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1 

 

General introduction 
 
 

Synthetic devices and implants such as artificial hips, urinary catheters, vascular grafts, 
prosthetic heart valves, etc., are widely used in medicine. Bacterial infection is the most 
serious complication associated with the use of these devices.1-4 Although the incidence of 
bacterial infections is declining due to improved surgical techniques and better hygienic care, 
the absolute number of infections is still increasing.5,6 Decreasing the susceptibility of 
synthetic materials to bacterial infections remains an important subject in biomaterials 
research. 

Bacterial infections associated with prosthetic heart valves, called prosthetic valve 
endocarditis (PVE), have an incidence of about 1%, but the mortality is about 60%.7 Surgical 
replacement of the infected prosthesis together with aggressive antibiotic therapy is the only 
successful treatment.4 PVE can be classified into early onset PVE, caused by bacterial 
contamination during or shortly after implantation, and late onset PVE, related to transient 
bacteraemia. Staphylococcus aureus and Staphylococcus epidermidis are common pathogens 
associated with early PVE.8  

Adhesion of bacteria to the prosthetic heart valve, either directly or via host proteins 
deposited on the biomaterial surface, is considered to be the crucial step in the development 
of bacterial infection.9,10 Therefore, approaches towards improvement of the infection 
resistance of biomaterials should be aimed at the inhibition of bacterial adhesion. This can be 
achieved by developing low adhesion surfaces using surface modification techniques. 
However, in vivo almost any biomaterial is rapidly covered with proteins, which mediate 
bacterial adhesion.11 The application of antibacterial agents near or onto the biomaterial 
surface, which will remove or kill micro-organisms that have adhered to the biomaterial 
surface, is a more effective approach to prevent early PVE.12 Furthermore, vascular 
prostheses with good healing characteristics show an increased long-term infection 
resistance.13 Thus increasing the biocompatibility of these prostheses, ensuring tissue 
integration in the sewing ring, may decrease the incidence of late PVE. 

The application of natural polymers, for example as carrier for controlled release of 
antibacterial proteins, may improve the healing characteristics of biomaterials. Furthermore, it 
is important that the antibacterial agent is released from the biomaterial in a controlled way. 
The local tissue concentration has to be high enough to kill all bacteria, but not too high to 
cause tissue damage. Although many studies have addressed the combination of antibiotics 



 

    2 
 

with vascular prostheses, relatively little attention has been given to the local controlled 
release of antibacterial agents.14 The continuing microbial resistance against conventional 
antibiotics is another matter of concern. Considering the complexity of the mechanisms 
involved in the development of bacterial infections,15 a combination of promoting tissue 
adhesion and/or integration and controlled release of antibacterial agents may be the most 
promising approach to prevent these infections.16 
 
Aim of this study 
 

The aim of this study was to develop a controlled release system for small cationic 
antibacterial proteins which can be applied in the sewing ring of a prosthetic heart valve to 
reduce the incidence of prosthetic valve endocarditis. 

Antibacterial proteins have been isolated from human polymorphonucleated neutrophils 
(defensins)17,18 and human blood platelets (thrombocidins).19,20 These proteins are primary 
defence agents of innate immunity, and may be more effective and specific in their 
antibacterial activity than conventional antibiotics.21 Although many classes of antibacterial 
proteins have been described, all share several structural features: they have a relatively low 
molecular weight (3.5-10 kD), they are cationic, and heat stable, due to several intramolecular 
cystine bridges. 

The application of these antibacterial proteins in a controlled release system in the sewing 
ring of a prosthetic heart valve is a new and promising approach against prosthetic valve 
endocarditis. The use of human antibacterial proteins as therapeutics may be complementary 
to the normal defence mechanisms, and to the use of conventional antibiotics. 
 
Structure of this thesis 
 

A literature overview of the causes of prosthetic valve endocarditis, and approaches 
towards its prevention is given in chapter 2. The epidemiology and aetiology and mechanisms 
involved in the development of endocarditis are considered, and a review of approaches 
which have the potential to be successful in preventing these serious infections is given. 
Finally, the requirements for a controlled release system, and the properties and 
characteristics of antibacterial proteins are summarised. 

The carbodiimide cross-linking and characterisation of gelatin gels is described in chapter 
3. This study was carried out to evaluate the efficiency of the cross-linking reaction, to 
optimise the reaction conditions used for cross-linking, and to get more insight in the 
mechanism of carbodiimide cross-linking of gelatin gels. 

The mechanical properties of chemically cross-linked gelatin gels as a function of cross-
link density is the subject of chapter 4. Cross-linked gelatin gels have a complex network 
structure, including both physical and chemical cross-links. Using mechanical analysis, the 
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contribution of both types of cross-links to the network structure was evaluated, thus enabling 
an estimation of the mesh sizes of the hydrogels. 

The biocompatibility and degradation of cross-linked gelatin gels, as studied by light 
microscopical evaluation of samples which had been subcutaneously implanted in rats, is 
described in chapter 5. The biocompatibility of the cross-linked gelatin gels applied in 
Dacron, was compared to the tissue reaction to Dacron, and the biodegradation of these 
gelatin gels was studied as a function of their cross-link density and implantation time. 

Chapter 6 describes the controlled release of lysozyme, a model protein for antibacterial 
proteins, from cross-linked gelatin gels applied in Dacron. The release profiles were 
measured during in vivo implantation and compared to in vitro lysozyme release profiles. The 
lysozyme concentration profiles in the surrounding tissue were estimated by modelling the 
release data with solutions of Fick's second law of diffusion, and compared to in vivo 
lysozyme tissue levels. 

The incorporation of chondroitin sulphate into cross-linked gelatin gels, and the controlled 
release of cationic proteins from these gels is the subject of chapter 7. Chondroitin sulphate is 
an anionic polysaccharide. The interaction and diffusion of lysozyme in combined gelatin-
chondroitin sulphate hydrogels was studied as a function of the chondroitin sulphate content 
of the hydrogels. 

In chapter 8 the suitability of cross-linked gelatin-chondroitin sulphate hydrogels for in 
vivo application as a controlled release system for antibacterial proteins is evaluated. The 
controlled release properties of the combined hydrogels were studied with respect to the 
presence of Dacron, and their applicability for other antibacterial proteins than lysozyme. The 
biocompatibility and degradation of these combined hydrogels was studied by light 
microscopical analysis of samples, which had been subcutaneously implanted in rats. 
 
References 
1. Sugarman, B.; Young, E.J., Infections associated with prosthetic devices; CRC Press Inc.: Boca Raton, 

1984. 
2. Dankert, J.; Hogt, A.H.; Feijen, J., Biomedical polymers: bacterial adhesion, colonization and infection, 

CRC Crit. Rev. Biocomp. 1986, 2, 219-301. 
3. Dickinson, G.M.; Bisno, A.L., Infection asscoiated with prosthetic devices: clinical considerations, Int. J. 

Artif. Org. 1993, 16, 749-754. 
4. Rodgers, K.G., Antibiotic use in prosthetic device infections, Em. Med. Clin. North Am. 1994, 12, 863-

881. 
5. Sugarman, B.; Young, E.J., Infections associated with prosthetic devices: magnitude of the problem, Inf. 

Dis. Clin. North Am. 1989, 3, 187-198. 
6. Von Recum, A.F.; Barth, E., Implant infection, J. Invest. Surgery 1989, 2, 351-352. 
7. Wilson, W.R.; Danielson, G.K.; Giuliani, E.R.; Geraci, J.E., Prosthetic valve endocarditis, Mayo. Clin. 

Proc. 1982, 57, 155-161. 
8. Chastre, J.; Trouillet, J.L., Early infective endocarditis on prosthetic valves, Eur. Heart J. 1995, 16, 32-

38. 
9. Hogt, A.H.; Dankert, J.; Feijen, J., Adhesion of coagulase-negative staphylococci onto biomaterials, In: 

Zbl. Bakt. Suppl.; Gustav Fischer Verlag, Stuttgart, 1987. 
10. Barton, A.J.; Sagers, R.D.; Pitt, W.G., Measurement of bacterial growth rates on polymers, J. Biomed. 

Mater. Sci. 1996, 32, 271-278. 



 

    4 
 

11. Daeschel, M.A.; McGuire, J., Interrelationships between protein surface adsorpion and bacterial 
adhesion, Biotechn. Gen. Engin. Rev. 1998, 15, 413-438. 

12. Gelabert, H.A., Models of graft infection development and use, In: Antibiotic-impregnated vascular 
grafts; Moore, W.S., and Gelabert, H.A., Eds., R. G. Landes company, Austin, 1992. 

13. Gristina, A.G.; Giridhar, G.; Gabriel, B.L.; Naylor, P.T.; Myrvik, Q.N., Cell biology and molecular 
mechanisms in artificial device infections, Int. J. Artif. Organs 1993, 16, 755-764. 

14. Hendriks, M. Development of biomaterials with enhanced infection resistance; A surface modification 
approach, PhD thesis, University of Eindhoven, 1996. 

15. Sullam, P.M., Host-pathogen interactions in the development of bacterial endocarditis, Curr. Op. Infect. 
Dis. 1994, 7, 304-309. 

16. Katz, D.A.; Greco, R.S., The pathobiology of infections associated with biomaterials, Problems in 
General Surgery 1994, 11, 209-226. 

17. Ganz, T.; Selsted, M.E.; Szklarek, D.; Harwig, S.S.L.; Daher, K.; Bainton, D.F.; Lehrer, R.I., Defensins: 
natural peptide antibiotics of human neutrophils, J. Clin. Invest. 1985, 76, 1427-1435. 

18. Ganz, T.; Lehrer, R.I., Defensins, Pharmac. Ther. 1995, 66, 191-205. 
19. Dankert, J.; Van der Werff, J.; Zaat, S.A.J.; Joldersma, W.; Klein, D.; Hess, J., Involvement of 

bactericidal factors from thrombin-stimulated platelets in clearance of adherent viridans streptococci in 
experimental infective endocarditis, Infect. Immun. 1995, 63, 663-671. 

20. Yeaman, M.R., The role of platelets in antimicrobial host defense, Clin. Infect. Dis. 1997, 25, 951-970. 
21. Boman, H.G.; Marsh, J.; Goode, J.A., Antimicrobial peptides; Ciba Foundation Symposium; John Wiley 

& Sons, Chicester, 1994. 



 

    5 
 

2 
 
Improvement of the infection resistance of 
prosthetic heart valves to prevent prosthetic valve 
endocarditis 
 
 
Introduction 
 

Medical devices and implants are widely used in medicine nowadays. These devices 
include orthopaedic prostheses, urinary catheters, intravascular catheters, prosthetic heart 
valves, breast implants, wound dressings, cerebrospinal fluid shunts, vascular grafts, 
intraocular lenses, etc..1-3 

Infection is a serious complication of the use of implants.4,5 Treatment of infections is 
difficult and often requires complete removal of the implant together with severe antibiotic 
treatments.6 In spite of technological refinement of materials and design and increased 
surgical experience, infections are still associated with significant morbidity, mortality and 
medical expense.4,5,7 The incidence of biomaterial related infections is low, but involves 
many patients, taking into account the large number of medical devices used.8 

Infections associated with biomaterials are mediated by bacterial adhesion to the 
biomaterial surface.9,10 Common pathogens in biomaterial-associated infections are 
Staphylococcus aureus and Staphylococcus epidermidis. These pathogens are not harmful in a 
natural environment, but may become pathogenic in association with foreign materials.11 

This literature review concentrates on the bacterial infection of prosthetic heart valves 
(endocarditis). In the following sections the clinical aspects of prosthetic valve endocarditis 
are described, and the mechanisms of development of bacterial infection of prosthetic heart 
valves are reviewed in detail. Finally, strategies to prevent these bacterial infections are 
outlined. 
 
Prosthetic valve endocarditis 
 
Epidemiology and aetiology 

Endocarditis is the disease caused by infection of the endothelial surface of the heart, most 
often located on the valves. Cases of endocarditis can be divided into two categories, native 
and prosthetic valve endocarditis.  

Native valve endocarditis is preceded by transient bacteraemia, and usually occurs in 
patients with underlying valvular abnormalities, due to e.g. congenital defects or rheumatic 
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heart disease.12-15 The disease is a destructive infection that severely damages the heart 
valves, which may cause valve ring abscesses, or lead to congestive heart failure, and 
depending on the causative micro-organism, may have a slow progression (viridans 
streptococci) or a devastating and rapid course (S. aureus).13,14,16 

Prosthetic valve endocarditis (PVE), on the other hand, is related to the implantation of a 
prosthetic heart valve. Cases of PVE can be further classified into early and late onset PVE. 
Early PVE is defined to occur within 60 days after surgery, which is the time required for 
tissue ingrowth in the sewing ring of the valve.2 It is considered to be caused by bacterial 
contamination of the prosthetic valve during or shortly after the implantation. Late PVE 
occurs later than 60 days after surgery, and is related to transient bacteraemia for example by 
dental procedures or peripheral infections.11,13,16 Although PVE can be caused by virtually 
any micro-organism, coagulase negative staphylococci account for about 50% of the early 
onset infections, with S. epidermidis for 33% and S. aureus for 17% of the cases. Streptococci 
are major causes (30%) of late onset endocarditis (Table 1).7,17 
 
Table 1: Micro-organisms responsible for prosthetic valve endocarditis.7 

 
Organism 

 
Early PVE 

(%) 

 
Late PVE 

(%) 
Staphylococci   
   S. epidermidis 33 26 
   S. aureus 17 12 
Streptococci 7 30 
Enterococci 2 6 
Gram-negative bacilli 19 12 
Diphteroids 10 4 
Candida and other fungi 8 3 
Aspergillus 1 <1 
Other bacteria 2 2 
Culture negative 1 5 

 
PVE occurs both in patients with bioprosthetic and mechanical valves, with aortic 

prostheses showing a higher susceptibility for PVE than mitral prostheses.11,14 The frequency 
of prosthetic valve endocarditis is approximately 1%, but the mortality of patients is high, 
60%.11,18 Early prosthetic valve endocarditis is generally a highly destructive process. In 
nearly all patients the infection is located at or near the sewing ring of the valve prosthesis, 
resulting in valve ring abscesses and valve dehiscence.7 Early surgical replacement of the 
infected prosthesis together with aggressive therapy with antimicrobial agents is the most 
successful treatment.14,19 The antibiotic regime is dependent on the infecting micro-organism 
and has a minimal duration of 4-6 weeks.20-22 

Although the incidence of PVE is declining due to major advances in surgical techniques, 
postoperative care and routine use of prophylactic antibacterial agents, the absolute number of 
infections is still increasing.  
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Host-pathogen interactions in the development of endocarditis 

Adhesion of bacteria to the prosthetic heart valve is the crucial step in the development of 
a bacterial infection.12,23,24 Bacterial adhesion may occur at the time of implantation or 
shortly thereafter, in which case bacteria may bind directly to the biomaterial surface via non-
specific interactions. The adhesion of staphylococci to implanted polymers is strongly 
enhanced by the deposition of host proteins and platelets on the polymer surfaces (Figure 
1).25 The latter may result in so-called thrombogenic vegetations consisting of organised 
protein networks containing platelets, fibronectin, collagen and proteoglycans. Subsequent 
colonisation and platelet recruitment increases the mass of the vegetation, and the production 
of enzymes by these septic vegetations may contribute directly to the degradation of the 
vascular tissue, heart valves and walls.26,27 

 

 
Figure 1: A schematic overview of bacterial adhesion to blood-contacting devices.24 

 
Extracellular matrix proteins, such as fibronectin, collagen, lamellin and vitronectin are 

known to promote bacterial adhesion.27,28 Fibronectin, a multifunctional glycoprotein in 
which the various globular domains play different roles (Figure 2),29 has the greatest 
adherence-promoting activity.30 Some strains of S. aureus have fibronectin binding proteins 
on the surface,31,32 which may play a significant role in the attachment and colonisation of 
biomaterials coated with fibronectin. For S. epidermidis  the mechanisms of fibronectin 
binding are yet unclear, as no fibronectin binding proteins have been identified yet.33 
Collagen plays a role in staphylococcal adhesion as a cofactor, because it can promote 
adsorption of fibronectin on the surface of biomaterials. Furthermore, fibronectin adsorbed on 
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denatured collagen or gelatin layers shows an increased adhesion-promoting activity over 
fibronectin adsorbed on native collagen.33 Both collagen and laminin receptors have been 
described on S. aureus strains.33,34 

 

 
Figure 2: Schematic model of the domain structure of fibronectin.28 
 

Besides extracellular matrix proteins, plasma proteins also play an important role in 
bacterial adhesion to biomaterials. Fibrinogen and fibrin interact with staphylococci, as these 
molecules have the property to aggregate or "clump" certain strains of S. aureus.33 A 
fibrinogen receptor on S. aureus, whose binding sites are preserved when fibrinogen is 
converted to fibrin, is involved in clumping.31 

The presence of fibronectin in fibrin clots promotes the adherence of S. aureus to 
thrombi.28 Fibrinogen and fibrin are very active components promoting in vivo S. aureus 
adhesion in short-term blood-material interactions, as opposed to fibronectin and fibronectin 
proteolytic fragments which play a more important role in chronically implanted devices.30,35  

Platelets also play a significant role in the induction and propagation of infective 
endocarditis, as the bacterial binding to platelets at the site of cardiac valve lesions may 
promote endocarditis.36 Furthermore, collagen, fibronectin, fibrinogen or fibrin, and von 
Willebrand Factor can act as appropriate substrates for platelet adhesion, each recognised by 
specific membrane receptors.37 Von Willebrand Factor is a glycoprotein present in the 
subendothelium, where it mediates platelet adhesion under conditions of shear stress.38 Both 
fibrinogen and von Willebrand Factor, when immobilised onto a surface, support the 
irreversible adhesion of unstimulated platelets thereby initiating the process of thrombus 
formation.37  

Bacterial binding to platelets may promote infective endocarditis by facilitating the further 
deposition of platelets and the subsequent development of platelet-fibrin matrices, ultimately 
leading to enlargement of endocardial vegetations.12,36 S. sanguis contains cell wall-bound 
proteins which induce the aggregation of human platelets.26,39 The mechanisms involved in 
S. aureus binding to platelets are complex and involve surface ligands as well as a platelet 
receptor,36 and it has been shown that a reduced platelet binding of S. aureus is associated 
with a reduced virulence in vitro.40 
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The production of slime or dextran (extracellular polysaccharides) by staphylococci and 
streptococci enhances the adherence of micro-organisms to heart valves and may be a 
significant factor in the pathogenesis of endocarditis.41-44 Dextran-positive bacterial strains 
have been shown to be more virulent than dextran-negative strains.41,45,46 Slime forms a 
biofilm, which may protect the bacteria from antibiotic therapy, physiologic shear, and 
possibly host cell-mediated defences.25 

The mechanisms involved in bacterial adhesion to a prosthetic heart valve are complex and 
involve many different types of non-specific and specific interactions between the biomaterial 
surface, plasma and extracellular proteins, platelets and bacteria. As, in general, bacterial 
infections associated with prosthetic heart valves are mediated via thrombogenic vegetations, 
prevention of the adsorption of proteins and deposition of platelets to the prosthetic heart 
valve, and/or killing of initially adhered bacteria, may be successful strategies to decrease the 
incidence of PVE. In this respect, it is interesting that homograft and allograft heart valves 
and arteries have an inherent resistance to bacterial infections.47-49 
 
Improvement of infection resistance of biomaterials 
 
General approach 

Prevention of infections associated with biomaterials requires a good surgical technique 
and strict hygienic care. Furthermore, the use of antibiotic prophylaxis was introduced to 
prevent implant-associated infections.2 In The Netherlands, patients having a prosthetic heart 
valve implantation receive cephamandol, a second generation cephalosporin, as antibiotic 
prophylaxis during one day after surgery.50 Other antibiotics used in treatment of endocarditis 
are penicillin, oxacillin, vancomycin, gentamicin, cefazolin beta-lactam, ampicillin, 
amoxycillin, etc. depending on the pathogenic strain.21,22,51,52 

However, biomaterial related infections are generally resistant to antimicrobial treatment 
and the bacteraemia cannot be eradicated until the biomaterial is removed.3 Furthermore, 
biofilm enclosed bacteria are less susceptible to antibiotics compared to the same organisms 
grown in suspension cultures.9,53-55 In an in vitro study, the efficacy of four antibiotics 
(minocycline, cefazolin, vancomycin and rifampicin) against S. epidermidis adherent to 
vascular grafts was studied, but none of these antibiotics could completely eradicate the graft-
adherent bacteria.56 This lower susceptibility may be related to the low metabolic activity of 
bacteria responsible for infections of prosthetic devices, or to the presence of a biofilm.53,54 
Other factors determining susceptibility to antibiotics are intrinsic resistance and the 
emergence of resistance by selection, genetic alteration, or plasmid transfer.55 Therefore the 
efficacy of the prophylactic use of antibiotics has been disputed, and a disadvantage of this 
widespread use of antibiotics is that it may lead to an increased prevalence of microbial 
resistance. 
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Another approach in the prevention of bacterial infection is to improve the infection 
resistance of biomaterials. In general, two strategies can be followed: modification of the 
biomaterial surface in such a way that the bacterial adhesion to biomaterials is prevented, or 
removal and/or killing of bacteria, which are present at the implantation site or have adhered 
to the biomaterial, by the local application of antibacterial agents. The advantage of local 
administration of antibiotics is that a lower, but more selective, and effective dosage can be 
used. These two strategies are considered in more detail. 

