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ABSTRACT. Periodontitis treatment using occlusive membranes presented variable efficacy due to their 
rapid degradation in the complex biologic environment of the damaged periodontium. The aim of this study 
was to prepare novel composites based on collagen, chondroitin sulfate and fibronectin, and to establish the 
optimal parameters for their photochemical cross-linking using riboflavin and UV exposure. The degree of 
cross-linking, biodegradability and density of all scaffold variants were investigated. Their cytotoxicity was 
evaluated in a culture of gingival fibroblasts by MTT assay and light microscopy. The results indicated that 
the higher the cross-linking degree, the lower was the scaffold biodegradation. Cell culture studies showed 
that composite scaffolds were favorable for cellular survival. In conclusion, the cross-linking method using 
riboflavin and UV exposure resulted in stable and biocompatible collagen-based composite scaffolds that 
could be used for periodontitis treatment. 
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INTRODUCTION: 
      Recent data show that 40% of worldwide active 

adult population suffers from moderate or severe 

periodontitis and there is a need for improving patient 

treatment results (Ferraiolo, 2016). In addition, 

untreated periodontal disease can lead to systemic 

diseases, such as rheumatoid arthritis, chronic 

bronchitis and pulmonary fibrosis (Kaur et al., 2013). 

It was reported that the presence of chronic 

inflammation in association with plaque has led to the 

degradation of extracellular matrix (ECM) constituents, 

increasing the concentration of soluble fragments of 

glycosaminoglycans, C-terminal telopeptides of type I 

collagen (COL) molecule and the 40 kDa pro-apoptotic 

fragment of fibronectin (FN) (Jee et al., 2004; 

Giannobile et al., 1995). Increased levels of pro-

inflammatory cytokines (TNF-α, IL-1β), matrix 

proteinases (MMP-8, MMP-9) and apoptosis inducing 

cell detachment from ECM were also reported (Dai et 

al., 2005). 

      Currently, guided tissue regeneration (GTR) is the 

most widely used periodontal treatment. Its goal is the 

regeneration of ECM from affected connective tissues 

by application of occlusive barriers made of different 

materials (Aurer et al., 2005). These barriers were 

designed to restrict the migration of the gingival and 

epithelial cells into periodontal defects and to increase 

the number of periodontal ligament cells, 

cementoblasts and osteoblasts, which could synthesize 

new functional ECM (Scheller et al., 2009). There are 

different types of occlusive membranes on GTR 

products market, such as non-resorbable membranes 

made of expanded polytetrafluoroethylene and 

resorbable membranes like Avitene
®
 made of calf 

pericardium COL cross-linked with 

diphenylphosphoryl azide, Collistat
®
 made of bovine 

dermis COL (pore size 0.004 µm), BioMend
®
 made of 

type I COL from bovine tendon used for different 

shape and size defects (Behfarnia et al., 2012) and 

Paroguide
®
 made of COL and chondroitin sulfate (CS), 

which regenerated the periodontal ligament, cementum 

and alveolar bone without inflammation (Parodi et al., 

1997). Although resorbable membranes have multiple 

benefits, acting as hemostatic, chemotactic, 

biocompatible biomaterials, their cross-linking degree 

and the methods used to date do not provide enough 

stability to support new tissue building. 

      COL cross-linking by photopolymerization with 

riboflavin (RF) (vitamin B2) under UV-A action has 

been used in the field of ophthalmology for 

keratoconus treatment (Wollensak et al., 2003) and 

proposed in restorative dentistry as a dentin pre-

treatment (Daood et al., 2015). RF is noncytotoxic and 

an essential constituent of living cells, being the 

precursor of flavin mononucleotide and flavin adenine 

dinucleotide coenzymes. The mechanism of corneal 

COL cross-linking using RF as photomediator has not 

yet been elucidated at the molecular level, but it is 

thought to create additional chemical bonds between 

histidine, hydroxyproline, hydroxylysine, tyrosine and 

threonine amino acid residues (Hovakimyan et al., 

2012). Other cross-linking agents (e.g., glutaraldehyde, 

glyceraldehydes) were found unsuitable for eye 

application, because they have yielded in cytotoxicity, 

corneal opacity, scarring and prolonged treatment 

times (Hovakimyan et al., 2012). Although a previous 

study has shown that vitamin B2 consumption was 

correlated with the reducing of periodontal disease 

occurrence (Lee et al., 2013), RF cross-linking of a 

biomaterial intended for periodontal regeneration has 

not yet been studied.  

