Calvarial defect models are often employed to assess the 6 

in vivo bone regeneration capacity, whereby a critical size defect is created in the exposed 7 

calvarial bone, treated with the experimental sample, followed by repositioning and suturing 8 

of the soft tissue [6,17,23,50]. Although this model offers a relatively easy surgical procedure 9 

to assess the material-induced bone regeneration, risks persist with respect to soft tissue cell 10 

infiltration from the underlying dura mater, especially when the membrane is not completely 11 

conformed to the surgical site. To minimise risks of soft tissue infiltration, a barrier GBR defect 12 

model was created in the calvaria of rats [74]. To assess the barrier functionality in the most 13 

degradative environment of the presented GBR defect [14], samples of 4VBC-MA* were 14 

always applied to the extracranial side (Figure 10A), i.e. facing the periosteum and soft tissue, 15 

whereby control groups were treated with Bio-Gide®. Compatibly with the nature of the proof-16 

of-concept study, the intracranial side, i.e. facing the dura mater (Figure 10A), was on the other 17 

hand always covered with samples of Bio-Gide®. As one of the leading GBR membrane gold 18 

standards, Bio-Gide® has indeed been extensively documented in the literature to prevent the 19 

ingrowth of cells coming from the dura mater [75,76,77]. Ultimately, the effect of the graft 20 

material Bio-Oss® in the critical size defect was also explored.  21 

Figure 10. 22 

 23 

After one-week implantation in vivo, samples of Bio-Gide® (Figure 10B-E) and hydrogel 24 

4VBC-MA* (Figure 10F-I) proved to act as a barrier regardless of the application of Bio-Oss®. 25 

The space between the two defect sides was still observed, whereby the formation of densely 26 

packed tissue was detected within the bone defect area and around the Bio-Oss® particles 27 

(Figure 10D-E & H-I, see black arrows). The distance between the two membranes proved to 28 
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be decreased in the blank defects (Figure 10B-G) compared to defects filled with Bio-Oss® 1 

(Figure 10D-I), suggesting that the application of the membranes alone is insufficient to 2 

withstand the mechanical loads and preserve the integrity of the defect gap. Increased cell 3 

density was also observed in the graft-filled defects (Figure 10I, see black arrows), likely due 4 

to the fact that Bio-Oss® promotes osteoblast migration from the edges, towards the centre, 5 

of the defect, in line with the osteoconductive functionality of the selected graft material. 6 

Nevertheless, implantation of the membranes for one week in vivo may be too short for 7 

visualising any de novo bone tissue formation [78], as also supported by the presence of small 8 

gaps at the membrane-defect interface (Figure 10B-D & F-I). This observation is in line with 9 

the initial inflammation phase of the bone regeneration process [16], prior to the subsequent 10 

occurrence of angiogenesis, granulation tissue, and remodelling [79].  11 

After four weeks of implantation, both samples of Bio-Gide® (Figure 11A-D) and hydrogel 12 

4VBC-MA* (Figure 11E-H) remained intact, supporting the long-lasting proteolytic stability of 13 

the AC hydrogel previously observed in vitro and in vivo (Figure 7).  14 

Figure 11. 15 

 16 

The integrity of the sample of Bio-Gide® following four weeks in vivo is partially in contrast with 17 

previous results obtained in vitro, which indicated nearly complete dissolution of the 18 

commercial membrane following two-week incubation in a collagenase-supplemented 19 

medium (Figure 7A-C). This observation can be rationalised by considering the different 20 

enzymatic concentrations between in vitro and in vivo environments, as well as the relatively 21 

short duration (4 weeks) of this proof-of-concept study in vivo. Considering the typical bone 22 

regeneration process [13,80], an increased implantation time (12 weeks) may be needed in a 23 

follow on study to clearly demonstrate a compelling advantage in the degradation profile and 24 

GBR functionality of the AC prototype with respect to Bio-Gide®. The additional confirmation 25 

of proteolytic stability for at least four weeks in a GBR model in vivo is therefore key to de-risk 26 

future, larger investigations in vivo with the AC prototype prior to moving towards a first-in-27 

human clinical evaluation.   28 
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The material integrity and the formation of an island of densely packed tissue in the centre 1 

of the four-week graft-free defect treated with Bio-Gide® and the hydrogel 4VBC-MA* (Figure 2 

11E-F, see blue arrows) suggests the maintenance of the barrier function by both materials 3 

after four weeks as well as their integration with the surrounding bone. An increased cell 4 

density was apparent at the centre of the graft-free defects (Figure 11E-F), in line with the 5 

decrease in inter-membrane distance observed in the sample groups in no receipt of Bio-Oss®. 6 

The extensive presence of densely packed tissue was also detected after four weeks in the 7 

defect groups filled with Bio-Oss® and treated with either Bio-Gide® (Figure 11C-D) or hydrogel 8 