 
Prevention of bacterial adhesion by surface modification 

Adherence of bacteria is the most important step in the development of bacterial 
infections. Inhibition of bacterial adhesion to biomaterials might prevent the initiation of 
infection. Many studies have been dedicated to the investigation of the mechanisms involved 
in bacterial adhesion to biomaterials in general, and the modification of the surface 
characteristics of synthetic materials to reduce bacterial adhesion, for example by the 
reduction of protein adsorption. A few representative examples of surface modification 
techniques, that have been developed for blood-contacting biomaterials, will be reviewed 
here. 

Surfaces showing low adhesion of plasma proteins have been prepared using polymeric 
phospholipids and surface-immobilised polyethylene glycol based polymers.57-60 However, 
bacterial adhesion on these materials has not been tested. In vitro studies on bacterial 
adhesion have shown that hydrophobic and electrostatic interactions play an important role.57 
In general, hydrophobic surfaces are more susceptible to bacterial adhesion than hydrophilic 
surfaces.25,57 The immobilisation of hydrophilic molecules onto the surface has shown to 
result in a decreased bacterial adhesion.61 The immobilisation of quaternary ammonium 
compounds onto surfaces has resulted in biomaterials with antibacterial properties in vitro.62 

However, little information is available on the in vivo performance of these low protein 
adhesion and antibacterial surfaces. In vivo, almost any biomaterial is almost immediately 
coated by extracellular and plasma proteins, which provide receptor sites for bacterial 
adhesion.33,63 Furthermore, it should be carefully considered whether low adhesion 
biomaterials should be applied in the sewing ring of a prosthetic heart valve, as several 
studies have reported on the importance of complete healing of (intravascular) prostheses to 
prevent especially long-term bacterial infection.10,64-66 As fibronectin plays a significant role 
in tissue integration, because it contributes to the organisation of the matrix and helps cells 
attach to it,67,68 fibronectin-adhering surfaces may improve the healing characteristics of 
vascular grafts and prosthetic heart valves.10,63 Thus, approaches to prevent bacterial 
colonisation of prosthetic heart valves should be aimed at the inhibition of bacterial adhesion 
and growth directly after implantation, and the improvement of the (long-term) healing 
characteristics of the prosthesis.  
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Several studies have been dedicated to the design of devices which are both biocompatible 
and resist bacterial infection. This may be achieved by preventing bacterial binding to 
proteins, for example the fibronectin interaction with staphylococci. A diminished binding 
may be achieved by application of heparin, or other sulphated carbohydrates such as 
chondroitin sulphate and heparin-like dextrans, which mask S. aureus binding sites of 
fibronectin (Figure 2).33,61,69 Although clinical experience with heparinised biomaterial 
surfaces is limited, the rate of infections with these materials seems lower than with non-
heparinised materials.70 
 
Application of antibacterial agents 

By application of antibacterial agents near or onto the prosthetic heart valve, micro-
organisms at the site of implantation will be killed. The advantage of the presence of 
antibacterial agents at the site of implantation directly after surgery is the immediate and 
localised activity of these agents which may prevent that a bacterial infection proceeds. As for 
prosthetic heart valves the site of infection is predominantly at or near the sewing ring, a 
sewing ring resistant to early infection would significantly reduce the prevalence of 
endocarditis.71 

Most research towards prevention of bacterial infection of vascular prostheses by 
application of antibiotics or antibacterial agents has been directed to the development of 
antibacterial vascular grafts. Vascular graft infections are comparable to prosthetic valve 
endocarditis with respect to causative micro-organisms, and vascular grafts consist of similar 
biomaterials (Dacron and Gore-Tex) as the sewing ring of prosthetic heart valves.2,72 
Therefore, approaches towards prevention of bacterial infection of vascular grafts can be 
extrapolated to prosthetic heart valves. The antibacterial agents were either directly applied to 
the vascular graft prostheses by non-covalent or covalent binding, or applied in a carrier, such 
as a sealant.  

The first studies on local application of antibiotics were aimed at direct binding of the 
antibiotics to the vascular graft material. In 1970, it was shown that arterial Dacron grafts 
soaked in solutions containing antibiotics (keflin or loridine) inhibited E. coli and S. aureus 
infections in Guinea pigs.73 Later, anionic antibiotics, such as oxacillin, penicillin, 
carbenicillin, etc., were non-covalently bound to Gore-Tex vascular grafts using 
benzalkonium chloride, or tridodecylmethylammonium chloride (TDMAC) as cationic 
anchors.74-77 These vascular grafts resisted perioperative infection when contaminated with 
S. aureus in animals,74 showed antibacterial activity against S. aureus in a subcutaneous 
pocket for at least 2 weeks,76 and had no adverse effects on the healing characteristics.77 

The binding of ciprofloxacin onto Dacron provided a vascular graft with reduced S. aureus 
infection rates after subcutaneous implantation in rabbits.78 The effectivity of antibiotics 
bound to Dacron and Gore-Tex vascular grafts was studied in the presence and absence of 
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silver.79,80 Silver appeared to prolong the in vivo retention of antibiotics, which is 
advantageous for the release profiles.79,80 Recently, a prosthetic heart valve with antibacterial 
surface properties was prepared by deposition of silver onto the sewing ring of a St. Jude 
Medical heart valve.81,82 Another approach was the application of a spiral coil of Gore-Tex 
impregnated with ofloxazin around a Gore-Tex vascular graft, which showed significant 
infection-resistant properties in vivo.83 

Porous textile Dacron grafts are presealed with fibrin glue, collagen or gelatin, to prevent 
leakage. These sealants provide carriers for release of antibiotics. Fibrin glue applied in either 
Dacron or Gore-Tex vascular grafts is an effective carrier for tobramycin, vancomycin, and 
sisomycin, as was shown by the increased infection-resistance of the prostheses against S. 
aureus.84-86 

Collagen and gelatin sealed Dacron grafts are appropriate carriers for rifampicin, which 
can be ionically or covalently bound to proteins by the interaction of the N-4 piperazine group 
of rifampicin with available carboxylic acid residues.71 Many studies have been carried out 
using rifampicin-bonded gelatin- or collagen-impregnated vascular grafts.87-91 It is difficult 
to compare these studies, because varying rifampicin concentrations, different graft types, 
bacterial strains and evaluation methods were used. A high concentration of antibiotic 
increased the rifampicin loading of the impregnated graft,90 and gelatin-impregnated grafts 
exhibited greater bioactivity than collagen-impregnated grafts in vivo.90 Rifampicin 
impregnation of gelatin-sealed vascular grafts was effective in preventing S. aureus, S. 
epidermidis  and E. coli infections.88,89,91 The rifampicin release time is limited to 5-10 days, 
by in vivo degradation of the gelatin coating.90 Application of rifampicin in a gelatin-sealed 
sewing ring of the St. Jude Medical heart valve yielded antistaphylococcal activity in vitro for 
4 days.71 Rifampicin-bonded vascular grafts have been applied in patients with vascular 
infections, and it was shown that these antibiotic-bonded grafts are an effective strategy 
against vascular infections, with good mid-term results.92 

Some alternative carrier systems have been described for the administration of 
antibacterial agents to prevent vascular graft or prosthetic valve infection. Biodegradable 
microspheres of poly(glycolide-co-dl-lactide) were loaded with amikacin, for application in 
fibrin glue sealed vascular prostheses.93 Gentamicin was applied in a silicon rubber release 
system, which replaced the standard valve sewing ring.94 Furthermore, biodegradable 
surgical pledgets of poly(l-lactic acid) for application at the implant site were developed, 
which acted as a gentamicin drug delivery system.95 

Although, in general, the application of antibiotics at the implant site has shown to be 
effective in the reduction of bacterial infection, the described systems have several 
limitations. Taking the prosthetic graft material as the starting point to develop a carrier for 
antibiotics, research was mainly aimed at the improvement of the interaction between the 
biomaterial and the antibiotic. However, the controlled release of antibiotics, in such a way 
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that the local tissue concentration is high enough to kill bacteria, but that tissue damage is 
prevented, has been hardly addressed in these studies. Furthermore, the development of 
resistance in staphylococci during prophylactic treatment with antibiotics is difficult to 
circumvent.55  

The controlled release of antibacterial agents from the sewing ring of a prosthetic heart 
valve is a promising approach to prevent adherence of bacteria to the valve directly after 
surgery, and thereby to reduce the incidence of early PVE. As the healing characteristics of 
the sewing ring determine its long-term infection resistance, the material properties of the 
release system applied in the sewing ring may attribute to this long-term tissue resistance by 
improving the tissue integration. This approach may lead to prosthetic heart valves, which are 
truly infection resistant. 
 
Controlled release of antibacterial proteins 
 
Strategy 

The application of antibacterial proteins derived from human blood cells in a controlled 
release system in the dacron sewing ring of a prosthetic heart valve may be an alternative, and 
promising approach against early endocarditis. These antibacterial proteins are primary 
defence agents of innate immunity, and may be more effective and specific in their 
antibacterial activity than conventional antibiotics.96 

A controlled release system for application in Dacron sewing ring of a prosthetic heart 
valve has to fulfil several requirements. First, the system should have the desired release 
characteristics for antibacterial proteins. The normal prophylaxis time after prosthetic valve 
implantation is 1 to 2 days, so the antibacterial proteins have to be released for at least several 
days after surgery. Furthermore, the release system should not interfere with the healing 
process, which means that the biomaterial has to be biocompatible and biodegradable. 
Finally, the material has to allow needle penetration for stitching.71 

In the following paragraphs an overview is given of controlled release systems suitable for 
application in the sewing ring of a prosthetic heart valve, and of the properties of several 
classes of human antibacterial proteins, which may be used in such release systems. 
 
Controlled release systems 

The release of antibiotics from vascular grafts has shown to be an effective approach in the 
prevention and treatment of endovascular infections. However, controlled release systems for 
(antibacterial) proteins require several specific properties.97-101 Proteins have relatively high 
molecular weights compared to conventional drugs, restricting their diffusion. Furthermore, 
many proteins are not very stable and are easily inactivated in a hydrophobic environment, in 
concentrated aqueous solutions, and at high or low temperatures. Although many different 
release systems have been described the last two decades, this paragraph will only give an 
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overview of the general mechanisms for drug delivery, and those polymeric materials which 
may be suitable for protein drug delivery. 

The most common release systems are reservoir devices, monolithic devices, and 
chemically controlled release systems.102-105 In a reservoir device, the drug reservoir 
compartment is encapsulated inside a polymeric membrane. The release of drug is controlled 
by its diffusion through the rate-controlling membrane. In a monolithic release system, the 
drug is homogeneously dispersed throughout a polymer matrix. The drug release is controlled 
by its diffusion through the rate-controlling polymer matrix. A chemically controlled release 
system is obtained when the drug is immobilised in or covalently bound to the polymer 
matrix, and the drug release is controlled by degradation of the polymer matrix or the bond 
between the drug and the polymer backbone. 

Combinations of these mechanisms are possible, for example in stimuli-responsive release. 
In these release systems the drug is immobilised in the polymer matrix. In response to a 
stimulus, for example a change in pH, osmotic pressure, or temperature, the polymer matrix 
swells or breaks down, and the drug can diffuse out of the polymer matrix. Many examples of 
these complex release systems have been described.106 Devices can be produced in various 
shapes and designs depending on the desired application. Examples of different designs are 
slabs and spheres.104 

The application of biodegradable implants has the major advantage that the implant does 
not have to be removed by a surgical procedure.107 Biodegradable polymers are either 
synthetic polymers which degrade to natural products such as small acids found in metabolic 
pathways, e.g. copolymers of lactic and glycolic acids, or natural polymers such as 
polysaccharides or proteins.98 

Synthetic polymers which are biodegradable are (amongst others) polyesters, homo- or 
copolymers of lactide, glycolide, or e-caprolactone, polyamides, polyphosphazenes, 
polyorthoesters, and polyanhydrides. Polyesters and polyphosphazenes degrade via bulk 
hydrolysis, polyamides via enzymatic hydrolysis, and polyanhydrides and polyorthoesters via 
surface erosion.107-110 Homo- and copolymers of lactic acid and glycolic acid are most 
widely used for controlled release applications. Degradation is controlled by the molecular 
weight and the composition of the polymer. Polymers prepared in a 50 : 50 proportion 
degrade more rapidly than those which have a higher proportion of either monomer. Very 
soluble macromolecules, such as proteins, are released relatively fast from poly (lactic / 
glycolic) acid polymers.98,111 

Natural polymers remain attractive primarily because they are natural products of living 
organisms, readily available, relatively inexpensive, and allow a multitude of chemical 
modifications. Albumin, the main blood plasma protein, collagen, a major component of 
extracellular matrix, and gelatin, the denatured form of collagen, are the most investigated 
biopolymers for use in controlled drug delivery.107,108,112 Gelatin and collagen have been 
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successfully applied for the controlled release of proteins and polypeptides, such as growth 
factors,113-117 interferon,118,119 bovine serum albumin,120 and polylysine.121 It was shown 
that basic fibroblast growth factor incorporated in a gelatin gel maintained biological activity 
during release.113,117 

In view of the previously defined requirements for a controlled release system applied in 
the Dacron sewing ring of a prosthetic heart valve, natural polymers are considered most 
suitable. These natural polymers are biocompatible, biodegradable, and may promote healing 
processes, which is an interesting additional feature for prevention of bacterial infections. 
Furthermore, these polymers are currently being used as sealants for vascular grafts, which 
implies that their physical properties are compatible with the application in a vascular graft or 
prosthetic heart valve. 
 
Antibacterial proteins 

The first antibacterial proteins were identified in 1939 by Dubos who demonstrated that 
"an unidentified soil bacillus" produced antibacterial compounds that could prevent 
pneumococcal infections in mice. The next year, Hotchkiss and Dubos reported a purification 
of the bacterial substances produced by this soil bacterium, now identified as Bacillus brevis. 
In 1941-1942, they purified and crystallised tyricidine and gramicidin, starting from a B. 
brevis culture, and showed them to be composed of amino acids. Both antibacterial peptides 
were more or less toxic to humans.96 

In the 1960s, a bee venom toxin and a peptide in frog skin were claimed to be 
antibacterial.96 Since then, antimicrobial peptides have been isolated from insects (cecropins 
from the moth Hyalophora cecropia and Drosophila melanogaster, insect defensins from the 
fleshflies Phormia terranovae and Sarcophaga peregrina),122-124 from the skin of the 
African clawed frog Xenopus laevis (magainins),125 from the horse shoe crab 
(tachyplesins),126 and mammalian granulocytes (defensins), macrophages (murine 
microbicidal proteins), and platelets (thrombocidins).127-129 Their widespread distribution 
makes it likely that they play an important protective role.96,130 

Cecropins and defensins were the first antimicrobial agents to be structurally 
characterised.131 Although antimicrobial peptides vary considerably in length, almost all of 
them are of cationic nature (Table 2). 

 
Table 2: Chemical characteristics of selected antimicrobial peptides.131-135 
Antimicrobial peptide amino acid residues net positive charges structure 
Cecropins 31-39 4-8 a-helix 
Magainins 23 3-4 a-helix 
Defensins 29-34 3-10 b-sheet, 3 cystine bridges 
Thrombocidins 65-83 ~12 b-sheet, 2 cystine bridges 
Lysozyme 129 8 b-sheet, 4 cystine bridges 
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Defensins and thrombocidins contain b-sheet structures stabilised by several disulphide 
bridges, while cecropins and magainins contain an amphipathic a-helix.130 These structural 
features contribute to the stability of the proteins. Antimicrobial peptides are active against 
Gram-positive and Gram-negative micro-organisms, but their minimal inhibitory 
concentrations vary considerably.126 

Antibacterial proteins from human blood cells, such as lysozyme, defensins and 
thrombocidins are primary defence agents of innate immunity. Defensins are released from 
polymorphonucleated neutrophilic leukocytes (PMNs) in the extracellular environment, and 
in vivo platelet binding and activation causes secretion of platelet microbicidal proteins, 
which limit bacterial proliferation.27,136 The properties of these human antibacterial proteins 
will be considered in more detail. 