      The present study aimed to establish the cross-

linking method of novel COL-based scaffolds, using 

photopolymerization with RF and UV exposure. The 

cross-linking parameters (UV exposure time, UV 

radiation type) and the physico-chemical and 

biochemical characteristics (density, cross-linking 

degree, biodegradability) of the scaffolds were 

investigated, in comparison to chemically cross-linked 

scaffolds. Their cytotoxicity was also evaluated in a 
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culture of gingival fibroblasts by MTT assay and light 

microscopy. 

 
MATERIALS AND METHODS: 
Materials       
      CS sodium salt from bovine trachea, FN, RF, 

catechin, glutaraldehyde, 2,4,6-trinitrobenzenesulfonic 

acid (TNBS), 4,5-dimethylthiazol-2-yl-2,5-

diphenyltetrazolium bromide (MTT), Dulbecco’s 

Modified Eagle’s Medium (DMEM), fetal bovine 

serum (FBS), L-glutamine and all other chemicals and 

solvents of analytical grade were purchased from 

Sigma-Aldrich Chemicals (Germany). 

 

Preparation of composite scaffolds  
      Variants of composite scaffolds were prepared 

from COL type I solution (0.5%, w/w), enzimatically 

obtained in our lab from bovine tendons (Moldovan et 

al., 2009), CS solution (1%, w/v) and FN solution (200 

ng/ml), mixed in a ratio of 20:1:1 (v/v/v) and 

homogenized with a manual speed-stirrer (Xenox, 

Germany). The mixture was poured into round wells of 

a plastic culture plate and lyophilized for 48 h, as 

previously described (Craciunescu et al., 2011a). COL-

CS and COL scaffolds were also fabricated, in the 

same conditions and were used as controls.  

 

Cross-linking of composite scaffolds 
      Scaffold samples (COL-CS-FN, COL-CS, COL) 

were incubated with 0.25 mM riboflavin in ethanol and 

exposed to UV radiation at 254 nm and 365 nm, 

respectively, for 15 min, 30 min, 1 h and 2 h. Cross-

linked scaffolds were washed in 0.1 M sodium 

phosphate, 1 M sodium chloride and distilled water and 

re-lyophilized. Similar, scaffold samples were cross-

linked by incubation in 0.01 M catechin solution in 

ethanol and exposure to vapors of 3% GA solution in 

ethanol, respectively, washed and re-lyophilized.  

 

Determination of the cross-linking degree 
      The cross-linking degree was assessed as the 

quantity of free amino groups in composite scaffolds 

using TNBS, as previously described (Craciunescu et 

al., 2011b). The concentration of free amino groups 

was expressed as nM/mg scaffold, considering 

ε=1.4x10
4
 M

-1
cm

-1
. The cross-linking degree (% CL) 

was calculated using the following equation: 

 % CL = 1 – (ODCL/mCL / ODnonCL/mnonCL) x 

100     (1) 

where ODCL is the absorbance of cross-linked sample, 

ODnonCL is the absorbance of non-cross-linked sample, 

mCL is the weight of cross-linked sample and mnonCL is 

the weight of non-cross-linked sample. 

 

Density measurements  
      The density of cross-linked composite scaffolds 

was calculated as the ratio between their weight (g) and 

their volume (cm
3
), determined after diameter and 

height measurements of the scaffolds, as previously 

described (Loh et al., 2013). 

 

In vitro biodegradability test 
      The biodegradation of cross-linked composite 

scaffolds was performed in the presence of bacterial 

collagenase, as previously described (Craciunescu et 

al., 2011b). Briefly, samples of composites (5 mg) 

were incubated in TES buffer, pH 7.4 containing 10 

U/ml bacterial collagenase, at 37 °C, for 6 h, with 

gentle shaking. At predetermined intervals, the 

scaffolds were removed, dried and weighted. The 

biodegradability was expressed as percentage of 

degraded mass.  