4VBC-MA* (Figure 11G-H). Consequently, either the application of the osteoconductive graft 9 

material or the decrease in gap distance in the graft-free defects contributes to providing cells 10 

with the anchorage sites critical for cell attachment, proliferation and new ECM deposition. 11 

This result agrees with the safety, occlusivity, and soft tissue barrier functionality of the 12 

hydrogel measured in vitro (Figure 8 and Figure 9) and suggests that the sequential 13 

functionalisation and UV curing do not negatively impact on the biocompatibility of AC in vivo.   14 

Overall, these preliminary in vivo results support the integrity and cell /tissue tolerability of 15 

the hydrogel following four-week implantation in vivo, as observed in the case of Bio-Gide®, 16 

and in line with enzymatic degradation (Figure 7) and barrier functionality (Figure 8) results 17 

obtained in vitro. Further larger scale follow on study should be carried out in vivo to assess 18 

hydrogel impact on bone regeneration and longer-term hydrogel stability in the GBR defect 19 

model, which can take advantage of more advanced 3D imaging technologies, such as micro-20 

CT. 21 

 22 

Conclusions 23 

The sequential functionalisation of AC with two distinct ethylenically unsaturated monomers, 24 

i.e. 4VBC and MA, successfully enabled the fabrication of a UV-cured hydrogel network with 25 

competitive proteolytic stability, compressibility and swelling ratios with respect to the 26 

corresponding homo-networks, as well as increased proteolytic stability with respect to Bio-27 

Gide®, as the GBR collagen membrane gold standard. The selection of acidic or basic UV-28 
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curing aqueous systems proved to affect gelation kinetics and compression properties, due to 1 

effects of ionisable terminations of AC, covalently coupled monomers and the complete 2 

consumption of primary amino groups. As observed in collagenase-supplemented media in 3 

vitro, the UV-cured sequentially functionalised samples proved to remain intact for at least four 4 

weeks following subcutaneous implantation in rats, and to ensure space maintenance in a 5 

proof-of-concept study in a GBR model in rats. These in vivo results therefore provide 6 

compelling evidence aiming to de-risk future prototype development and support the additional 7 

large scale preclinical testing of this long-lasting AC membrane, following the principles of the 8 

3Rs for experimental animal studies. A follow-on larger scale investigation in vivo will be key 9 

to confirm the longer-term stability of this material and its impact on bone regeneration, prior 10 

to moving forward with a first-in-human clinical evaluation. 11 
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Figure captions 
 
 
Figure 1. Design of an AC membrane with increased proteolytic stability. (I-II): AC is 
sequentially functionalised with both 4-vinylbenzyl chloride (4VBC, I) and methacrylic 
anhydride (MA, II). (III): The reaction product is solubilised in an aqueous solution 
supplemented with a water-soluble photoinitiator and UV-cured, to generate a covalently 
crosslinked network of sequentially functionalised AC triple helices. 
 
 
Figure 2. Far-UV CD spectra of native (light grey) and sequentially functionalised (black) AC, 
indicating the presence of polyproline-II (negative peak at 197 nm) and triple (positive peak at 
221 nm) helices. 
 
 
Figure 3. Cool-stage electron microscopy of a typical sample of hydrogel 4VBC-MA* prepared 
in the I2959-supplemented PBS solution. (A-B): top surface at low (A) and high (B) 
magnification; (C) cross-section. 
 
 
Figure 4. Exemplary profiles of storage (G’, black line) and loss (G’’, light grey line) modulus 
recorded via oscillatory time sweeps under UV light. Samples of 4VBC-MA were dissolved in 
I2959-supplemented solutions of either 10 mM HCl (A), 17.4 mM AcOH (B) or 10 mM PBS (C) 
and UV light-activated 5 s following shear oscillation. 
 
 
Figure 5. Swelling ratio (SR, grey column, left hand side Y axis) and gel content (G, white 
column, right hand side Y axis) of samples 4VBC-MA* UV-cured in either 10 mM HCl, 17.4 
mM AcOH or 10 mM PBS. SR and G were measured in distilled water and 17.4 mM AcOH, 
respectively. Data are presented as mean ± SD (n=4). *p < 0.05, **p < 0.01 and ***p < 0.001. 
(B) Exemplary macrographs of sample 4VBC-MA* in both dry and fully hydrated state. 
 
 
Figure 6. (A): stress-compression curves (A) of the water-equilibrated AC networks UV-cured 
in either 10 mM HCl (grey), 17.4 mM AcOH (blue) or 10 mM PBS (black). (B): Compression 
modulus calculated from previous compression curves (= 25-30%). Data are presented as 
mean ± SD (n=3), *** p< 0.005. 
 