Lysozyme is an enzyme present in PMNs, macrophages, and blood platelets, and is also 
found in blood plasma, saliva, tears, etc.127,137 Lysozyme was discovered by Fleming in 
1922, and is a highly stable, very cationic protein of approximately 14.4 kD, containing four 
disulphide bridges. Its enzymatic activity is directed against the ß1-4 glycosidic bond between 
N-acetylglucosamine and N-acetylmuramic acid residues in bacterial cell wall 
peptidoglycans. Chitin, a polysaccharide consisting of N-acetylmuramic acid residues joined 
by a ß1-4 glycosidic links, is also a substrate for lysozyme.135 Lysozyme can kill a limited 
spectrum of Gram-positive bacteria (e.g., Micrococcus lysodeikticus and Bacillus 
megaterium) and fungi in vitro.127,137,138 

Three human neutrophil peptides (HNP-1, HNP-2, HNP-3) have been purified from the 
azurophilic granules of PMNs.127,139 The structures of these peptides are highly conserved, 
and homologous in sequence to the rabbit neutrophil peptide family.139,140 Human defensins 
contain 29 to 30 amino acid residues and have a mass of approximately 3.5 kD. They contain 
4 arginine residues per molecule with a net charge of +2 (HNP-3) or +3 (HNP-1, HNP-2). Six 
conserved cysteine residues form three intramolecular disulphide bonds, which cyclise and 
stabilise the defensins in a complexly folded, triple-stranded ß-sheet structure.127,139,141 The 
human defensins showed activity against S. aureus and E. coli in vitro.127 

Human defensins are biosynthesised as 93-95 amino acid preprodefensins with a 
characteristic 19 amino acid signal sequence and a 40-45 amino acid anionic propiece.142,143 
The defensins account for 30% of the total protein content in cytoplasmic granules of 
neutrophils, and after the ingestion of micro-organisms these granules fuse with the 
phagolysosome.128 The defensin concentration in the lysosomes is very high, in the order of 1 
to 5 mg/ml.144  

In general, defensins exhibit greater potency against Gram-positive bacteria (and fungi) 
than against Gram-negative bacteria.137 Optimal lysis is achieved with 25 to 100 µg/ml after 
6 hours, however targets treated with 1 µg/ml of defensin demonstrated significant cytolysis 
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within 14 hours. At least three sequential events are required for target cell lysis: membrane 
binding, permeabilisation and finally damaging of DNA.145,146 Low temperature (below 
27°C), presence of serum, albumin or addition of heparin impair binding of defensins to 
bacteria and thus block cytolysis.145,147 

HNP-3 crystallizes as a dimer, which is stabilised by 6 hydrogen bonds, and hydrophobic 
interactions.141 It is believed that after binding to the cell membrane, defensins form voltage-
dependent channels in lipid bilayers, a process that involves at least four dimers (Figure 
3).141,148 The amphipathic nature of defensins makes them soluble in aqueous media and 
promotes their ability to insert in membranes. The net positive charge on defensins favours 
interactions with negatively charged lipid head groups, and provides an initial driving force 
for defensin insertion into a membrane.132,148  

 

 
Figure 3: General pore hypothesis: the top is hydrophilic and interacts with the lipid head groups, while the 
bottom hydrophobic surfaces (black) face the lipid bilayers. This figure shows just two dimers. At least four 
dimers are required to complete the pore.141 

 
The discovery of antibacterial proteins in platelets dates back to the 19th century, when it 

was described by Fodor and von Behring that animal serum contained a heat-stable 
bactericidal system. In 1901, Gengou demonstrated that this heat-stable bactericidal activity 
was cell-derived.149,150 In 1960, Hirsch showed that platelets had to be present in plasma 
during coagulation for serum to reach full bactericidal activity against Bacillus subtilis, and 
thereby related serum bactericidal activity to platelet bactericidal activity.151 Since then 
numerous investigators have worked to isolate and characterise the platelet-specific molecules 
associated with the antimicrobial activity of serum. Weksler showed that rabbit platelet 
lysosomal granules contained two proteins of molecular masses of 10 kD and 40 kD, that 
were bactericidal in vitro against B. subtilis and S. aureus, and that were released from the 
platelets during coagulation.150 Donaldson purified different b-lysins from rabbit platelets 
that were specific in their killing of S. aureus and B. subtilis.149 

Over the years, these platelet bactericidal proteins were designated many different names: 
ß-lysins,149 platelet bactericidal protein,150 platelet microbicidal protein,152 and thrombo-
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defensins.153 Although these platelet derived factors with antimicrobial activity are not 
necessarily identical, they share several important characteristics. They have low molecular 
weights, are cationic and heat stable and they require thrombin to be released from the platelet 
a-granules. The antibacterial proteins have a mass of 7.4 to 10 kD. The cationic charge might 
be an indication for a bactericidal action directed towards the anionic cell membrane.149,152 
They are bactericidal for common infective endocarditis pathogens (streptococci and 
staphylococci) and reduce bacterial binding to platelets.153-157 A recent study has shown that 
human platelets contain at least 10 different antibacterial proteins.158 

The peptides are able to kill a variety of Gram-positive and Gram-negative bacteria. Their 
concentration in serum is not increased by immunisation with a susceptible organism.149 In 
vitro concentrations of platelet microbicidal proteins of 5-10 µg/ml are bactericidal against S. 
aureus.134,156 The local secretion of microbicidal factors by thrombin-stimulated platelets is 
involved in the in vitro clearance of viridans streptococci from vegetations.154 Furthermore, 
there is evidence for an in vitro synergistic action between platelet host defences and 
antibiotic treatment.129,156 In vivo, platelet microbicidal proteins may have an important role 
in defence against infective endocarditis,154 particularly in combination with antibiotic 
prophylaxis.156 This hypothesis was supported by animal studies which showed that optimum 
amoxillin serum levels for successful prophylaxis were non-killing conditions.159 

Recently, the structure of two thrombocidins has been elucidated.158 They have molecular 
masses of 7.4 kD and 9.1 kD, are highly cationic and contain two cystine bridges together 
with an amphipatic a-helix. However, the exact function and microbicidal mechanisms of 
these proteins still have to be investigated.152  

Human antibacterial proteins are very potent agents with a specific mode of action, playing 
a role in the natural defence mechanisms against micro-organisms. Until now, these 
antibacterial proteins have never been used clinically. However, the local application of 
human antibacterial proteins together with an implanted biomaterial may be complementary 
to the natural defence mechanisms against micro-organisms, for example by their presence 
during and directly after implantation, or by their application at sites, where these proteins are 
not naturally present. To improve the efficacy of antibacterial therapies, these antibacterial 
proteins may be used in combination with conventional antibiotics. However, the in vivo  
therapeutic efficacy of these antibacterial proteins still has to be studied. 
 
Conclusions 
 

The infection of prosthetic heart valves after surgery is a rare but serious complication of 
cardiac valve replacement. Although the incidence of prosthetic valve endocarditis is 
declining due to improved surgical techniques and better hygienic care, the absolute number 
of infections is still increasing.  
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Bacterial adhesion is considered to be the most important step in the development of 
bacterial infection. Therefore, prevention of bacterial adhesion onto biomaterials or removal 
of bacteria that have adhered to the biomaterial are promising approaches to prevent bacterial 
infections. Modification of the biomaterial surface may be directed at the inhibition of protein 
or bacterial adhesion to biomaterials in vitro, but in vivo almost any biomaterial is rapidly 
covered with proteins. As it has been shown that complete healing improves the long-term 
infection resistance of biomedical implants such as vascular prostheses and prosthetic heart 
valves, increasing the biocompatibility of the biomaterial surface may be a promising 
approach to improve their long-term in vivo infection resistance. 

The application of antibiotics in vascular grafts or prosthetic valve sewing rings has shown 
to be a practical and relatively effective approach in the prevention of bacterial infections, 
directly after implantation. However, until now, little attention has been paid to develop a 
controlled release system for antibiotics. Furthermore, the development of bacterial resistance 
during prophylactic treatment with antibiotics is difficult to circumvent. The controlled 
release of antibacterial proteins derived from human blood cells, which are primary defence 
agents of innate immunity, is a new and promising approach in the fight against early 
endocarditis.  

In humans, antibacterial proteins have been isolated from neutrophilic granulocytes, and 
blood platelets. These cell types play a significant role in the host defence against micro-
organisms. Although defensins (from neutrophils) and thrombocidins (from blood platelets) 
are different, they share some characteristics. Both are small (defensins: 3.5-4 kD, 
thrombocidins: 7.5-9 kD), cationic, and heat stable. Their relatively high stability is due to the 
presence of several cystine bridges. The low molecular weight and high stability of these 
proteins are advantageous for their application in a controlled release system.  

In conclusion, an ideal antibacterial controlled release system, applied in the Dacron 
sewing ring of a prosthetic heart valve, has to meet a considerable number of requirements, 
such as a good biocompatibility, biodegradation within several months, being soft, and having 
the appropriate release characteristics for antibacterial proteins: an initial burst, and sustained 
release for at least 2 days, but preferably up to 1 or 2 weeks. The aim of this study was to 
develop such an 'ideal' antibacterial release system, so that infection resistance of prosthetic 
heart valves will be maintained for a long time after implantation. 
 
References 
1. Sugarman, B.; Young, E.J., Infections associated with prosthetic devices; CRC Press Inc.: Boca Raton, 

1984. 
2. Dankert, J.; Hogt, A.H.; Feijen, J., Biomedical polymers: bacterial adhesion, colonization and infection, 

CRC Crit. Rev. Biocomp. 1986, 2, 219-301. 
3. Rodgers, K.G., Antibiotic use in prosthetic device infections, Em. Med. Clin. North Am. 1994, 12, 863-

881. 
4. Dickinson, G.M.; Bisno, A.L., Infection associated with prosthetic devices: clinical considerations, Int. J. 

Artif. Org. 1993, 16, 749-754. 



 

    20 
 

5. Williams, D.F., Introduction: implantable materials and infection, Injury 1996, 27, 1-4. 
6. Von Recum, A.F.; Barth, E., Implant infection, J. Invest. Surgery 1989, 2, 351-352. 
7. Chastre, J.; Trouillet, J.L., Early infective endocarditis on prosthetic valves, Eur. Heart J. 1995, 16, 32-

38. 
8. Sugarman, B.; Young, E.J., Infections associated with prosthetic devices: magnitude of the problem, Inf. 

Dis. Clin. North Am. 1989, 3, 187-198. 
9. Gristina, A.G.; Naylor, P.T.; Myrvik, Q.N.; Wagner, W.D., Microbial adhesion to biomaterials, In: High 

performance biomaterials; Szycher, M. Ed., Lancaster, 1991. 
10. Katz, D.A.; Greco, R.S., The pathobiology of infections associated with biomaterials, Problems in 

General Surgery 1994, 11, 209-226. 
11. Wilson, W.R.; Danielson, G.K.; Giuliani, E.R.; Geraci, J.E., Prosthetic valve endocarditis, Mayo. Clin. 

Proc. 1982, 57, 155-161. 
12. Durack, D.T.; Beeson, P.B., Experimental bacterial endocarditis I. Colonization of a sterile vegetation, 

Br. J. Exp. Path. 1972, 53, 44-49. 
13. Durack, D., Blood and circulation, In: Mechanisms of microbial disease; Schaechter, M., Medoff, G. and 

Schlessinger, D., Eds., Williams and Wilkins, Baltimore, 1989. 
14. Gregoratos, G., Infective endocarditis, In: Cardiovascular disease; Parmley, W.W. and Chatterjee, K., 

Eds., J. B. Lippincott Company, Philadelphia, 1989. 
15. Michel, P.L.; Acar, J., Native cardiac disease predisposing to infective endocarditis, Eur. Heart J. 1995, 

16, 2-6. 
16. Luby, J.P.; Tompsett, R., Infective endocarditis, In: Clinical cardiology; Willerson, J.T. and Anderson, 

C.A., Eds., Grune and Stratton, New York, 1977. 
17. Horstkotte, D.; Piper, C.; Niehues, R.; Schultheiss, H.P., Late prosthetic valve endocarditis, Eur. Heart J. 

1995, 16, 39-47. 
18. De Gevigney, G.; Pop, C.; Delahaye, J.P., The risk of infective endocarditis after surgical and 

interventional procedures, Eur. Heart J. 1995, 16, 7-14. 
19. Stickler, D., Prosthetic device-associated infections: what's new?, Curr. Op. Inf. Dis. 1996, 9, 265-269. 
20. Besnier, J.M.; Choutet, P., Medical treatment of infective endocarditis, Eur. Heart J. 1995, 16, 72-74. 
21. Bille, J., Medical treatment of staphylococcal infective endocarditis, Eur. Heart J. 1995, 16, 80-83. 
22. Francioli, P., Antibiotic treatment of streptococcal and enterococcal endocarditis, Eur. Heart J. 1995, 16, 

75-79. 
23. Durack, D.T.; Beeson, P.B.; Petersdorf, R.G., Experimental bacterial endocarditis III. Production and 

progress of the disease in rabbits, Br. J. Exp. Path. 1973, 54, 142-151. 
24. Durack, D.T., Experimental bacterial endocarditis IV. Structure and evolution of very early lesions, J. 

Path. 1975, 115, 81-89. 
25. Vacheethasanee, K.; Temenoff, J.S.; Higashi, J.M.; Gary, A.; Anderson, J.M.; Bayston, R.; Marchant, 

R.E., Bacterial surface properties of clinically isolated Staphylococcus epidermidis strains determine 
adhesion on polyethylene, J. Biomed. Mater. Res. 1998, 42, 425-432. 

26. Herzberg, M.C.; Brintzenhofe, K.L.; Clawson, C.C., Aggregation of human platelets and adhesion of 
Streptococcus sanguis, Infect. Immun. 1983, 39, 1457-1469. 

27. Sullam, P.M., Host-pathogen interactions in the development of bacterial endocarditis, Curr. Op. Infect. 
Dis. 1994, 7, 304-309. 

28. Vaudaux, P.; Pittet, D.; Haeberli, A.; Huggler, E.; Nydegger, U.E.; Lew, D.P., Host factors selectively 
increase staphylococcal adherence on inserted catheters: a role for fibronectin and fibrinogen or fibrin, J. 
Infect. Dis. 1989, 160, 865-875. 

29. Akiyama, S.K.; Yamada, K.M.; Hayashi, M., The structure of fibronectin and its role in cellular adhesion, 
J. Supramol. Struct. Cell. Biochem. 1981, 16, 345-358. 

30. Vaudaux, P.; Pittet, P.; Haeberli, A.; Lerch, P.G.; Morgenthaler, J.-J.; Proctor, R.A.; Waldvogel, F.A.; 
Lew, D.P., Fibronectin is more active than fibrin or fibrinogen in promoting Staphylococcus aureus 
adherence to inserted intravascular catheters, J. Infect. Dis. 1993, 167, 633-641. 

31. McDevitt, D.; Francois, P.; Vaudaux, P.; Foster, T.J., Molecular characterization of the clumping factor 
(fibrinogen receptor) of Staphylococcus aureus, Molec. Microbiol. 1994, 11, 237-248. 

32. Holmes, S.D.; May, K.; Johansson, V.; Markey, F.; Critchley, I.A., Studies on the interaction of 
Staphylococcus aureus and Staphylococcus epidermidis with fibronectin using surface plasmon resonance 
(BIAcore), J. Microbiol. Meth. 1997, 28, 77-84. 

33. Vaudaux, P.; Yasuda, H.; Velazco, M.I.; Huggler, E.; Ratti, I.; Waldvogel, F.A.; Lew, D.P.; Proctor, 
R.A., Role of host and bacterial factors in modulating staphylococcal adhesion to implanted polymer 
surfaces, J. Biomater. Applic. 1990, 5, 134-153. 



 

    21 
 

34. Hienz, S.A.; Schennings, T.; Heimdahl, A.; Flock, J.-I., Collagen binding of Staphylococcus aureus is a 
virulence factor in experimental endocarditis, J. Inf. Dis. 1996, 174, 183-188. 

35. Vaudaux, P.E.; Francois, P.; Proctor, R.A.; McDevitt, D.; Foster, T.J.; Albrecht, R.M.; Lew, D.P.; 
Wabers, H.; Cooper, S.L., Use of adhesion-defective mutants of Staphylococcus aureus to define the role 
of specific plasma proteins in promoting bacterial adhesion to canine arteriovenous shunts, Infect. Immun. 
1995, 63, 585-590. 

36. Yeaman, M.R.; Sullam, P.M.; Dazin, P.F.; Norman, D.C.; Bayer, A.S., Characterization of 
Staphylococcus aureus-platelet binding by quantitative flow cytometric analysis, J. Infect. Dis. 1992, 166, 
65-67. 

37. Ruggeri, Z.M., New insights into the mechanisms of platelet adhesion and aggregation, Seminars in 
hematology 1994, 31, 229-239. 

38. Ross, J.M.; McIntire, L.V.; Moake, J.L.; Rand, J.H., Platelet adhesion and aggregation on human type IV 
collagen surfaces under physiological flow conditions, Blood 1995, 85, 1826-1835. 

39. Erickson, P.R.; Herzberg, M.C., Altered expression of platelet aggregation-associated protein from 
Streptococcus sanguis after growth in the presence of collagen, Infect. Immun. 1995, 63, 1084-1088. 

40. Sullam, P.M.; Bayer, A.S.; Foss, W.M.; Cheung, A.L., Dimished platelet binding in vitro by 
Staphylococcus aureus is associated with reduced virulence in a rabbit model of infective endocarditis, 
Inf. Immun. 1996, 64, 4915-4921. 

41. Pelletier, L.L.; Coyle, M.; Petersdorf, R., Dextran production as a possible virulence factor in 
streptococcal endocarditis, Proc. Soc. Exp. Biol. Med. 1978, 158, 415-420. 

42. Christensen, G.D.; Simpson, W.A.; Bisno, A.L.; Beachey, E.H., Adherence of slime-producing strains of 
Staphylococcus epidermidis to smooth surfaces, Infect. Immun. 1982, 37, 318-326. 

423. Christensen, G.D.; Simpson, A.A.; Younger, J.J.; Baddour, L.M.; Barrett, F.F.; Melton, D.M.; Beachey, 
E.H., Adherence of coagulase-negative staphylococci to plastic tissue culture plates: a quantitative model 
for the adherence of staphylococci to medical devices, J. Clin. Microbiol. 1985, 22, 996-1006. 

44. Baddour, L.M.; Christensen, G.D.; Lowrance, J.H.; Simpson, W.A., Pathogenesis of experimental 
endocarditis, Rev. Infect. Dis. 1989, 11, 452-463. 

45. Scheld, W.M.; Valone, J.A.; Sande, M.A., Bacterial adherence in the pathogenesis of endocarditis. 
Interaction of bacterial dextran, platelets and fibrin, J. Clin. Invest. 1978, 61, 1394-1404. 

46. Ramirez-Ronda, C.H., Effects of molecular weight of dextran on the adherence of Streptococcus sanguis 
to damaged heart valves, Infect. Immun. 1980, 29, 1-7. 

47. Hicks, R.C.J.; Greenhalgh, R.M., The pathogenesis of vascular graft infection, Eur. J. Vasc. Endovasc. 
Surg. (Supplement A) 1997, 14, 5-9. 