 

Cytotoxicity test 
      A primary cell culture of human gingival 

fibroblasts was established from healthy gingival tissue 

discarded during patient (male, 29 years old) surgery, 

as previously described (Azzimonti et al., 2015). The 

patient consented and was treated according to ethical 

guidelines. Briefly, the gingival tissue was incubated 

overnight with 0.5% dispase, at 4 
0
C, in order to 

separate the connective tissues from the epithelium. 

Then, the dermal layer was minced and digested with a 

collagenase solution (3 mg/mL) at 37 
0
C, for 40 min. 

Cells were cultivated in DMEM supplemented with 

10% FBS and 1% antibiotic/antimycotic mixture and 

incubated in 5 % CO2 atmosphere, at 37 
0
C. 

     The cytotoxicity of cross-linked composite scaffolds 

was evaluated after 48 h of cultivation in the culture 

medium of gingival fibroblasts seeded in 24-well 

culture plate, at a density of 4x10
5
 cells/ml. 

Mitochondrial dehydrogenases activity in viable cells 

was assessed using MTT assay, as previously described 

(Craciunescu et al., 2014). The cell viability of each 

group was expressed as percent from the untreated 

cells (control), considered 100% viable. Cell 

morphology of fibroblasts cultivated with composite 

scaffold variants for 48 h was observed after cell 

processing and hematoxylin-eosin staining, at an Axio 

Observer D1 microscope (Carl Zeiss, Germany). 

 

RESULTS AND DISCUSSION: 
Physico-chemical and biochemical 
characterization of the cross-linked composite 
scaffolds  
      First, we have compared the variation of the cross-

linking degree for composites treated with RF and 

exposed to UV depending on their composition. Thus, 

variants of COL-CS-FN, COL-CS and COL cross-

linked scaffolds were analyzed by TNBS assay, in 

order to determine the quantity of free amino groups 

after cross-linking. The results are presented in Fig. 1. 
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Fig. 1 The variation of free amino groups in composite variants cross-linked (CL) by photopolymerization with riboflavin 

and UV exposure, depending on scaffold composition. The results were expressed as mean ± SD (n=3). *p<0.05, 
compared to corresponding non-cross-linked (non-CL) scaffolds 

 

      The obtained results showed that the concentration 

of free amino groups significantly (p<0.05) decreased 

for COL and COL-CS-FN scaffolds, compared to the 

corresponding non-cross-linked variants. For COL-CS 

scaffold, there was a non-significantly (p>0.05) 

difference between the cross-linked and non-cross-

linked variants. The lower the concentration of free 

amino groups present in composite scaffolds, the 

higher was the cross-linking degree. Comparison of 

these data indicated the advantage of adding CS and 

FN to COL scaffold composition and their possible 

role in scaffold cross-linking using riboflavin and UV 

exposure. 

      In order to investigate the optimal parameters for 

UV exposure of COL-CS-FN scaffold incubated in 

0.25 mM riboflavin solution in ethanol, we have used a 

254 nm source and a 365 nm source for UV irradiation. 

Also, the time of exposure varied from 15 min, 30 min, 

1 h to 2 h. The cross-linking degree was determined 

and the results are presented in Fig. 2. 

 
 
Fig. 2 The variation of free amino groups in composite variants cross-linked by photopolymerization with riboflavin and 

UV exposure at 254 nm and 365 nm, for different periods of time. The results were expressed as mean ± SD (n= 3). 
*p<0.05, compared to non-cross-linked (NCL) scaffold  

 

      The obtained results have indicated that COL-CS-

FN scaffold exposure to UV radiation at 254 nm, for 

15 min resulted in the lowest value of free amino 

groups (21.9 nM/mg scaffold), corresponding to the 

highest cross-linking degree (31.05%). Exposure of 

scaffold samples to 365 nm UV source yielded in non-

significantly (p>0.05) variation of the concentration of 

free amino groups, for all periods of exposure, 

compared to the non-cross-linked variant.
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      The next experiment aimed to investigate the role 

of riboflavin during the cross-linking reaction. Samples 

of COL-CS-FN scaffold were incubated in ethanol and 

0.25 mM riboflavin in ethanol, respectively and were 

exposed to UV radiation at 254 nm. Also, a composite 

sample was incubated in ethanolic riboflavin without 

exposure to UV. All variants were analyzed for free 

amino groups and the results are presented in Fig. 3. 