 
Figure 7. Stability test in vitro and in vivo. (A-B): Relative mass (μrel) of samples 4VBC*, 
4VBC-MA* and Bio-Gide® at day 4 (white) and 14 (grey) of enzymatic incubation in vitro (37 
°C, 10 mM PBS). (A): 1 CDU∙ml-1; (B): 2.5 CDU∙ml-1. Data (n=4) are presented as mean ± 
standard deviation. * p< 0.05, *** p< 0.005. (C): Digital macrographs of samples 4VBC-MA* and 
Bio-Gide® during enzymatic incubation (37 °C, 10 mM PBS, 2.5 CDU∙ml-1). (D): Stability of 
hydrogel 4VBC-MA* following 4-week subcutaneous implantation in rats. Scale bar ≈ 5 mm.   
 
 
Figure 8. Confocal microscopy of live/dead L929 fibroblasts following 7-day culture on sample 
4VBC-MA*. (A): cell-free hydrogel; (B): live (green) cells; (C): dead (red) cells; (D): 
superimposition of (A)-(C). Scale bar ~ 200 µm.  
 
 
Figure 9. Cell viability and growth on either hydrogel 4VBC-MA* or tissue culture plastic during 
7 days of culture. (A): Relative metabolic activity of L929 cells cultured on either hydrogel 
4VBC-MA* (black) or tissue culture plastic (grey) with respect to day 1. Data are determined 
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via Alamar Blue assay, and presented relative to day 1 as mean ± standard deviation. (B): 
Live/dead staining of L929 fibroblasts after 7-day culture on hydrogel 4VBC-MA*. (C-D): Cool-
stage SEM images of hydrogel 4VBC-MA* at day 7 of L929 cell culture. 
 
 
Figure 10. In vivo assessment of 4VBC-MA* and Bio-Gide® in a GBR model. (A): Graphical 
representation of the GBR calvarial defect model (Ø 5 mm) and implantation of membrane 
samples. The intracranial side (i.s.) is always covered with Bio-Gide®, whilst the extracranial 
side (e.s.) is covered by either the hydrogel 4VBC-MA* or Bio-Gide®. (B-I): H&E staining of ex 
vivo sections collected following 1-week implantation. Black arrows point to the bone filler (Bio-
Oss®). Sample codes are indicated in the images according to Table 1; w: week; B: Bio-Gide®; 
C: 4VBC-MA* (Collagen); BO: Bio-Oss®. Scale bars: ~ 400 µm (B,D,F,H) and ~ 100 µm 
(C,E,G,I). 
 
 
Figure 11. H&E staining of ex vivo sections collected following 4-week implantation of 4VBC-
MA* and Bio-Gide® in the GBR model in rats. Black arrows point to the bone filler (Bio-Oss®), 
blue arrows indicate densely packed tissue formation. Sample codes are indicated in the 
images according to Table 1; w: week; B: Bio-Gide®; C: 4VBC-MA* (Collagen); BO: Bio-Oss®. 
Scale bars: ~ 400 µm (A,C,E,G) and ~ 100 µm (B,D,F,H). 
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Tables 
 
 
Table 1. Experimental groups collected after 1- and 4-week implantation in vivo. Sample ID: 
w: week; B: Bio-Gide®; C: 4VBC-MA*; BO: Bio-Oss®. Two replicates were used for each group. 
n.a.: not applicable.  

Group Sample ID Bottom Top Filler 

1 1w-BB Bio-Gide® Bio-Gide® n.a. 
2 1w-BB-BO Bio-Gide® Bio-Gide® Bio-Oss® 
3 1w-BC Bio-Gide® 4VBC-MA* n.a. 
4 1w-BC-BO Bio-Gide® 4VBC-MA* Bio-Oss® 
5 4w-BB Bio-Gide® Bio-Gide® n.a. 
6 4w-BB-BO Bio-Gide® Bio-Gide® Bio-Oss® 
7 4w-BC Bio-Gide® 4VBC-MA* n.a. 
8 4w-BC-BO Bio-Gide® 4VBC-MA* Bio-Oss® 
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Table 2. Degree of functionalisation (F) of 4VBC- and sequentially functionalised AC samples 
(n=2) reacted with defined monomer-to-lysine molar ratios ([M]∙[Lys]-1). Both TNBS and 
Ninhydrin assays were employed for the quantification of remaining lysine amine groups. n.a.: 
not applicable. n.o.: not observed. 

Sample ID [M]∙[Lys]-1 
[Lys] /mol∙g-1 (×10-4) 

F /mol.% 
TNBS Ninhydrin 

AC n.a. 2.89 ± 0.06 n.o. n.a. 

4VBC 25 2.38 ± 0.02 2.38 ± 0.01 18 ± 1 

4VBC-MA 25(a) 0.1 ± 0.06 0.17 ± 0.05 97 ± 2 
(a) Sample obtained via subsequent reaction of sample 4VBC with MA ([MA]∙[Lys]-1= 25). 
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