48. Vogt, P.R.; Von Segesser, L.K.; Jenni, R.; Niederhauser, U.; Genoni, M.; Kunzli, A.; Schneider, J.; 
Turina, M.I., Emergency surgery for acute infective aortic valve endocarditis: performance of 
cryopreserved homografts and mode of failure, Eur. J. Cardio-thorac. Surgery 1997, 11, 53-61. 

49. Vogt, P.R.; Brunner-La Rocca, H.P.; Carrell, T.; Von Segesser, L.K.; Ruef, C.; Debatin, J.; Seifert, B.; 
Kiowski, W.; Turina, M.I., Cryopreserved arterial allografts in the treatment of major vascular infection: 
a comparison with conventional surgical techniques, J. Thorac. Cardiovasc. Surg. 1998, 116, 965-972. 

50. Antimicrobiële profylaxe en therapie, AMC 1998. 
51. Leport, C.; Horstkotte, D.; Burckhardt, D., and the group of experts of the international society for 

chemotherapy, Antibiotic prophylaxis for infective endocarditis from an international group of experts 
towards a European concensus, Eur. Heart J. 1995, 16, 126-131. 

52. Calligaro, K.D.; De Laurentis, D.A.; Veith, F.J., An overview of the treatment of infected prosthetic 
vascular grafts, Adv. Surgery 1996, 29, 3-16. 

53. Chuard, C.; Lucet, J.-C.; Rohner, P.; Herrmann, M.; Auckenthaler, R.; Waldvogel, F.A.; Lew, D.P., 
Resistance of Staphylococcus aureus recovered from infected foreign body in vivo to killing by 
antimicrobials, J. Infect. Dis. 1991, 163, 1369-1373. 

54. Chuard, C.; Vaudaux, p.; Waldvogel, F.A.; Lew, D.P., Susceptibility of Staphylococcus aureus growing 
on fibronectin-coated surfaces to bactericidal antibiotics, Antimicrob. Agents Chemother. 1993, 37, 625-
632. 

55. Waldvogel, F.A.; Vaudaux, P.E.; Pittet, D.; Lew, D.P., Perioperative antibiotic prophylaxis of wound and 
foreign body infections: microbial factors affecting efficacy, Rev. Infect. Dis. 1991, 13, S782-789. 

56. Bergamini, T.M.; McCurry, T.M.; Bernard, J.D.; Hoeg, K.L.; Corpus, R.A.; Peyton, J.C.; Brittian, K.R.; 
Cheadle, W.G., Antibiotic efficacy against Staphylococcus epidermidis adherent to vascular grafts, J. 
Surg. Res. 1996, 60, 3-6. 

57. Daeschel, M.A.; McGuire, J., Interrelationships between protein surface adsorption and bacterial 
adhesion, Biotechn. Gen. Engin. Rev. 1998, 15, 413-438. 



 

    22 
 

58. Ishihara, K.; Ziats, N.P.; Tierney, B.P.; Nakabayashi, N.; Anderson, J.M., Protein adsorption from human 
plasma is reduced on phospholipid polymers, J. Biomed. Mater. Res. 1991, 25, 1397-1407. 

59. Ueda, T.; Watanabe, A.; Ishihara, K.; Nakabayashi, N., Protein adsorption on biomedical polymers with a 
phosphorylcholine moiety adsorbed with phospholipid, J. Biomater. Sci. Polymer Ed. 1991, 3, 185-194. 

60. Bergstrom, K.; Holmberg, K.; Safranj, A.; Hoffman, A.S.; Edgell, M.J.; Kozlowski, A.; Hovanes, B.A.; 
Harris, J.M., Reduction of fibrinogen adsorption on PEG-coated polystyrene surfaces, J. Biomed. Mater. 
Sci. 1992, 26, 779-790. 

61. Nomura, S.; Lundberg, F.; Stollenwerk, M.; Nakamura, K.; Ljungh, A., Adhesion of staphylococci to 
polymers with and without immobilized heparin in cerebrospinal fluid, J. Biomed. Mater. Res. (Appl. 
Biomater.) 1997, 38, 35-42. 

62. Kim, C.H.; Choi, J.W.; Chun, H.J.; Choi, K.S., Synthesis of chitosan derivatives with quaternary 
ammonium salt and their antibacterial activity, Polymer. Bull. 1997, 38, 387-393. 

63. Gristina, A.G., Biomaterial-centered infection: microbial adhesion versus tissue integration, Science 
1987, 237, 1588-1595. 

64. Berger, K.; Sauvage, L.R.; Wood, S.J.; Wesolowski, S.A., Sewing ring healing of cardiac valve 
prosthesis, Surgery 1967, 61, 102-117. 

65. Malone, J.M.; Moore, W.S.; Campagna, G.; Bean, B., Bacteremic infectability of vascular grafts: The 
influence of pseudointimal integrity and duration of graft function, Surgery 1975, 78, 211-216. 

66. Moore, W.S.; Malone, J.M.; Down, K., Prosthetic arterial graft material. Influence on neointimal healing 
and bacteremic infectibility, Arch. Surg. 1980, 115, 1379-1383. 

67. Grinnell, F., Fibronectin and wound healing, Am. J. Dermatopathol. 1982, 4, 185-188. 
68. Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J.D., Molecular Biology of the Cell; 

Garland Publishing, New York, 1989. 
69. Vaudaux, P.; Avramoglou, T.; Letourneur, D.; Lew, D.P.; Jozefonvicz, J., Inhibition by heparin and 

derivatized dextrans of Staphylococcus aureus adhesion to fibronectin-coated biomaterials, J. Biomat. 
Sci. Polym. Ed. 1992, 4, 89-97. 

70. Yu, J.; Montelius, M.N.; Paulsson, M.; Gouda, I.; Larm, O.; Montelius, L.; Ljungh, A., Adhesion of 
coagulase-negative staphylococci and adsorption of plasma proteins to heparinized polymer surfaces, 
Biomaterials 1994, 15, 805-814. 

71. French, B.G.; Wilson, K.; Wong, M.; Smith, S.; O'Brien, M.F., Rifampicin antibiotic impregnation of the 
St. Jude medical mechanical valve sewing ring: a weapon against endocarditis, J. Thor. Cardiovasc. Surg. 
1996, 112, 248-252. 

72. Weiss, J.P.; Lorenzo, F.V.; Campbell, C.D.; Myerowitz, R.L.; Webster, M.W., The behavior of infected 
arterial prostheses of expanded polytetrafluoroethylene (Gore-Tex), J. Thorac. Cardiovasc. Surg. 1977, 
73, 630-636. 

73. Richardson, R.L.; Pate, J.W.; Wolf, R.Y.; Ledes, C.; Briggs-Hopson, W., The outcome of antibiotic-
soaked arterial grafts in guinea pig wounds contaminated with E. coli or S. aureus, J. Thorac. 
Cardiovasc. Surg. 1970, 59, 635-637. 

74. Greco, R.S.; Harvey, R.A.; Henry, R.; Prahlad, A., Prevention of graft infection by antibiotic bonding, 
Surgical forum 1980, 31, 29-30. 

75. Prahlad, A.; Harvey, R.A.; Greco, R.S., Diffusion of antibiotics from a polytetrafluoroethylene-
benzalkonium surface, Am. Surg. 1981, 47, 515-518. 

76. Henry, R.; Harvey, R.A.; Greco, R.S., Antibiotic binding to vascular prostheses, J. Thorac. Cardiovasc. 
Surg. 1981, 82, 272-277. 

77. Harvey, R.A.; Alcid, D.V.; Greco, R.S., Antibiotic bonding to polytetrafluorothylene with 
tridodecylmethylammonium chloride, Surgery 1982, 92, 504-512. 

78. Ozaki, C.K.; Phaneuf, M.D.; Bide, M.J.; Quist, W.C.; Alessi, J.M.; Lo Gerfo, F.W., In vivo testing of an 
infection-resistant vascular graft material, J. Surg. Res. 1993, 55, 543-547. 

79. Modak, S.M.; Sampath, L.; Fox, C.L.; Benvenisty, A.; Nowygrod, R.; Reemstmau, K., A new method for 
the direct incorporation of antibiotic in prosthetic vascular grafts, Surgery, Gyneacology & Obstetrics 
1987, 164, 143-147. 

80. Kinney, E.V.; Bandyk, D.F.; Seabrook, G.A.; Kelly, H.M.; Towne, J.B., Antibiotic-bonded PTFE 
vascular grafts: the effect of silver on bioactivity following implantation, J. Surg. Res. 1991, 50, 430-435. 

81. Kelly, S.J.; Johnson, A.L.; Carlyle, W.C., In vitro evaluation of the antimicrobial efficacy of Silzone 
coated heart valve sewing cuff fabric using live/dead fluorescent probes on 'wild' Staphylococcus 
epidermidis, Twenty-fifth annual meeting of the society for biomaterials, Providence, 1999. 



 

    23 
 

82. Ogle, M.F.; Cameron, D.; Bianco, R.W.; Lirtzman, R.A.; Razzouk, A.; Schroeder, R.F.; Mirsch, W., 
Systemic silver evaluation: a study of Silzone heart valves, Twenty-fifth annual meeting of the society for 
biomaterials, Providence, 1999. 

83. Okahara, K.; Kambayashi, J.; Shibuya, T.; Kawasaki, T.; Sakon, M.; Dohi, Y.; Oka, Y.; Ito, S.; Miyake, 
S., An infection-resistant PTFE vascular graft; spiral coiling of the graft with ofloxacin-bonded PTFE 
thread, Eur. J. Endovasc. Surg. 1995, 9, 408-414. 

84. Ney, A.L.; Kelly, P.H.; Tsukuyama, D.T.; Bubrick, M.P., Fibrin glue-antibiotic suspension in the 
prevention of prosthetic graft infection, J. Trauma 1990, 30, 1000-1006. 

85. Yamamura, K.; Sakurai, T.; Yano, K.; Osada, T.; Nabeshima, T., Prevention of vascular graft infection 
by sisomycin incorporated into fibrin glue, Microbiol. Immunol. 1995, 39, 895-896. 

86. Fujimoto, K.; Yamamura, K.; Osada, T.; Hayashi, T.; Nobeshima, T.; Matsushita, M.; Nishikimi, N.; 
Sakurai, T.; Numira, Y., Subcutaneous tissue distribution of vancomycin from a fibrin glue/Dacron graft 
carrier, J. Biomed. Mater. Res. 1997, 36, 564-567. 

87. Chervu, A.; Moore, W.S.; Gelabert, H.A.; Colburn, M.D.; Chvapil, M., Prevention of graft infection by 
use of prostheses bonded with a rifampin/collagen release system, J. Vasc. Surg. 1991, 14, 521-525. 

88. Goeau-Brissonniere, O., Prevention and treatment of vascular graft infection with a rifampin bonded 
gelatin-sealed Dacron graft, Zentralbl. Chir. 1994, 119, 94-96. 

89. Lachapelle, K.; Graham, A.M.; Symes, J.F., Antibacterial activity, antibiotic retention, and infection 
resistance of a rifampin-impregnated gelatin-sealed Dacron graft, J. Vasc. Surg. 1994, 19, 675-682. 

90. Gahtan, V.; Esses, G.E.; Bandyk, D.F.; Nelson, R.T.; Dupont, E.; Mills, J.L., Antistaphylococcal activity 
of rifampin-bonded gelatin-impregnated dacron grafts, J. Surg. Res. 1994, 58, 105-110. 

91. Sardelic, F.; Ao, P.Y.; Taylor, D.A.; Fletcher, J.P., Prophylaxis against Staphylococcus epidermidis 
vascular graft infection with rifampicin-soaked, gelatin-sealed Dacron, Cardiovasc. Surg. 1996, 4, 389-
392. 

92. Torsello, G.; Sandmann, W., Use of antibiotic-bonded grafts in vascular graft infections, Eur. J. 
Endovasc. Surg. (Supplement A) 1997, 14, 84-87. 

93. Ney, A.L.; Granja, J.A.; Schuster, P.A.; Tsukayama, D.T.; Jacobs, D.M.; Bubrick, M.P., The use of 
biodegradable amikacin microspheres to prevent vascular graft infection, J. Surg. Res. 1994, 57, 698-705. 

94. Olanoff, L.S.; Anderson, J.M.; Jones, R.D., Sustained release of gentamicin from prosthetic heart valves, 
Trans. Am. Soc. Artif. Organs 1979, 25, 334-338. 

95. Khor, E.; Tay, L.F.; Goh, K.S.; Lee, C.N., Prevention of prosthetic valve endocarditis by impregnation of 
gentamicin into surgical platelets, Biomat. 1996, 17, 1631-1637. 

96. Boman, H.G.; Marsh, J.; Goode, J.A., Antimicrobial peptides; Ciba Foundation Symposium; John Wiley 
& Sons, Chicester, 1994. 

97. Lee, V.H.L., Peptide and protein drug delivery: opportunities and challenges, Pharm. Int. 1986, 7, 208-
212. 

98. Wise, D.L.; Trantolo, D.J.; Marino, R.T.; Kitchell, J.P., Opportunities and challenges in the design of 
implantable biodegradable polymeric systems for the delivery of antimicrobial agents and vaccines, Adv. 
Drug Deliv. Rev. 1987, 1, 19-39. 

99. Pitt, C.G., The controlled parenteral delivery of polypeptides and proteins, Int. J. Pharm. 1990, 59, 173-
196. 

100. Chien, Y.W., Systemic delivery of peptide-based pharmaceuticals, In: Novel drug delivery systems; 
Chien, Y.W. Ed., M. Dekker, New York, 1992. 

101. Baldwin, S.P.; Saltzman, W.M., Materials for protein delivery in tissue engineering, Adv. Drug. Deliv. 
Rev. 1998, 33, 71-86. 

102. Langer, R., Polymeric delivery systems for controlled drug release, Chem. Eng. Commun. 1980, 6, 1-48. 
103. Langer, R.; Peppas, N., Chemical and physical structure of polymers as carriers for controlled release of 

bioactive agents: a review, J. Macromol. Sci. Rev. Macromol. Chem. Phys. 1983, C23, 61-126. 
104. Baker, R.W.; Lonsdale, H.K., Controlled release: mechanisms and rate, In: Controlled release of 

biologically active agents; Tanquary, A.C., and Lacey, R.E., Eds., Plenum Press, New York, 1974. 
105. Chien, Y.W., Fundamentals of rate-controlled drug delivery, In: Novel drug delivery systems; Chien, 

Y.W. Ed., M. Dekker, New York, 1992. 
106. Chien, Y.W., Concepts and system design for rate-controlled drug delivery, In: Novel drug delivery 

systems; Chien, Y.W. Ed., M. Dekker, New York, 1992. 
107. Piskin, E., Review: biodegradable polymers as biomaterials, J. Biomater. Sci. Polymer Edn. 1994, 6, 775-

795. 
108. Domb, A.J.; Anselem, S.; Maniar, M., Biodegradable polymers as drug carrier systems, In: Polymeric 

biomaterials; Dimitriu, S., Ed., M. Dekker, New York, 1993. 



 

    24 
 

109. Holland, S.J.; Tighe, B.J.; Gould, P.L., Polymers for biodegradable medical devices. I The potential of 
polyesters as controlled macromolecular release systems, J. Control. Release 1986, 4, 155-180. 

110. Heller, J., Biodegradable polymers in controlled drug delivery, CRC Crit. Rev. Ther. Drug Carr. Syst. 
1984, 1, 39-90. 

111. Floy, B.J.; Visor, G.C.; Sander, L.M., Design of biodegradable polymer systems for controlled release of 
bioactive agents, In: Polymeric delivery systems; properties and applications, El-Nokaly, M.A. and Piatt, 
D.M., American Chemical Society, Washington D.C., 1993. 

112. Bogdansky, S., Natural polymers as drug delivery systems, In: Biodegradable polymers as drug delivery 
systems; Chasin, M. and Langer, R., Eds., M. Dekker, New York, 1990. 

113. Tabata, Y.; Hijikata, S.; Ikada, Y., Enhanced vascularization and tissue granulation by basic fibroblast 
growth factor impregnated in gelatin hydrogels, J. Control. Release 1994, 31, 189-199. 

114. Di Silvio, L.; Gurav, N.; Kayser, M.V.; Braden, M.; Downes, S., Biodegradable microspheres: a new 
delivery system for growth hormone, Biomaterials 1994, 15, 931-936. 

115. Cascone, M.G.; Sim, B.; Downes, S., Blends of synthetic and natural polymers as drug delivery systems 
for growth hormone, Biomaterials 1995, 16, 569-575. 

116. Muniruzzaman, M.; Tabata, Y.; Ikada, Y., Complexation of basic fibroblast growth factor with gelatin, J. 
Biomater. Sci. Polymer Ed. 1998, 9, 459-473. 

117. Tabata, Y.; Ikada, Y., Protein release from gelatin matrices, Adv. Drug Deliv. Rev. 1998, 31, 287-301. 
118. Tabata, Y.; Ikada, Y., Synthesis of gelatin microspheres containing interferon, Pharm. Res. 1989, 6, 422-

427. 
119. Fujioka, K.; Takada, Y.; Sato, S.; Miyata, T., Novel delivery system for proteins using collagen as a 

carrier material: the minipellet, J. Control. Release 1995, 33, 307-315. 
120. Rao, J.K.; Ramesh, D.V.; Panduranga Rao, K., Controlled release systems for proteins based on gelatin 

microspheres, J. Biomater. Sci. Polymer Ed. 1994, 6, 391-398. 
121. Singh, M.P.; Lumpkin, J.A.; Rosenblatt, J., Effect of electrostatic interactions on polylysine release rates 

from collagen matrices and comparison with model predictions, J. Control. Release 1995, 35, 165-179. 
122. Kimbrell, D.A., Insect antibacterial proteins: not just for insects against bacteria, Bioessays 1991, 13, 

657-663. 
123. Boman, H.G.; Faye, I.; Gudmundsson, G.H.; Lee, J.Y.; Lidholm, D.A., Cell-free immunity in Cecropia: a 

model system for antibacterial proteins, Eur. J. Biochem. 1991, 201, 23-31. 
124. Hoffmann, J.A.; Hetru, C., Insect defensins: inducible antibacterial peptides, Imuunology today 1992, 13, 

411-415. 
125. Zasloff, M., Magainins, a class of antimicrobial peptides from Xenopus skin: isolation, characterization 

of two active forms, and partial cDNA sequence of a precursor, Proc. Natl. Acad. Sci. USA 1987, 84, 
5449-5453. 

126. Saberwal, G.; Nagaraj, R., Cell-lytic and antibacterial peptides that act by perturbing the barrier function 
of membranes: facets of their conformational features, structure-function correlations and membrane-
perturbing abilities, Biochim. Biophys. Acta 1994, 1197, 109-131. 

127. Ganz, T.; Selsted, M.E.; Szklarek, D.; Harwig, S.S.L.; Daher, K.; Bainton, D.F.; Lehrer, R.I., Defensins: 
natural peptide antibiotics of human neutrophils, J. Clin. Invest. 1985, 76, 1427-1435. 