 
Fig. 3 The variation of free amino groups in composite variants incubated in ethanolic riboflavin or ethanol, with or 

without UV exposure. The results were expressed as mean ± SD (n= 3). *p<0.05, compared to non-irradiated scaffold 
(control) 

 

      The results showed a significantly (p<0.05) 

decrease of free amino groups for the samples 

incubated with ethanolic riboflavin and exposed to UV 

irradiation, compared to the non-irradiated sample. The 

lowest value (21.9 nM/mg scaffold) and, accordingly, 

the highest cross-linking degree (31.05%) were 

calculated for the irradiation period of 15 min. The 

samples incubated in ethanol and UV irradiated 

presented non-significantly different (p>0.05) values of 

free amino groups, compared to control, ranging 

between 29.78-32.50 nM/mg scaffold. Overnight 

incubation of scaffold samples in riboflavin without 

UV exposure (non-irradiated sample) resulted in high 

value of free amino groups (30.60 nM/mg scaffold) 

and low cross-linking degree (11.43%), respectively. 

All these data indicated that riboflavin acted as a good 

cross-linking agent for the novel designed COL-CS-FN 

scaffolds.  

      In order to compare the efficacy of 

photopolymerization and chemical cross-linking 

methods applied to novel COL-CS-FN scaffolds, we 

have analyzed their density, cross-linking degree and in 

vitro biodegradation. COL-CS-FN scaffold samples 

were incubated with riboflavin, catechin and 

glutaraldehyde, respectively, as described above. The 

density measurements showed that the scaffolds cross-

linked with riboflavin and exposed to 254 nm 

irradiation were more dense than those incubated with 

catechin, but similar to glutaraldehyde cross-linked 

ones (Table 1). Riboflavin incubation of composite 

scaffolds and exposure to 365 nm irradiation resulted 

in loose scaffolds, with a density value lower than that 

of the non-cross-linked scaffolds (Table 1). These 

results are useful for designing and fabrication of 3D 

porous scaffolds for tissue regeneration, in order to 

control their physical microstructure parameters, like 

density and porosity, which play an important role in 

cell migration and proliferation.  
Table 1.  

The density, cross-linking degree and biodegradation of 
cross-linked composite variants 

 Non-
CL 

RF 
254 

RF 
365 

CAT GA 

Density 
(g/cm

3
) 

0.05
3 ± 

0.00
2 

0.06
8 ± 

0.00
2 

0.03
5 ± 

0.00
2 

0.05
7 ± 

0.00
2 

0.06
5 ± 

0.00
2 

Cross-linking 
degree (%) 

0 31.7
5 ± 

1.55 

22.3
1 ± 

1.33 

20.4
5 ± 

1.12 

31.2
3 ± 

1.60 

Biodegradati
on (%) 

40.3
4 ± 

3.21 

20.8
5 ± 

2.59 

28.5
9 ± 

2.86 

32.7
8 ± 

3.12 

16.0
7 ± 

3.95 

 

      The calculated cross-linking degree had high values 

(~31%) for riboflavin photopolymerized and 

glutaraldehyde treated scaffolds, while catechin 

incubation of composites resulted in lower values 

(20.45%) (Table 1). It was previously shown that 

chemical cross-linking yielded composite scaffolds 

with better mechanic properties than individual 

component scaffolds (Craciunescu et al., 2011b). COL 

cross-linking mechanism using chemical agents 
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(glutaraldehyde, carbodiimide, epoxy compounds, 

isocyanates) or natural substances (catechin, genipin, 

tannic acid, procyanidins) consists of introducing 

covalent bonds or other molecular interactions between 

the residues of its chains, as was demonstrated using 

bioinformatics (Swamy et al., 2011) or lab studies (Ma 

et al., 2014). Glutaraldehyde could significantly 

improve the tensile strength of COL-based scaffolds, 

but its toxicity and the induction of calcification 

resulted in limitations of its use for long-term implants 

(Ma et al., 2014). Catechin, a plant polyphenol, was 

proposed for the development of a new generation of 

implantable cross-linked scaffolds and it could stabilize 

COL through hydrogen bonding and hydrophobic 

interactions (Madhan et al., 2005). Photochemical 

cross-linking with riboflavin using UV-A or visible 

blue light was previously proposed as an alternative for 

producing stable hydrogels by generating free radicals 

involved in formation of additional bonds between 

amino acid residues of COL chains (Ibusuki et al., 

2007).   