128. Hiemstra, P.S.; Eisenhauer, P.B.; Harwig, S.S.L.; Van den Barselaar, M.T.; Van Furth, R.; Lehrer, R.I., 
Antimicrobial proteins of murine macrophages, Infect. Immun. 1993, 61, 3038-3046. 

129. Yeaman, M.R.; Norman, D.C.; Bayer, A.S., Platelet microbicidal protein enhances antibiotic-induced 
killing of and postantibiotic effect in staphylococcus aureus, Antimicrob. Agents Chemother. 1992, 36, 
1665-1670. 

130. Hancock, R.E.W.; Chapple, D.S., Peptide antibiotics, Antimicrob. Agents. Chemother. 1999, 43, 1317-
1323. 

131. Boman, H.G., Antibacterial peptides: key compounds needed in immunity, Cell 1991, 65, 205-207. 
132. Vaara, M., Agents that increase the permeability of the outer membrane, Microbiol. Rev. 1992, 56, 395-

411. 
133. Hancock, R.E.W., Peptide antibiotics, Lancet 1997, 349, 418-422. 
134. Krijgsveld, J.; Dankert, J.; Schmidt, M.; Marsman, M.A.; Kuijpers, A.J.; Engbers, G.H.M.; Feijen, J.; 

Zaat, S.A.J., Structural requirements for microbicidal activity of recombinant thrombocidins, 1999, in 
preparation. 

135. Stryer, L., Biochemistry; W. H. Freeman and Company, New York, 1981. 
136. Dhawan, V.K.; Yeaman, M.R.; Cheung, A.L.; Kim, E.; Sullam, P.M.; Bayer, A.S., Phenotypic resistance 

to thrombin-induced platelet microbicidal protein in vitro is correlated with enhanced virulence in 
experimental endocarditis due to Stapylococcus aureus, Infect. Immun. 1997, 65, 3293-3299. 



 

    25 
 

137. Lehrer, R.I.; Ganz, T., Antimicrobial peptides of human neutrophils, Blood 1990, 76, 2169-2181. 
138. Yeaman, M.R.; Ibrahim, A.S.; Edwards, J.E.; Bayer, A.S.; Ghannoum, M.A., Thrombin-induced rabbit 

platelet microbicidal protein is fungicidal in vitro, Antimicrob. Agents Chemother. 1993, 37, 546-553. 
139. Selsted, M.E.; Harwig, S.S.L.; Ganz, T.; Schilling, J.W.; Lehrer, R.I., Primary structures of three human 

neutrophil defensins, J. Clin. Invest. 1985, 76, 1436-1439. 
140. Selsted, M.E.; Szklarek, D.; Lehrer, R.I., Purification and antibacterial activity of antimicrobial peptides 

of rabbit granulocytes, Infect. Immun. 1984, 45, 150-154. 
141. Hill, C.P.; Yee, J.; Selsted, M.E.; Eisenberg, D., Crystal structure of defensin HNP-3, an amphiphilic 

dimer: mechanisms of membrane permeabilization, Science 1991, 251, 1481-1485. 
142. Lehrer, R.I.; Ganz, T.; Selsted, M.E., Defensins: endogenous antibiotic peptides of animal cells, Cell 

1991, 64, 229-230. 
143. Lehrer, R.I.; Lichtenstein, A.K.; Ganz, T., Defensins: antimicrobial and cytotoxic peptides of mammalian 

cells, Annu. Rev. Immunol. 1993, 11, 105-128. 
144. Ogata, K.; Linzer, B.A.; Zuberi, R.; Ganz, T.; Lehrer, R.I.; Catanzaro, A., Activity of defensins from 

human neutrophilic granulocytes against Mycobacterium avium-Mycobacterium intracellulare, Infect. 
Immun. 1992, 60, 4720-4725. 

145. Lichtenstein, A., Mechanisms of mammalian cell lysis mediated by peptide defensins, J. Clin. Invest. 
1991, 88, 93-100. 

146. Shimoda, M.; Ohki, K.; Shimamoto, Y.; Kohashi, O., Morphology of defensin-treated Staphylococcus 
aureus, Infect. Immun. 1995, 38, 2886-2891. 

147. Lichtenstein, A.K.; Ganz, T.; Nguyen, T.-M.; Selsted, M.E.; Lehrer, R.I., Mechanisms of target cytolysis 
by peptide defensins, J. Immunol. 1988, 140, 2686-2694. 

148. Kagan, B.L.; Ganz, T.; Lehrer, R.I., Defensins: a family of antimicrobial and cytotoxic peptides, 
Toxicology 1994, 87, 131-149. 

149. Donaldson, D.M.; Tew, J.G., Beta-Lysin of platelet origin, Bacteriol. Rev. 1977, 41, 501-513. 
150. Weksler, B.B.; Nachman, R.L., Rabbit platelet bactericidal protein, J. Exp. Med. 1971, 134, 1114-1130. 
151. Hirsch, J.G., Comparative bactericidal activities of blood serum and plasma serum, J. Exp. Med. 1960, 

112, 15-22. 
152. Yeaman, M.R.; Puentes, S.M.; Norman, D.C.; Bayer, A.S., Partial characterization and staphylococcal 

activity of thrombin-induced platelet microbicidal protein, Infect. Immun. 1992, 60, 1202-1209. 
153. Dankert, J. Role of platelets in early pathogenesis of viridans group streptococcal endocarditis: a study on 

thrombodefensins, PhD thesis, University of Groningen, 1988. 
154. Dankert, J.; Van der Werff, J.; Zaat, S.A.J.; Joldersma, W.; Klein, D.; Hess, J., Involvement of 

bactericidal factors from thrombin-stimulated platelets in clearance of adherent viridans streptococci in  
experimental infective endocarditis, Infect. Immun. 1995, 63, 663-671. 

155. Yeaman, M.R.; Norman, D.C.; Bayer, A.S., Staphylococcus aureus susceptibility to thrombin-induced 
platelet microbicidal protein is independent of platelet adherence and aggregation in vitro, Infect. Immun. 
1992, 60, 2368-2374. 

156. Yeaman, M.R.; Sullam, P.M.; Dazin, P.F.; Bayer, A.S., Platelet microbicidal protein alone and in 
combination with antibiotics reduces Staphylococcus aureus adherence to platelets in vitro, Infect. 
Immun. 1994, 62, 3416-3423. 

157. Zaat, S.A.J.; Hiemstra, P.S.; Dankert, J., Initial characterization of antibactericidal proteins from 
thrombin-stimulated platelets involved in clearance of Streptococcus sanguis from cardiac vegetations in 
experimental endocarditis, Pathogenic streptococci: present and future 1994, 473-475. 

158. Krijgsveld, J.; Zaat, S.A.J.; Van Veelen, P.A.; Brandt, E.; Ehlert, J.E.; Kuijpers, A.J.; Engbers, G.H.M.; 
Feijen, J.; Dankert, J., Thrombocidins, microbicidal proteins from human blood platelets, are C-terminal 
deletion products from CXC-chemokines, J. Biol. Chem. 1999, submitted. 

159. Fluckiger, U.; Francioli, P.; Blaser, J.; Glauser, M.P.; Moreillon, P., Role of amoxicillin serum levels for 
successful prophylaxis of experimental endocarditis, J. Infect. Dis. 1994, 169, 1397-1400. 



 

    26 
 

3 

 
Cross-linking and characterisation of gelatin gels for 
biomedical applications 
 
 

ABSTRACT: Cross-linking of gelatin A and B with N,N-(3-dimethylaminopropyl)-N'-

ethyl carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was optimised 

by varying the NHS/EDC molar ratio at constant EDC concentration. Native and cross-

linked gelatin gels were characterised by the degree of swelling, the number of free amine 

groups, the phase transition temperature, and titration of the carboxylic acid residues. The 

cross-linking reaction was most efficient at a molar ratio of NHS to EDC of 0.2. At higher 

NHS/EDC molar ratios, the reaction of EDC with NHS becomes more pronounced, thereby 

reducing the effective concentration of EDC for cross-linking. When no NHS was used for 

cross-linking, the results of the swelling measurements were not in accordance with the 

other characteristics of cross-link density, which was explained by heterogeneous 

localisation of cross-links in the gelatin gel. The incorporation of foreign structural 

elements into the gelatin gels during the cross-linking reaction could not be demonstrated. 

At optimal NHS to EDC molar ratio, gelatin A and B were cross-linked using increasing 

molar ratios of EDC to carboxylic acid residues of gelatin (COOHgelatin). A range of 

samples varying from very low cross-link density to very high cross-link density (at high 

EDC/COOHgelatin) was obtained. Stability of the gels is enhanced with increasing cross-

link density, but a minimal cross-link density is required to obtain gelatin gels which are 

stable at 40°C. 

 
Introduction 
 

Gelatin is a natural polymer, obtained by extraction from collagen by alkaline or acidic 
pretreatment and thermal denaturation.1 It is biodegradable,2 biocompatible, non-immuno-
genic,3-5 and has a low coagulation activity towards platelets.2 These properties make gelatin 
a suitable compound for biomedical applications. It is generally used in hard and soft 
capsules,6,7 but also as a sealant for vascular prostheses,8-11 and as carrier in drug delivery,12-

14 e.g. microspheres.15-20 
There are two types of gelatin: gelatin A and gelatin B, differing in the way of processing 

from collagen. Gelatin A is extracted and processed by acidic pretreatment, while gelatin B is 
extracted and processed by alkaline pretreatment. The alkaline pretreatment converts 
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glutamine and asparagine residues into glutamic and aspartic acid, which leads to a higher 
carboxylic acid content for gelatin B than for gelatin A.1,21 

For long term biomedical applications, the thermal and mechanical stability of gelatin has 
to be improved by cross-linking. Over the years, several physical and chemical cross-linking 
methods for gelatin and collagen have been described. Physical methods include 
dehydrothermal treatment and UV-irradiation.2,12 However, with these methods it is hard to 
control the cross-link density of the matrices, and the cross-linking is often less efficient. 

Table 1: Overview of chemical cross-linking methods for gelatin (for references see text). 

method reagents  type of linkage 
non zero-
length aldehydes    

   

Complex: a.o. 

 
 epoxides  

   

via carboxylic acid residues (low pH):  

 
via amine residues (high pH): 
 

 
  

 
isocyanates 

 
 
   

 

 
 

zero-length  

 

acyl azide 
 

   
 

 carbodiimid

e 

 
    

 
Chemical cross-linking agents can be classified into non zero-length and zero-length cross-

linkers (Table 1). Non zero-length agents introduce poly- and bifunctional cross-links into the 
network structure by bridging free amine residues of lysine and hydroxylysine, or free 
carboxylic acid residues of glutamic and aspartic acid of the protein molecules. Aldehydes 
(formaldehyde, glutaraldehyde, glyceraldehyde),6,19,22 polyepoxides,23,24 and iso-
cyanates,25,26 are often used as polyfunctional or bifunctional cross-linkers, especially 
glutaraldehyde is widely used. The disadvantage of these agents is that the cross-linkers are 
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built into the biomaterial, and that these reactive, or even toxic compounds may leach into the 
body upon biodegradation of the hydrogel.2 

Zero-length cross-linkers introduce cross-links without incorporation of foreign structures 
into the network, e.g. by activating carboxylic acid residues to react with free amine residues, 
resulting in the formation of an amide bond. The acyl azide method and the carbodiimide 
cross-linking are representatives of this class of cross-linkers. The acyl azide coupling is a 
four step reaction, in which the toxic reagent hydrazine is used.27 The carbodiimide coupling, 
on the other hand, can be performed in one step, and involves the use of less harmful 
reagents.28,29 

 

  
Scheme 1: Reaction scheme for the cross-linking reaction of gelatin with EDC and NHS. 

 
The cross-linking of proteins with a carbodiimide is generally considered to take place 

according to the mechanism in Scheme 1. The carbodiimide (II) activates carboxylic acid 
residues of aspartic and glutamic acid (I) resulting in the formation of O-acylisourea groups 
(III). Cross-links (V) can be formed by nucleophilic attack of the free amine groups of lysine 
and hydroxylysine residues (IV) on the activated carboxylic acid residues, with a urea 
derivative as a leaving group. Possible side-reactions of the cross-linking reaction are 
hydrolysis of the O-acylisourea group, resulting in the formation of a carboxylic acid group 
(I), and rearrangement of the O-acylisourea group into a stable N-acylurea group (VI).30 The 
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use of N-hydroxysuccinimide (NHS) (VII) in the cross-linking reaction gives an NHS-
activated carboxylic acid group (VIII), which is less susceptible to hydrolysis, and prevents 
rearrangement.31,32 All residues are water soluble, and can be effectively washed out of the 
gel after cross-linking. 

The combination of carbodiimide with NHS is generally considered to result in a more 
efficient cross-linking reaction, but the reaction of NHS with carbodiimide can also compete 
with the cross-linking reaction.33 Therefore, the reaction conditions for the cross-linking of 
gelatin with N,N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride (EDC) and 
NHS were optimised with respect to cross-link density and the prevention of undesired side-
reactions. Non cross-linked and cross-linked gelatin gels were characterised using swelling 
and amine group determination. Furthermore, the phase transition temperature was measured 
with differential scanning calorimetry and the number of carboxylic acid residues was 
calculated from titration measurements. The results were used to propose a mechanism for the 
cross-linking reaction. 

At optimal NHS/EDC molar ratio, the effect of EDC variation on the cross-link density 
was studied. Finally, the influence of cross-link density on the stability of the cross-linked 
gelatin gels at 40°C, and on the lysozyme loading capacity of the gels was studied. 
 
Materials and methods 
 
Materials 

Gelatin A (porcine skin, 300 bloom, lot nr. 054H0724, protein content 84%), and gelatin B (bovine skin, 225 
bloom, lot nr. 053H0271, protein content 81%), chicken egg white lysozyme, and radiolabelled chicken egg 
white lysozyme (14C-methylated, 1 µCi) were purchased from Sigma Chemical Inc., St. Louis, MO, USA. 2,4,6-
Trinitrobenzene sulfonic acid (TNBS) solution (1 M), and N-hydroxysuccinimide (NHS) were purchased from 
Fluka, Buchs, Switzerland. Coomassie Plus Protein Assay Reagent was obtained from Pierce, Rockford, IL, 
USA. LumaSolve was purchased from LUMAC*LSC bv, Olen, Belgium, and OptiPhase 'HiSafe' from Wallac, 
Milton Keynes, UK. Deionised water was obtained from a Milli-Q plus apparatus (Millipore, Molsheim, 
France). The phosphate buffer used in glutaraldehyde cross-linking and swelling experiments was an aqueous 
solution of sodium dihydrogenphosphate and disodium hydrogenphosphate (pH 7.1, 66 mM phosphate). All 
other reagents were obtained from Merck, Darmstadt, Germany. 
Preparation of gelatin gels 

Gelatin (A or B) was dissolved in deionised water (10 w/w%, 180 ml) at 50°C. After 1 hour of stirring the 
solution was sonicated to remove air bubbles. The solution was poured onto a flat silanated glass tray (28 x 38 
cm), and dried over night at room temperature. Smaller gels (6.5 x 8.5 cm, thickness 140 µm) were cut from this 
gel. Before cross-linking, these gels were further dried in vacuo for at least 1 day. Silanation of the glass plate 
was carried out with a mixture of a saturated solution of dimethyl aminopyridine in toluene and chlorotrimethyl 
silane (7 : 3; 50 ml). After incubation under nitrogen for 5 hours, the plate was washed with ethanol (100 ml), 
petroleum ether 40-60 (100 ml), and acetone (100 ml), and dried under nitrogen. 
Cross-linking of gelatin gels with carbodiimide 

Cross-linking of gelatin gels with N,N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS) was carried out in 2-morpholinoethane sulphonic acid (MES) buffer (pH 5.3, 
0.05 M) at 4°C. The amount of gelatin in buffer was constant in all experiments at 1 gram in 50 ml. 
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In the optimisation experiments, gelatin was cross-linked with molar ratios of NHS to EDC varying from 0 to 
1.0 to obtain an optimal NHS/EDC ratio for further experiments. The molar ratio EDC/COOHgelatin was kept 
constant at 1.0, for both gelatin A and gelatin B.  

At the optimal NHS to EDC molar ratio of 0.2, the molar ratio of EDC to carboxylic acid groups of gelatin 
(COOHgelatin) was varied from 0.2 to 3.0 for both gelatin A and B (corresponding with a variation of the EDC-
concentration in solution from 3 to 60 mM for gelatin A and from 4 to 80 mM for gelatin B). 

All cross-linking reactions were performed for 16 hours (after which the reaction was complete), whereafter 
the reaction mixture was quenched with a solution of 0.1 M disodium hydrogenphosphate and 2 M sodium 
chloride for 2 hours (pH 8.5, 100 ml). The gels were subsequently washed 4 times for 30 minutes with deionised 
water (100 ml) to remove salt and urea. The washing water was checked by conductivity measurements. All 
washings were performed at 4°C. The gels were dried, and punched into samples with a diameter of 8 mm. 
Swelling 

Cross-linked gelatin gels were dried in a desiccator for at least 1 day, and weighed (W0). The gels were 
swollen in phosphate buffer for 2 hours at 22°C, after which equilibrium swelling was obtained. The swollen 
gels were blotted with a tissue, and weighed again (W). Experiments were carried out in triplicate. The swelling 
(S) was calculated according to the formula: 

 
 (1) 

Determination of free amine groups34 
Dried gelatin samples (2-4 mg) were reacted with TNBS (0.01 M) in a sodium hydrogencarbonate solution 

(pH 8.2, 2 w/v%, 2 ml) for 2 hours at 40°C. Then hydrochloric acid (6 M, 3 ml) was added to hydrolyse the 
gelatin gels at 60°C during 1.5 hours. After cooling to room temperature, deionised water (5 ml) was added to 
the solution and the absorbance was measured against a TNBS-solution without gelatin, which had been treated 
exactly the same as the other samples, at l 345 nm with an Uvikon 930 spectrometer. The amount of free amine 
groups per 1000 amino acids was calculated using the absorption coefficient for 2,4,6-trinitrophenyl derivatised 
(hydroxy)lysine residues (e = 14600 L/mol.cm), and assuming a molecular weight of 105 g/mol for a gelatin 
molecular chain of 1000 amino acids. The experiments were performed in triplicate. 
Differential scanning calorimetry (DSC) 

Gelatin gels (dry weight: 2-3 mg) were swollen for 1 hour in water, and put in a steel DSC pan. The thermal 
behaviour of the swollen samples was measured with a Perkin Elmer DSC 7 apparatus in the temperature range 
of 4°C to 80°C at a heating rate of 5°C/min. 
Amino acid analysis 

The amino acid analysis of non-cross-linked gelatin was carried out by Ansynth Service b.v., Roosendaal, 
The Netherlands. About 10 mg of protein was hydrolysed with HCl (6 M, 3 ml) by incubation at 110°C for 22 
hours. The sample solution was mixed with internal standard solution , and characterised with an amino acid 
analysis apparatus (Biochrom 20, Pharmacia, Uppsala, Sweden), using a weakly acidic cation exchange column 
(Bio20 Lithium, 250 x, 4.6 mm, Ultropac 8 Li-form, Pharmacia, Uppsala, Sweden). Calibration was carried out 
with a mixture of the internal standard solution (250 µl) and an amino acid standard solution consisting of acids, 
neutrals and basics. 
Titration of free carboxylic acid groups 

The titration of the cross-linked gels was carried out using a protein titration procedure according to 
Kenchington et al..35,36 This procedure was adapted for titration of small volumes of insoluble materials. The 
gelatin gels were swollen in deionised water for 1 h, powdered and lyophilised. Deionised water (1.5 ml) as such 
or containing powdered gelatin gel (50 mg) at 40°C was either titrated with hydrochloric acid (0.2 M) until pH 
1.5 or with sodium hydroxide (0.2 M) until pH 12, by adding 0.005 ml/ step, and an equilibration time of 60 s 
per addition. 

S =
W -W0( )
W0
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For each addition the number of protons combined (acid titration) or released (alkali titration) from the 
gelatin molecules was calculated from: 

 

combined H+  (2) 

 

released H+  (3) 

 
In these expressions C1 is the hydrochloric acid concentration (mol/l), C2 is the concentration of the sodium 

hydroxide solution (mol/l), g is the amount of isoionic protein present (g/l), pHw is the pH of the deionised water 
solution, pHg is the pH of the gelatin solution or suspension.  

The relation between the combined ions and the pH of the protein solution shows several plateau values. The 
difference in combined ions between the plateau values at pH 1.5 and pH 6.5, is equivalent to the number of 
available carboxylic acid groups, while the region from 6.5 until 11.5 is assigned to a-amino, imidazole, e-
amino and phenolic hydroxyl residues. It was estimated that for cross-linked gelatin gels, the error in the 
calculation of carboxylic acid groups was at most 2-3%. 

To check on the reversibility of the titration, back titrations with hydrogen chloride and sodium hydroxide 
were carried out. No hysteresis was observed, and it was concluded that gelatin remains stable during the 
titration. No salt was added to the titration mixture as high swelling of the cross-linked samples was preferred 
for the availability of ionisable groups. The ionic strength has no significant effect on the shape of the titration 
curve of gelatin.36 
Stability of gelatin gels 

Gelatin samples were weighed and incubated in phosphate buffer (2 ml) at a temperature of 40°C. After 3 
hours a sample was taken from the buffer solution and the gelatin content was determined using Coomassie Plus 
Protein reagent, and a calibration curve. 
Lysozyme uptake by gelatin gels 

Gelatin gels (f = 8 mm) were freeze-dried and weighed (W0). The dry gels were incubated in 14C-methylated 
lysozyme solution in phosphate buffer (0.5 mg/ml, 2 ml) for three days at room temperature, during which the 
uptake reached equilibrium. The gels were gently blotted with a tissue to remove adherent solution and 
hydrolysed in LumaSolve (2 ml) at 50°C for 5 hours. After cooling to room temperature and the addition of 20 
ml OptiPhase 'HiSafe', the radioactivity was measured with a scintillation counter (Winspectral 1414, Wallac 
Turku, Finland). The amount of lysozyme was calculated using the specific activity of the radiolabelled 
lysozyme (0.04 µCi/mg). The experiments were performed in triplicate. 

 

Results and discussion 
 
Optimisation of NHS/EDC ratio for cross-linking 

The chemical cross-linking of gelatin gels with N,N-(3-dimethylaminopropyl)-N'-ethyl 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) was optimised by varying the molar 
ratio of NHS to EDC in the reaction mixture from zero to one, at constant EDC-
concentration. Before and after cross-linking, the gelatin gels were characterised using 
swelling measurements and by determination of the number of free amine groups. During 
cross-linking amine residues react with carboxylic acid residues, thus the higher the cross-link 
density, the lower the free amine group content after cross-linking. 

=
C1
g
1-10(pHw -pHg)( )

=
C2
g
1-10(pHg-pHw)( )
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Swelling of non cross-linked gelatin cannot be determined as native gelatin slowly 
dissolves in aqueous solution. Chemical cross-linking of gelatin introduces covalent bonds 
into the network, thereby preventing dissolution of the gels. An increase in the amount of 
NHS during cross-linking resulted in an increase in the degree of swelling of the cross-linked 
gels (Figure 1). 

  
Figure 1: Swelling of cross-linked gelatin A ( ) and B ( ) hydrogels in phosphate buffer at 22°C as a function 
of the NHS to EDC molar ratio during cross-linking in MES-buffer at 4°C. The concentration of EDC was based 
on an EDC/COOHgelatin molar ratio of 1.0. (mean ± sd, n = 3) 

 
 

  
Figure 2: Number of free amine groups per 1000 amino acids of cross-linked gelatin A ( ) and B ( ) hydrogels 
as a function of the NHS to EDC molar ratio during cross-linking in MES-buffer at 4°C. The concentration of 
EDC was based on an EDC/COOHgelatin molar ratio of 1.0. (mean ± sd, n = 3) 

 
Non cross-linked gelatin A contains 31.5 ± 2.5 free amine groups per 1000 amino acids, 

and non cross-linked gelatin B 35.9 ± 1.7. By chemical cross-linking, free amine groups are 
consumed. With NHS present, the number of free amine groups left after cross-linking 
increased with increasing NHS/EDC molar ratio, which was also expected from the swelling 
results. However, in the absence of NHS, the free amine group consumption was lower than 
in the presence of NHS, and than would be expected from the swelling results (Figure 2). 
Both gelatin A and B gave similar results. 
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The differences between gelatin A and gelatin B are caused by the difference in carboxylic 
acid group content of the two types of gelatin. During alkaline pretreatment of gelatin B the 
glutamine and asparagine residues are converted into glutamic acid and aspartic acid. As a 
result, gelatin A has 77 carboxylic acids per 1000 amino acids while gelatin B has 118 
carboxylic acids per 1000 amino acids.1 Since a constant molar ratio of EDC to carboxylic 
acid groups was used for cross-linking, the EDC concentration in solution was higher for 
gelatin B, and more carboxylic acid groups were activated, resulting in a higher cross-link 
density. 

Swelling is generally considered to be a proper measure for the cross-link density of a 
hydrogel. It was observed, however, that in the carbodiimide cross-linking of gelatin without 
NHS the degree of swelling was not in accordance with the number of free amine groups left 
after the cross-linking reaction. Thus either the swelling is not a proper measure for the cross-
link density or not all consumed amine groups were used for cross-linking. Additional 
measurements of the cross-link density were used to validate these methods, and to gain more 
insight in the cross-linking mechanism. 

To obtain additional information on the cross-link density, the phase transition temperature 
of swollen gelatin gels was measured using differential scanning calorimetry (DSC). This 
phase transition temperature is related to the shrinkage temperature of native collagen, which 
is the temperature at which collagen in a swelling agent (e.g. water) shrinks due to the 
breaking of interchain bonds, or denaturation.37 When collagen matrices are chemically 
cross-linked, this denaturation is hindered, and the shrinkage temperature increases.28,37  

 

  
Figure 3: Phase transition temperature (Tpt) of cross-linked gelatin A ( ) and B ( ) hydrogels as a function of 
the NHS to EDC molar ratio during cross-linking in MES-buffer at 4°C. The concentration of EDC was based 
on an EDC/COOHgelatin molar ratio of 1.0. 

 
The gel formation of gelatin is believed to originate from the rearrangement of the 'single' 
gelatin molecules into collagen-like regions. It can be easily understood that gelatin, and 
chemically cross-linked gelatin also have some sort of a shrinkage temperature. This should 
be imagined as melting, or denaturation of the collagen-like regions of a gelatin gel.37,38 

1.21.00.80.60.40.20.0
50

60

70

80

NHS/EDC (mol/mol)

T p
t (°

C
)



 

    34 
 

Non cross-linked gelatin A and B in aqueous environment melt around 35°C. The 
introduction of chemical cross-links will result in an increase of the gelatin phase transition 
temperature. The thermal behaviour of the cross-linked gelatin gels as a function of 
NHS/EDC molar ratio was in accordance with the free amine group determination: when 
NHS is present in the reaction mixture, the phase transition temperature decreased with 
increasing NHS/EDC molar ratio, but carbodiimide cross-linking without NHS resulted in a 
lower phase transition temperature (Figure 3). 

The results from swelling, DSC, and free amine groups lead to several conclusions. With 
NHS present during cross-linking all results show similar trends, but without NHS the phase 
transition temperature is proportional to the number of cross-links between gelatin molecules, 
but not to the swelling of the cross-linked gels. 

 

  
Scheme 2: Reaction scheme for the reaction of EDC with NHS. 

 
At NHS/EDC ratios higher than 0.4 the cross-linking is clearly less efficient due to 

reaction of NHS with EDC. The reaction of EDC (II) and NHS (VII) may lead to the 
formation of compounds with isocyanate and NHS-ester residues (IX-XIII), which are 
reactive residues (Scheme 2),33 and can cause derivatisation or additional cross-linking via 
amine residues. Quantitative determination of carboxylic acid residues was required to gain 
more insight in the mechanism of the cross-linking reaction. 
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Amino acid analysis was used to demonstrate carboxylic acid residues. In this method all 

amide bonds between the amino acids, but also (amide) cross-links, are hydrolysed with a 
hydrochloric acid solution (6 M) at 110°C. The single amino acids are derivatised and 
separated on HPLC. No difference in number of aspartic and glutamic acid residues for all 
gelatin samples cross-linked with increasing amounts of NHS was observed (results not 
shown). Although deviations in carboxylic acid residues could not be observed, this was no 
proof for the absence of undesired side-reactions, because it is likely that these side-reactions 
will also result in the formation of hydrolysable bonds, and therefore cannot be detected by 
amino acid analysis. 

 
Titration measurements were used to determine the number of carboxylic acid residues of 

non cross-linked and cross-linked gelatin gels. The titration of gelatin and other proteins has 
been extensively described by Kenchington and Ward.35,36 Gelatin contains several ionising 
groups: carboxylic acid (end group, aspartic acid, glutamic acid), imidazole (histidine), amine 
(end group, lysine, hydroxylysine), and guanidine (arginine) residues, which all have different 
dissociation constants. A titration curve is obtained when gelatin solutions are titrated with a 
hydrochloric acid and a sodium hydroxide solution.  

 

  
Figure 4: Titration curve of native gelatin A ( ) and B ( ) at 40°C in deionised water. 50 mg gelatin in 
2 ml water was titrated with sodium hydroxide ([NaOH] = 0.2 M) and hydrochloric acid ([HCl] = 0.2 M). 

 
The titration curve for native gelatin A and B was measured at 40°C (Figure 4), and shows 

several regions. Between pH 1.5 and 6.5 carboxylic acid residues are titrated, pH 6.5-8.5 is 
significant for a-amino and imidazole groups, while e-amino ((hydroxy-)lysine) and phenolic 
hydroxyl groups are found between pH 8.5 and 11.5.39 The titration curves of gelatin A and B 
reveal that the number of carboxylic acid groups for gelatin B is indeed higher than for 
gelatin A. Taking into account the purities of the native gelatin samples, the number of 
carboxylic groups for each type of gelatin was calculated (± mean deviation, n = 2): 86 ± 3 
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COOH per 1000 amino acids for gelatin A, and 111 ± 0 COOH per 1000 amino acids for 
gelatin B, which is in agreement with values reported in literature.1 The titration method was 
adapted for the titration of small volumes of insoluble proteins.  

For all cross-linked gelatin gels the titration curve was measured, and the number of 
carboxylic acid groups was calculated from the height of the curve between pH 1.5 and 6.5 
(Figure 5). It was shown that the trend in carboxylic acid content followed the results from 
the phase transition temperature and the free amine group content, with a minimum for an 
NHS to EDC ratio at 0.2 for gelatin A and 0.4 for gelatin B. Although the number of free 
amine groups can also be deduced from titration results, these results were not used because 
phenolic hydrogen and imidazole groups interfere with the titration of amine groups. 
Furthermore, the titration curves of cross-linked gelatin are less accurate near the boundaries 
(lower than pH 2 and higher than pH 11.5). As the initial amine group content of gelatin is 2-
3 times less than the initial carboxylic acid group content, deviations will be much more 
pronounced in the determination of free amine groups. 

 

  
Figure 5: Number of free carboxylic acid groups per 1000 amino acids of cross-linked gelatin A ( ) and B ( ) 
hydrogels, which were available for titration, as a function of the NHS to EDC molar ratio during cross-linking 
in MES-buffer at 4 °C. The concentration of EDC was based on an EDC/COOHgelatin molar ratio of 1.0. 

 
Table 2 shows the number of consumed carboxylic acid groups during cross-linking of 

gelatin A (from titration) and the number of consumed amine groups (from TNBS). An 
interesting observation is that the number of consumed carboxylic acid groups for cross-
linked gelatin A is in the same range as the number of consumed amine groups, except for a 
NHS/EDC molar ratio of 0.2, while for gelatin B the number of consumed carboxylic acids 
exceeds the number of consumed amine groups by a factor of approximately 2 (Table 2).  

This can be caused by two effects: carboxylic acid residues in gelatin B are more 
susceptible to side reactions, or the carboxylic acid groups in gelatin B are less accessible for 
titration. The latter explanation is most likely, and is supported by two observations. 
Titrations were carried out at 40°C, which is below the phase transition temperature for cross-
linked gelatin samples (Figure 3). This phase transition temperature is higher for cross-linked 
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gelatin B than for cross-linked gelatin A, and showed an optimum at a NHS/EDC molar ratio 
of 0.2. The gels with the highest phase transition temperatures show the largest deviations in 
carboxylic acid group consumption. Furthermore, gelatin A and B were cross-linked with 
glutaraldehyde, during which only free amine groups are consumed during cross-linking, and 
subsequently titrated. In case of cross-linked gelatin B, also a lower number of carboxylic 
acid groups compared to non cross-linked gelatin B was detected, which was not observed for 
cross-linked gelatin A (results not shown). The trends in the titration results were considered 
to be valuable, however, and it should be stressed that the actual number of consumed 
carboxylic acid residues is equal or lower than experimentally determined, but never higher.  
 
Table 2: The consumption of free amine (from TNBS) and carboxylic acid groups (from titration) as a function 
of NHS/EDC molar ratio. (mean ± sd, n = 3) 
 NHS/EDC Consumed NH2 per 1000 

amino acids 
Consumed COOH per 1000 
amino acids 

Gelatin A 0 12.1 ± 3.7 16 
 0.2 17.1 ± 2.7 44 
 0.4 14.6 ± 2.7 25 
 0.6 15.3 ± 2.7 17 
 0.8 13.1 ± 3.4 20 
 1.0 13.5 ± 4.9 11 
Gelatin B 0 20.1 ± 2.1 36 
 0.2 26.4 ± 2.3 49 
 0.4 25.0 ± 2.7 52 
 0.6 23.2 ± 2.4 47 
 0.8 22.0 ± 2.0 40 
 1.0 17.9 ± 3.1 30 

 
 

Mechanism of the carbodiimide cross-linking 
From the results of the free amine group determination, phase transition temperature and 

titration (gelatin A) it was concluded that the cross-linking of gelatin was most efficient at a 
molar ratio of NHS to EDC of 0.2. The free amine group determination and titration results 
showed a minimum at that ratio, which means that most amine and carboxylic acid residues 
were consumed in the cross-linking, while the shrinkage temperature showed a maximum, 
which is indicative for the highest cross-link density. The deviation in carboxylic acid content 
(compared to free amine group content) is explained by a lower accessibility of these residues 
due to the relatively high phase transition temperature of these gels. 

The cross-linking reaction without NHS is generally believed to be less efficient because 
the EDC-activated carboxylic acid group (O-acylisourea group) is easily hydrolysed, resulting 
in the formation of the starting carboxylic acid group, or in rearrangement into a stable N-
acylurea derivative (Scheme 1). When the latter derivative is formed, the decrease in free 
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amine groups is not proportional to the decrease in free carboxylic acid groups during cross-
linking. From the results for gelatin A, there was no evidence that the number of carboxylic 
acid groups consumed during cross-linking exceeded the number of amine residues consumed 
in the absence of NHS, so that the less efficient cross-linking in the reaction without NHS 
was mainly attributed to hydrolysis of activated carboxylic acid groups. 

When the NHS to EDC ratio exceeded 0.4, cross-linking was clearly less efficient, with 
less carboxylic acid and amine residues consumed during cross-linking and a lower phase 
transition temperature of the cross-linked gel. This is caused by the reaction of EDC with 
NHS, which leaves less EDC available for the cross-linking reaction. As was stated before 
and outlined in Scheme 2, the reaction of EDC with NHS might produce other compounds 
which can cause derivatisation or additional cross-linking of gelatin. If additional 
derivatisation or cross-linking by these side reactions would take place, extra amine groups 
would be consumed, so that the consumption of amine groups would exceed the consumption 
of carboxylic acid groups during cross-linking. This reaction would be more pronounced with 
increasing NHS concentration. However, both the amine and carboxylic acid group content 
after cross-linking showed similar profiles, and the amine consumption never exceeded the 
carboxylic acid group consumption, which means that these side-reactions probably do not 
play an important role. 

In conclusion, a molar ratio of NHS to EDC of 0.2 showed an optimum in cross-linking 
efficiency, both taking advantage of NHS as a better leaving group and minimising the loss of 
EDC due to the reaction with NHS. The occurrence of undesired side reactions in the cross-
linking reaction with EDC and NHS could not be demonstrated. 

Swelling is not a proper measure for the cross-link density of gelatin gels cross-linked 
without NHS, because the swelling results were not in accordance with the TNBS, phase 
transition temperature and titration results. An explanation for the deviating swelling results 
might be a heterogeneous distribution of cross-links in the gelatin gels. Native gelatin forms a 
gel in aqueous solution by rearrangement of gelatin molecules into triple-helix structures 
which are stabilised by hydrogen bonds. It is expected that swelling of cross-linked gelatin 
gels is affected by the introduction of cross-links in the amorphous regions of the gelatin gels, 
while the phase transition temperature of the gelatin gels is increased by the introduction of 
chemical cross-links in the triple-helix regions. 
The reaction of gelatin carboxylic acid residues with EDC results in activated carboxylic acid 
residues with a relatively short half life. Adding NHS to the cross-linking solution extends the 
half life of the activated carboxylic acid group. Possibly, this extended half life of the 
activated carboxylic acid residues leads to a shift in localisation of cross-links from the 
amorphous regions towards the triple-helix structures. The lower number of cross-links in the 
amorphous regions leads to a higher degree of swelling of the gels.  
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Variation of EDC/COOHgelatin molar ratio at NHS/EDC molar ratio of 0.2 
At optimal molar ratio of EDC to NHS, the EDC to gelatin carboxylic acid residues 

(COOHgelatin) in the reaction mixture was varied to obtain a series of gelatin gels with 
varying cross-link densities. 