      The results of composite scaffolds biodegradability 

in the presence of collagenase are presented in Table 1. 

The values showed that the degraded mass increased 

from glutaraldehyde-treated (16.07%) to riboflavin-

treated (20.85%) and catechin-treated (32.78%) 

scaffolds. It was observed that the results were in 

accordance with the variation of the cross-linking 

degree; thus, the higher the biodegradation, the lower 

the cross-linking degree. Previous studies have shown 

that the peptidic sequence -X-Gly-Pro- from COL 

molecule is attacked by collagenases (Ohan et al., 

2002). The increase of inter- and intra-molecular 

covalent bonds after cross-linking could protect the 

molecule and decrease the enzymatic degradation. 

Also, we supposed that CS and FN attachment to COL 

fibrils might play a role in hindering the specific situs. 

 

Evaluation of the cytotoxicity of cross-linked 
composite scaffolds in gingival fibroblasts 
culture 
      COL-CS-FN cross-linked scaffolds were also 

evaluated for cytotoxicity in a primary culture of 

gingival fibroblasts, taking into account their 

applicability in periodontitis treatment. First, we have 

quantitatively assessed the cell viability of fibroblasts 

cultivated in the presence of cross-linked composite 

samples, in standard conditions of incubation, for 48 h. 

The results are presented in Fig. 4. 

 
 
 
 
 
Fig. 4 Cell viability of gingival fibroblasts cultivated in the presence of non-cross-linked (NCL) COL-CS-FN scaffolds and 

variants cross-linked with riboflavin at 254 nm (RF 254) and 365 nm (RF 365), catechin (CAT) and glutaraldehyde (GA). 
The results were calculated as mean ± SD (n= 3) and expressed as percent from untreated cells (control). *p<0.05 

 

      The cell viability was very high (> 90%) for all 

cross-linked scaffolds and not significantly different 

(p>0.05) from that of untreated control cells (100%), 

except the cells cultivated with glutaraldehyde cross-

linked scaffolds. The values ranged from 92.42% for 

glutaraldehyde-treated variants to 98.73% for variants 

incubated with riboflavin and exposed to UV radiation 

at 254 nm (Fig. 4). The results indicated that all cross-

linked variants of COL-CS-FN scaffold were 

biocompatible with gingival fibroblasts cultivated in 

vitro.  

      Cell morphology observations on the same samples 

confirmed the quantitative data obtained for cell 

viability. The cells cultivated with each cross-linked 

scaffold variant presented a normal phenotype and a 

similar density to untreated control cells, except the 

group treated with glutaraldehyde variant that had a 

slightly decreased density (Fig. 5). 
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Fig. 5 Light micrographs of gingival fibroblasts cultivated in the presence of non-cross-linked COL-CS-FN scaffold and 

variants cross-linked with riboflavin at 254 nm and 365 nm, catechin and glutaraldehyde, for 48 h. Untreated cell culture 
served as control. (Hematoxylin-eosin staining) 

 

      Previous studies showed that riboflavin 

incorporation in COL hydrogels fabricated for tissue 

engineering did not induce cell toxicity (Tirella et al., 

2012). Still, UV irradiation, time exposure, radiation 

type and free radicals generation may induce apoptosis 

or necrosis of cells encapsulated in hydrogels.  

 

CONCLUSIONS: 
      In conclusion, we have demonstrated that COL-CS-

FN porous scaffolds could be cross-linked using 

riboflavin and UV exposure method. It was selected 

the UV radiation wavelength of 254 nm for photo-

initiation reaction and an optimal irradiation period of 

15 min. The obtained cross-linked scaffolds were 

stable against collagenase attack and presented no 

cytotoxicity in a human gingival cell culture. All these 

data recommend the cross-linked COL-CS-FN 

composite scaffolds for future testing in periodontitis 

treatment. 
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