When EDC/COOHgelatin increased, the swelling and free amine group content of the gels 
decreased (Figure 6 and 7), while the phase transition temperature increased (Figure 8).  

 

  
Figure 6: Swelling of cross-linked gelatin A ( ) and B ( ) hydrogels in phosphate buffer at 22°C as a function 
of the EDC to COOHgelatin molar ratio during cross-linking in MES-buffer at 4°C. The molar ratio of NHS to 
EDC was 0.2. (mean ± sd, n = 3) 

 
 

  
Figure 7: Number of free amine groups per 1000 amino acids of cross-linked gelatin A ( ) and B ( ) hydrogels 
as a function of the EDC to COOHgelatin molar ratio during cross-linking in MES-buffer at 4°C. The molar ratio 
of NHS to EDC was 0.2. (mean ± sd, n = 3) 

 
The cross-link density obtained for gelatin B is higher than for gelatin A, which is 

explained by the difference in number of carboxylic acid groups, as has been discussed. 
Furthermore, it was possible to obtain a range of samples from a very low to very high cross-
link density, with almost all amine groups consumed for the highest EDC/COOHgelatin molar 
ratios.  
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Figure 8: Phase transition temperature (Tpt) of cross-linked gelatin A ( ) and B ( ) hydrogels as a function of 
the EDC to COOHgelatin molar ratio during cross-linking in MES-buffer at 4°C. The molar ratio of NHS to EDC 
was 0.2. 

 
In addition to the previously described characterisation methods, the thermal stability of 

the cross-linked gelatin gels was tested, because this is controlled by cross-link density and is 
important for the eventual application of the hydrogel. Long term biomedical applications, for 
example for controlled release, require relatively stable gelatin gels which do not dissolve too 
fast under physiological conditions. Therefore, the stability of the cross-linked gels in a 
phosphate buffer solution at 40°C was tested. Non cross-linked gelatin will dissolve in 
aqueous solution at that temperature. It was observed that the gels, which were cross-linked at 
a EDC/COOHgelatin ratio of 0.8 and higher were stable, and did not release gelatin over a 
period of 3 hours (Figure 9). 

 

  
Figure 9: Gelatin release from cross-linked gelatin A ( ) and B ( ) gels in phosphate buffer (66 mM) at 40°C as 
a function of the EDC/COOHgelatin molar ratio used for cross-linking. 

 
The lysozyme uptake from solution by cross-linked gelatin A and B gels was measured 

using radiolabelled lysozyme (Figure 10). To indicate the difference between gelatin A and B, 
the uptake for each gel is presented as a function of swelling. For comparison, the theoretical 
uptake calculated from the swelling and the lysozyme concentration in solution is also 
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included in this figure. For this calculation no interaction between gelatin and lysozyme, and 
a matrix mesh size that exceeds the lysozyme hydrodynamic radius were assumed. 

The lysozyme uptake by cross-linked gelatin B gels is higher than the lysozyme uptake by 
cross-linked gelatin A gels. The amount of lysozyme absorbed into the gels is proportional to 
the swelling, but when the actual uptake is compared to the theoretical uptake, the latter is 
significantly lower. From this, it was concluded that lysozyme interacts with the gelatin 
matrix. The interaction of lysozyme with gelatin B is higher than with gelatin A, which might 
be explained by the higher carboxylic acid group content of gelatin B. 

 

 
Figure 10: Lysozyme uptake (µg/mg gel) by cross-linked gelatin A ( ) and B ( ) gels from a solution of 
lysozyme in phosphate buffer (66 mM; 0.5 mg/ml) at room temperature as a function of the degree of swelling of 
the cross-linked gelatin gels, and comparison with theoretical uptake in the case without interaction (dashed 
line). (mean ± sd, n = 3) 

 
Conclusions 
 

The efficiency and mechanism of carbodiimide cross-linking of gelatin type A and B was 
studied by varying the molar ratio between NHS and EDC, and, at constant NHS/EDC molar 
ratio, by varying the molar ratio between EDC and COOHgelatin. 

The highest cross-link density at equal molar ratios of EDC to COOHgelatin was obtained 
at an NHS/EDC molar ratio of 0.2. At higher NHS/EDC molar ratios the cross-link density 
decreased due to reaction of EDC with NHS. As some cross-linked gelatin gels did not allow 
quantitative titration of carboxylic acid groups, probably related to a high phase transition 
temperature, it was hard to draw conclusions about the incorporation of undesired compounds 
into the gels. From the observed trends, however, it was concluded that the occurrence of 
undesired side reactions is not a major problem in the preparation of these cross-linked 
gelatin gels. By adding NHS to the cross-linking mixture, the localisation of cross-links is 
shifted from the amorphous regions towards the triple-helix domains, as was concluded from 
the swelling and phase transition temperature results.  

At NHS/EDC molar ratio of 0.2, the EDC to COOHgelatin molar ratios for cross-linking 
were varied from 0.2 to 3.0, which resulted in a range of samples with very low cross-link 
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density to very high cross-link density. The thermal stability of gelatin gels is enhanced with 
increasing cross-link density, but an EDC/COOHgelatin of 0.8 was minimally required to 
obtain thermally stable gelatin gels. The uptake of lysozyme by the cross-linked gelatin gels 
was proportional to the degree of swelling, but gelatin B gels showed a higher lysozyme 
uptake from solution than gelatin A gels. 

The cross-linking of gelatin with EDC and NHS makes it possible to produce gelatin 
hydrogels in a controlled way. By varying the cross-link density, the characteristics of the 
hydrogels can be adapted for a wide range of biomedical applications.  
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4 
 
Characterisation of the network structure of 
carbodiimide cross-linked gelatin gels 
 
 

ABSTRACT: The network structure of native and carbodiimide cross-linked gelatin A and 

B gels was studied based on their rheological behaviour. Gelatin A and B contain different 

numbers of carboxylic acid groups caused by different preparation conditions, and had 

previously shown different lysozyme uptake characteristics. It was evaluated to which 

extent chemical cross-linking densified the network structure of physical gelatin gels. After 
normalisation of the equilibrium shear modulus (Ge) with respect to swelling (Q), it was 

observed that the normalised Ge-values largely depend on the way gelatin is prepared from 

collagen. At an equal number of chemical junctions, chemically cross-linked gelatin B gels 

had a lower elasticity modulus than chemically cross-linked gelatin A gels. This seemed 

contradictory as gelatin B contains more carboxylic acid groups, available for cross-linking, 

but is related to a higher probability for intramolecular cross-linking, as was validated 

quantitatively by chemical and rheological analysis of the number of cross-links. Assuming 
an ideal network, the average molecular weight of the elastic network chains (Mc) was 

calculated for physical and chemical gelatin A and B networks, and based on Mc the mesh 

sizes of the gels were estimated. These mesh sizes were experimentally confirmed by 

lysozyme and albumin diffusion. Chemical cross-linking increased the resistance of the gels 

towards thermal degradation, resulting in a more gradual disintegration of physical cross-

links upon heating. Moreover, chemical cross-linking prevented recombination of these 

cross-links upon cooling. 
 
Introduction 
 

Gelatin is obtained by breaking the triple helix structure of collagen into single strain 
molecules.1 There are two types of gelatin: gelatin A and gelatin B, which differ in the way of 
preparation. Gelatin A is processed by an acidic pretreatment before thermal denaturation, 
while gelatin B is processed by an alkaline pretreatment. The alkaline pretreatment is 
supposed to convert amide residues of glutamine and asparagine into glutamic and aspartic 
acid, leading to a 25% higher carboxylic acid content for gelatin B than for gelatin A.2 

In aqueous solution, gelatin forms physical thermo-reversible gels upon lowering the 
temperature below 35°C as the chains undergo a conformational coil to helix transition during 
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which they tend to recover the collagen triple helix structure.3 The melting temperature of 
physical gelatin gels is determined by several parameters, e.g. ageing time, gelation 
temperature, pH,4 and concentration of the gel.5 

As the physical network breaks down at higher temperatures, for long term biomedical 
applications at 37°C the thermal and mechanical stability of gelatin hydrogels has to be 
improved for instance by chemical cross-linking. Previously, the lysozyme uptake of gelatin 
gels for biomedical applications was described.6 These gelatin gels were chemically cross-
linked with N,N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) and 
N-hydroxysuccinimide (NHS). The chemical cross-linking of gelatin gels resulted in 
chemically cross-linked physical gelatin networks, so-called 'chemical gelatin gels' which 
probably show a network structure as illustrated in Figure 1. It was shown that the lysozyme 
uptake by these chemically cross-linked gelatin gels was higher for gelatin B than for gelatin 
A gels. This difference is either caused by differences in lysozyme interaction with gelatin A 
or B, or by differences in the network structures of both gelatin types. 
 

 
Figure 1: Schematic representation of a physical and a chemical gelatin network. A physical gelatin network 
contains triple helix junctions ( ) with a functionality of 6. By chemical cross-linking of this physical network 
with EDC and NHS, junctions are introduced ( ) with a functionality of 4. 

 
This study aims to elucidate the effect of chemical cross-linking on the network structure 

of gelatin gels and to evaluate to which extent the network structure of chemical gelatin A 
differs from chemical gelatin B. Physical measurements of the rheological, and swelling 
properties of the gels and chemical analysis of the number of junctions introduced by 
chemical cross-linking were used to elucidate the structure of the chemical gelatin networks. 
A second aim was to determine the effect of chemical cross-linking on the thermal behaviour 
of gelatin gels, and to correlate these results to their network structure. It should be realised 
that the gelatin gels studied, either chemically cross-linked or not, do all consist of a 
physically cross-linked network. 

An important characteristic of a polymer network is the degree of cross-linking, i.e., the 
number density of junctions or cross-links connecting the chains in a network structure.7,8 In 
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general, the number of moles of elastic junctions per unit volume of the network (µ) and the 
number of moles of elastic network chains per unit volume of the network (n) are used to 
describe the density of cross-links and network chains of the polymer network. Consequently, 
n and µ determine the average molecular weight between the junctions. The functionality of 
the junctions (f), being the number of chains leaving from one junction, determines the 
relation between n and µ by the following equation:7 
 
  (1) 
 
In physical gelatin gels the functionality of the junctions (fph) formed by collagen-like triple 
helices is 6, whereas the functionality of the chemical junctions introduced by EDC/NHS 
cross-linking (fch) in chemical gelatin gels is 4 (Figure 1). Although the length of the physical 
cross-links might be considerable due to ageing of the gels after preparation,9 in the 
continuation of this study variations in the length of the physical cross-links were not 
considered for reasons of simplification. 

Generally, the equilibrium shear modulus of a polymer network (Ge) or its swelling 
behaviour are used to estimate µ, n and Mc. In this study, Ge was used to obtain information 
on the network structure, based on the constrained junction model of Flory and Erman which 
predicts that Ge is given by:8 
 
  (2) 
 
where R is the gas constant and T is the absolute temperature. In equation 2, h ranges between 
0 for an affine network and 1 for a phantom network.10 In an affine network, it is assumed 
that the junctions of the network do not fluctuate and transform affinely (linearly) with the 
macroscopic deformation. For a phantom network it is assumed that the junctions do fluctuate 
over time. Real networks are expected to show characteristics somewhere between the 
properties of affine and phantom models.8 Considering a 'bimodal distribution' of the network 
structure,11 for chemical gelatin gels, Ge is assumed to be based on independent contributions 
from Ge,ph, the equilibrium modulus of the physical gelatin gel before EDC/NHS cross-
linking, and Ge,ch, being the contribution of the chemical cross-links to Ge: 
 
  (3) 

 
where nph is the molar concentration of elastic network chains in the physical gelatin gels 
before EDC/NHS cross-linking and nch is the molar concentration of elastic network chains 
which are additionally created by chemical cross-linking, µph and µch are the molar 
concentrations of respectively the physical and the chemical elastic junctions.  
 

µ = 2n f

Ge = n - hµ( )RT

Ge =Ge,ph +Ge,ch = nph - hµ ph( )RT + nch - hµch( )RT
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Materials and methods 
 
Materials 

Gelatin A (porcine skin, 300 bloom, lot nr. 054H0724) and gelatin B (bovine skin, 225 bloom, lot nr. 
56H0658), lysozyme and albumin were purchased from Sigma Chemical Inc., St. Louis, MO, USA. 2,4,6-
Trinitrobenzene sulfonic acid solution (TNBS) (1 M), and N-hydroxysuccinimide (NHS) were purchased from 
Fluka, Buchs, Switzerland. Coomassie Plus Protein Assay Reagent was obtained from Pierce, Rockford, IL, 
USA. Deionised water was obtained from a Milli-Q plus apparatus from Millipore (Molsheim, France). The 
phosphate buffer used in swelling experiments was an aqueous solution of sodium dihydrogenphosphate and 
disodium hydrogenphosphate (pH 7.1, 66 mM phosphate). Phosphate buffered saline (PBS) (pH 7.4, [NaCl] = 
0.140 M) was purchased from NPBI, Emmer Compascuum, The Netherlands. All other reagents were obtained 
from Merck, Darmstadt, Germany. 

Preparation of physical gelatin gels  
Gelatin A and gelatin B were dissolved in deionised water (10 w%, 540 ml) at 50°C. After 1 hour of stirring 

the solution was sonicated to remove air bubbles. The solution was poured onto a silanated glass plate (28 x 38 
cm) and dried on a flat surface over night at room temperature. Smaller gels (5 cm diameter) were cut from these 
gels. Silanation of the glass plate was carried out with 50 ml of a mixture of a saturated dimethyl aminopyridine 
solution in toluene and chlorotrimethyl silane (7 : 3 v/v). After incubation of the glass plate under nitrogen for 5 
hours, it was washed with ethanol (100 ml), petroleum ether 40-60 (100 ml), and acetone (100 ml), and dried 
under nitrogen. 

Chemical cross-linking of gelatin gels 
Before cross-linking, the gels were dried in vacuo for 1 day. Cross-linking of gelatin gels with EDC and 

NHS was carried out in 2-morpholinoethane sulphonic acid (MES) buffer (pH 5.3, 0.05 M) at 4°C during 16 
hours. In all experiments the amount of gelatin gel in buffer was 1 gram in 50 ml of solution. The molar ratio of 
EDC to carboxylic acid groups of gelatin (EDC/COOHgelatin) varied from 0.2 to 3.0 for both gelatin A and B. As 
gelatin A contains 77 COOH per 1000 amino acids while gelatin B contains 118 COOH per 1000 amino acids,1 
the EDC-concentration varied from 3 to 60 mM for gelatin A and from 4 to 80 mM for gelatin B while the molar 
ratio of NHS to EDC was kept constant at 0.2. The reaction mixture was quenched with a solution containing 0.1 
M disodium hydrogenphosphate and 2 M sodium chloride for 2 hours (pH 8.5, 100 ml), and subsequently 
washed 4 times during 0.5 hour with deionised water (100 ml) to remove salt from the gels. The washing water 
was checked by measuring the conductivity. All washings were performed at 4°C. The chemical gelatin gels 
were dried and punched into samples with a diameter of 4 cm.  

Swelling measurements 
The physical and chemical gelatin gels were dried at a reduced pressure during 1 day, and weighed. The gels 

were swollen in phosphate buffer for 2 hours at 22°C (after which equilibrium was reached), blotted with a 
tissue, and weighed again. Experiments were carried out in triplicate. The volume degree of swelling (Q) was 
calculated: 
 

  (4) 

 
where Vgel is the volume of buffer taken up by the gel, and Vdry is the dry volume of the gelatin gel. The volumes 
were calculated from the weight of the dry and wet gelatin gels and the densities of gelatin (1.3.103 kg/m3) and 
phosphate buffer. 

Chemical determination of free amine groups in gelatin gels 

Q =
Vgel
Vdry
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Freeze-dried gelatin gels (2-4 mg) were incubated in 2 ml of a solution of TNBS (0.01 M) in sodium 
hydrogencarbonate (pH 8.2, 2 w/v%) during 2 hours at 40°C. Then hydrochloric acid (6 M, 3 ml) was added to 
the solution to hydrolyse the gelatin gels in 1.5 hours at 60°C. After cooling to room temperature, deionised 
water (5 ml) was added to the solution and the absorbance at l 345 nm was measured against a TNBS-solution 
without gelatin, which had been treated in exactly the same way as the cross-linked gelatin samples. Using the 
absorption coefficient of 2,4,6-trinitrophenyl derivatised (hydroxy)lysine residues (e = 14600 l/mol.cm)12 the 
amount of free amine groups per 1000 amino acids was calculated, assuming a molecular weight for a gelatin 
chain of 1000 amino acids of 105 g/mol. The experiments were performed in triplicate. 

Rheological characterisation of physical and chemical gelatin gels 
The rheological measurements were performed on an AR1000-N controlled stress rheometer from TA 

Instruments, Ghent, Belgium. The plate/plate geometry of the rheometer was adapted for measurements on 
hydrogels by sticking sandpaper on the plates to avoid slippage of the gels between the plates. All measurements 
were performed with an acrylic top plate (diameter 4 cm). Unless described otherwise all experiments were done 
in oscillation mode at 1 Hz in the linear visco-elastic range by applying a constant strain of 5.10-4 rad. Before 
the measurement, the gelatin gels were swollen in phosphate buffer outside the rheometer. While the chemical 
gelatin gels were swollen to equilibrium, the physical gelatin gels tend to dissolve in solvent, and therefore never 
reach an equilibrium swelling value. Therefore, the swelling of these gels was limited in order to obtain a series 
of physical gelatin gels with different degrees of swelling. The swollen gels, having a thickness between 1.2 mm 
and 3.2 mm, were applied between the plates of the rheometer. Ge was measured following the methodology for 
elasticity modulus measurements on gel slabs as recently developed by Meyvis et al.13 This method defines an 
optimal gap setting between the plates of the rheometer for measuring hydrogel slabs prepared outside the 
rheometer. By gradually decreasing the gap between the rheometer plates (in steps of e.g. 25 µm) and measuring 
G' at each position, it allows to find to which extent the hydrogel slab has to be compressed between the plates 
of the geometry in order to perform reliable Ge-measurements. The normal force sensor of the rheometer was 
used to measure the first contact between the hydrogel slab and the geometry. The normal force measured in this 
study arose from the resistance of the hydrogels to compression and was by no means related to the normal 
stress components in e.g. polymeric liquids under flow. At optimum compression of the hydrogels G' was 
independent of the applied frequency (G' equalled Ge) indicating the existence of a real rubbery network. To be 
certain that a linear behaviour occurred and that slippage did not influence the measurements, a creep-recovery 
test was introduced after each change of gap.  

Diffusion measurements 
Chemical gelatin B gels (EDC/COOHgelatin molar ratio of 0.8) were swollen in PBS to equilibrium. The 

diffusion of lysozyme and albumin through the gels was measured in time using a 2 x 8.3 ml two-chamber 
diffusion cell at 37°C. The membrane surface was 2.27 cm2. Lysozyme and albumin were used in initial donor 
concentrations of 4 mg/ml in PBS. After certain times samples (300 µl) were taken from the acceptor 
compartment, and the protein concentration was measured with Coomassie Plus Protein Assay Reagent, using 
calibration curves for lysozyme and albumin. 

Temperature dependent rheological measurements  
Since preliminary experiments on chemical gelatin gels showed a large increase in normal force when the 

temperature was raised, the compression of the gels between the plates was limited. Although a firm contact 
between the gel and the rheometer plates was established, the gels were not ideally compressed to reach Ge. 
Starting from 20°C, the temperature was increased with fixed intervals of 5°C and an equilibrium time of 5 
minutes was respected before oscillation experiments were performed during 3 minutes. Non cross-linked gels 
were heated to 45°C while cross-linked samples were heated to 70°C, unless the normal force became too high 
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and the temperature increase had to be stopped. The gels were quickly cooled down to 20°C and oscillation 
experiments were performed continuously up to 30 minutes. 

 
Results and discussion 
 
Chemical cross-linking of gelatin gels 

Gelatin A and B gels, that were obtained by solution casting, were cross-linked with EDC 
and NHS. The carboxylic acid residues of glutamic and aspartic acid on gelatin chains are 
activated with EDC. The activated carboxylic acid groups can react with free amine groups, 
hydrolyse or rearrange to O-acylisourea residues. However, by adding NHS to the reaction 
mixture, NHS will react with the activated carboxylic acid groups and form NHS-activated 
carboxylic acid groups which are less susceptible to hydrolysis and rearrangement of the 
carboxylic acid groups.14 The reaction of activated carboxylic acid residues with free amine 
residues of lysine and hydroxylysine residues on (other) gelatin molecules results in the 
formation of amide bonds as chemical cross-links between the gelatin chains and an urea 
derivate as leaving molecule (Figure 1). 

 

 
Figure 2: Swelling Q of the gelatin gels and the number of free amine groups per 1000 amino acids by 
EDC/NHS reaction for gelatin A and B as a function of EDC/COOHgelatin molar ratio during cross-linking: QA 
( ), QB ( ), NH2A ( ), NH2B ( ). (mean ± sd, n = 3) 

 

Figure 2 shows the swelling behaviour of the chemical gelatin hydrogels thus obtained and 
the amount of free amine groups still present after cross-linking. At an EDC/COOHgelatin 
molar ratio of 0, gelatin gels were considered to be physically cross-linked. When the amount 
of EDC cross-linker was increased, less free amine groups were present after cross-linking, 
thus the cross-link density increased, and the hydrogels showed a lower equilibrium degree of 
swelling. The reduction in free amine groups with increasing EDC/COOHgelatin molar ratio is 
larger for gelatin B than for gelatin A. The carboxylic acid content for gelatin B is higher than 
for gelatin A, so that at equal molar ratio of EDC, more carboxylic acid groups are activated. 
Assuming that every 'lost' amine group was consumed in a chemical junction, the number of 
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chemical junctions is 15 for chemical gelatin A and 22 for gelatin B gels at the highest 
EDC/COOHgelatin molar ratio used for cross-linking. 
 
Rheological characterisation of physical and chemical gelatin gels 

The physical and chemical gels were swollen outside the rheometer, before application on 
the plate of the rheometer. Although apparently a good contact was obtained between the 
swollen gels and the plates of the rheometer at low compression, it was likely that this was 
not so, due to the inhomogeneity of the surface of the hydrogels. The structure of the 
sandpaper had to be pushed into the hydrogel to establish perfect contact between the 
sandpaper and the hydrogel. Upon compression of the gelatin gels the normal force kept 
increasing. As outlined in the methodological section, G' was measured after each 
compression step. G' increased until it levelled off and only changes of a few percent were 
observed upon further compression (Figure 3). The systematic compression of the gelatin gels 
resulted into very reproducible G' profiles. 

 

 
Figure 3: G' ( ) and FN ( ) as a function of the gap (mm) between the upper and the lower 
plate for a gelatin A gel cross-linked at an EDC/COOHgelatin molar ratio of 0.2. 

 
Ge was measured for gelatin A and B gels before and after chemical cross-linking. As Ge 

depends on µ and n, which are the concentrations of respectively elastic junctions and 
network chains in the gels, it is influenced by the degree of swelling of the gels. As clearly 
observed in Figure 4, at equal degree of swelling, Ge of physical gelatin A gels is consistently 
higher than Ge of physical gelatin B gels. This shows that the 'rigidity' or gelling power of 
gelatin is determined by the way it is prepared from collagen, as has previously been 
reported,15 and is also reflected in the bloom value (see Materials section).1 This probably 
arises from differences in the gelatin molecular weight and in the number and the 
organisation of physical cross-links.16 Gelatin A and B contain different numbers of amide 
and carboxylic acid residues, which play an important role in hydrogen bond formation, and 
therefore also in the formation of triple helices. Figure 4 also shows that the introduction of 
chemical cross-links in gelatin hydrogels causes an increase in Ge. In the continuation of this 
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paper it is explained why Ge of chemical gelatin A gels is larger than Ge of chemical gelatin 
B gels although there are more free carboxylic acid groups on gelatin B chains than on gelatin 
A chains.  
 

 
Figure 4: Ge as a function of Q for physical and chemical gelatin A and B gels with different EDC/COOHgelatin 

molar ratios: 0 ( ), 0.2 ( ), 0.8 ( ), 1.6 ( ), 3.0 ( ), with the filled black symbols for gelatin A and the open 
grey symbols for gelatin B. 

 
Structural rheological and chemical analysis of gelatin networks 

As explained in the introduction, n and µ provide information on the structure of the 
polymer network in gels. The swelling degree influences Ge, which is related to n and µ (eq. 
2 and 3). To compare n and µ of physical and chemical gelatin gels it is necessary to know Ge 
of the gels at an equal degree of swelling. Experimentally it was impossible to obtain an equal 
degree of swelling for all the gelatin gels during rheological analysis. Therefore an alternative 
approach was followed. The experimentally measured Ge-values were normalised for the 
swelling of the gels by multiplying Ge with Q. 
 

 
Figure 5: Ge-values normalised to Q for a series of physical gelatin A ( ), and gelatin B ( ) 
gels. (mean ± sd, n = 6) 
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To verify whether this approach is valid, the normalised Ge-values of the series of identical 
physical gelatin gels which only differed in their degree of swelling were compared. It was 
expected that the normalisation of Ge of these physical gels would result in one single 
normalised Ge-value for all the physical gelatin A gels and one single value for the physical 
gelatin B gels. As Figure 5 shows, this was observed taking into account the experimental 
error of Ge. The average normalised Ge-value for physical gelatin A gels was 125 ± 19 kPa 
while it was only 87 ± 8 kPa for physical gelatin B gels. 

 

 
Figure 6: Ge-values normalised to Q for chemical gelatin A ( ) and B ( ) gels as a function of 
EDC/COOHgelatin molar ratio during cross-linking. 

 
Figure 6 shows the normalised Ge-values of gelatin gels as a function of the EDC/COOH 

molar ratio. It appears that chemical cross-linking of gelatin A gels results in a higher 
modulus (and consequently a higher concentration of elastic network chains) than chemical 
cross-linking of gelatin B gels. On first impression this seems contradictory as the number of 
free carboxylic acid groups on gelatin B chains is higher than on gelatin A chains, meaning 
that more possible cross-link sites are available. It is generally known that upon increasing the 
number of reactive groups on a polymer chain, the chance for intramolecular cross-linking 
increases.17-19 This results in the formation of intramolecular cross-links and loops (see 
Figure 1) instead of intermolecular cross-links between the gelatin chains. Only 
intermolecular cross-links contribute to Ge, loops do not as they are non-elastic chains. It may 
therefore be postulated that the higher probability for intramolecular cross-linking accounts 
for the lower elasticity modulus of gelatin B gels. Figure 6 also shows that for gelatin A gels, 
above an EDC/COOH molar ratio of 1.6, the normalised Ge-value seems to level off which 
may indicate a saturation of the cross-linking between carboxylic acid and amine groups. As 
the number of carboxylic acid residues on gelatin B chains is higher than on gelatin A chains, 
this saturation was not observed for gelatin B and may only occur at EDC/COOH molar ratios 
higher than 3. Besides the higher chance for the formation of intramolecular cross-links in 
case of gelatin B gels, the lower elasticity modulus of the physical gelatin B gels in 
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comparison to the physical gelatin A gels (Figure 5) may be a second reason why the 
normalised Ge-values of chemical gelatin B gels are lower compared to those of chemical 
gelatin A gels.  

To confirm the hypothesis of intramolecular cross-linking as described above, the 
contribution of chemical cross-linking to Ge (Ge,ch) and the number of chemical cross-links 
(as analytically quantified with TNBS) were compared. Figure 7 clearly shows that an equal 
number of chemical cross-links resulted in chemical gelatin A gels which have a higher 
elasticity modulus than chemical gelatin B gels. This can only be explained by the formation 
of a higher number of non-elastic intramolecular chemical cross-links in case of gelatin B. 
The lower slope for gelatin B at low EDC/COOHgelatin molar ratios is attributed to the 
preferential formation of intramolecular cross-links. At higher EDC-concentration also 
intermolecular cross-links are formed, and the slope of Ge,ch to the number of chemical cross-
links approaches the slope observed for gelatin A. Figure 7 also confirms that in case of 
gelatin A, when the EDC/COOHgelatin molar ratio is higher than 1.6, a saturation of the cross-
linking between carboxylic acid and amine groups seems to occur as only a minor increase in 
the consumption of amine groups is observed.  

 

 
Figure 7: Ge,ch-values normalised to Q for chemical gelatin gels as a function of the amount of amine groups 
per 1000 amino acids consumed, and EDC/COOHgelatin molar ratio: 0 ( ), 0.2 ( ), 0.8 ( ), 1.6 ( ), 3.0 ( ), with 
the filled black symbols for gelatin A and the open grey symbols for gelatin B. 

 
To know to which extent the degree of cross-linking in gelatin gels increases by the 

chemical EDC/NHS reaction, the molar concentration of elastic network chains in the 
physical gels (nph) was compared with the molar concentration of elastic network chains 
originating from the chemical cross-links (nch). The calculation of nch and nph was based on 
equation 3 using the normalised Ge-values of the physical and chemical gelatin gels. 
Although it can be expected that real networks like gelatin gels show a deformation behaviour 
somewhere between the deformation properties of affine and phantom models, an affine-like 
behaviour of the gelatin gels was assumed (h = 0) in the calculation of nch and nph as it is 
generally difficult to find out precisely the deformation behaviour of a polymer network.20 At 
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low deformations and limited extensions of the network chains due to a low degree of 
swelling, the behaviour becomes closer to that of affine networks.8 Figure 8 shows the ratio 
(nch+nph)/nph as a function of the EDC/COOHgelatin molar ratio. (nch+nph)/nph indicates the 
number of chemical elastic junctions per physical elastic network chain. It also shows how 
the average molecular weight of the elastic chains (Mc) decreases upon chemical cross-
linking.  

The average molecular weight of the elastic chains in physical gelatin gels (Mc,ph) was 
calculated from the following equation: 
 

  (5) 

 
where c is the concentration of gelatin involved in elastic chains. As no quantitative 
information on the concentration of gelatin involved in non-elastic chains like dangling ends, 
loops and sol chains was available, an ideal network without non-elastic chains was assumed 
in the calculation of Mc,ph. Mc,ph equalled 26000 ± 4000 g/mol for physical gelatin A, and 
37000 ± 3000 g/mol for physical gelatin B gels. Mc was estimated from: 
 

  (6) 

 
Mc decreased gradually to about 3000 g/mol for chemical gelatin A and chemical gelatin B, 
both cross-linked with an EDC/COOHgelatin molar ratio of 3 (Figure 8). 
 

 
Figure 8: Number of elastic chemical junctions per physical elastic network chain ((nch+nph)/nph) and Mc as a 
function of EDC/COOHgelatin molar ratio: (nch+nph)/nphA ( ), (nch+nph)/nphB ( ), McA 

( ), McB ( ). 
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junctions per 1000 amino acids as determined with TNBS (Figure 9). For gelatin A the 
number of chemical cross-links equals the number of elastic network junctions determined 
from rheological measurements. At the highest EDC/COOHgelatin molar ratio a saturation of 
the chemical cross-linking of gelatin A is observed. Gelatin B has more chemical cross-links 
than elastically active cross-links which is caused by intramolecular cross-linking. 

 

 
Figure 9: Comparison between the number of chemical cross-links (as determined with TNBS) and the number 
of chemical elastic network junctions (from rheology) for gelatin A ( ) and gelatin B ( ). 

 
As explained above, all Ge-values were normalised with respect to swelling to compare the 

network structure of physical and chemical gelatin A and B gels. However, to use these 
results in studies on the diffusion of proteins in gelatin gels, it was interesting to calculate the 
mesh size of the chemical gels. The average distance between the junctions (x) was estimated 
from Mc based on an 'equivalent network model'.21 The network is represented as a collection 
of 'blobs' which diameters represent x of the entangled structure.22 As it is impossible to 
describe the real network in all detail we can replace it by an idealised network for which it is 
possible to calculate x. 
 

  (7) 

 

where c is the polymer concentration (calculated from Q) and NAV is Avogadro's number.  

Table 1 shows that the mesh size of the chemical gelatin gels decreases with cross-link 
density and is in the order of a few nanometers. It is expected that random coil molecules 
with molecular weights up to a few thousand g/mol may diffuse through these chemical 
gelatin gels without any sterical hindrance. 
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Table 1: The concentration, Mc and x for chemical gelatin gels. 

 EDC/COOHgelatin c (g/l) Mc (g/mol) x (nm) 
Gelatin A 0.2 3.27 102 7500 4.2 

 0.8 4.46 102 4300 3.1 
 1.6 4.78 102 3200 2.8 
 3.0 5.71 102 3600 2.7 

Gelatin B 0.2 2.44 102 14700 5.8 
 0.8 4.22 102 6200 3.6 
 1.6 5.26 102 4000 2.9 
 3.0 6.29 102 3000 2.5 

 
To verify the calculated mesh sizes experimentally, lysozyme and albumin diffusion 

through chemical gelatin B gels was studied. The gels used for the diffusion measurements 
were 0.5 mm thick (in swollen state), and cross-linked under the same conditions as the 
gelatin gels used in rheology. The gels had an equal degree of swelling, and a slightly lower 
number of free amine groups after cross-linking. The chemical gelatin gels cross-linked with 
an EDC/COOHgelatin molar ratio of 0.8 were permeable for lysozyme but not for albumin 
(Figure 10). The hydrodynamic diameter of lysozyme has been reported to be at least 3 
nm,23,24 and the hydrodynamic diameter of albumin is 7.2 nm.24 Furthermore, it has been 
observed that chemical gelatin gels with a higher cross-link density (EDC/COOHgelatin molar 
ratio of 1.6 and 3.0) became impermeable for lysozyme.25 The diffusion experiments 
confirmed the mesh size calculations from rheological data. 
 

 
Figure 10: Concentration of lysozyme ( ) and albumin ( ) in the acceptor compartment of the diffusion cell 
(µg/ml) in time (h) during diffusion through a chemical gelatin B gel cross-linked at an EDC/COOHgelatin molar 
ratio of 0.8. 

 
Thermal behaviour of chemical gelatin hydrogels 

Figure 11 shows the thermo-rheological behaviour of physical gelatin gels during heating. 
The physical cross-links in the gelatin A network start to break at approximately 30°C 
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(decrease of Ge). The unwinding of triple helices occurs in a narrow temperature window 
since the network is completely disintegrated at 40°C. As expected, a drop of the normal 
force is clearly observed. This is associated with the liquefaction of the gelatin gel as the 
liquid cannot be compressed between the plates of the geometry. The degradation of physical 
gelatin B gels seems to start already at 20°C, and occurs over a broader temperature range. 
The slightly higher melting temperature of physical gelatin A compared to gelatin B is 
possibly explained by the higher number of physical network junctions for gelatin A. Gel 
preparation parameters such as gelation temperature, ageing time, concentration, etc., do also 
influence the gel melting temperature.4 

 

 
Figure 11: G' and FN as a function of temperature for physical gelatin A and B: G'A ( ), G'B 

( ), FNA ( ), and FNB ( ). 

 
When chemical cross-links are introduced the thermal response clearly changes. As 

illustrated in Figure 12 and 13, the degradation of the network upon heating clearly 
diminishes and extends throughout a large temperature window. For the highest cross-linked 
gelatin gels (Figure 13) the G' profile no longer shows a drop but a continuous decrease.  
 

 
Figure 12: G' and FN as a function of temperature for chemical gelatin A and B (cross-linked at an 
EDC/COOHgelatin molar ratio of 0.8): G'A ( ), G'B ( ), FNA ( ), and FNB ( ). 
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As the unwinding of helical junctions by thermal heating needs mobile chains, the gradual 

thermal degradation of the chemical gels may be attributed to a restriction of the mobility of 
the chains by the chemical cross-links.26 The polymer network in chemical gelatin A gels 
seems to be more thermo-resistant than the one in chemical gelatin B gels. This may indicate 
that especially elastic cross-links hinder the mobility of the chains, since the amount of elastic 
cross-links is higher in gelatin A, while the amount of total chemical cross-links is higher in 
gelatin B (Figure 9). As the contribution of physical cross-links to Ge is only minor compared 
to the contribution of chemical cross-links, which are assumed to be thermo-resistant, it is 
obvious that the reduction in Ge upon heating is less pronounced than for physical gelatin 
gels. Even at higher temperatures the chemical cross-links keep the gel in a gel state as was 
observed by a dominance of G' over G'' (data not shown). 
 

 
Figure 13: G' and FN as a function of temperature for chemical gelatin A and B (cross-linked at an 
EDC/COOHgelatin molar ratio of 3.0): G'A ( ), G'B ( ), FNA ( ), and FNB ( ). 

 
Another remarkable observation from Figures 12 and 13 was the drastic increase of the 

normal force during heating of chemical gelatin gels. This was explained by a reorientation of 
gelatin chains in the gel which could also be observed visually as the diameter of the gels 
became smaller. Interesting observation was also that this reorientation of the gelatin gels 
always occurred in the same direction: the diameter of the gels decreased, while the thickness 
increased. This supports the hypothesis that gelatin molecules are oriented in the gels, caused 
by unidirectional drying.27 The observed reorientation is probably caused by shrinkage 
phenomena. Shrinkage of chemical gelatin gels occurs due to melting of the ordered 
crystalline structure of the native gels.28 

As the distance between the plates of the rheometer is fixed and consequently expansion of 
the gels in height is prevented, shrinkage will increase the cross-link concentration, which 
should result in an increase of Ge. This may explain why an increase in normal force 
coincides with an increase in G' (Figure 13). It should be noted that because of the drastic 
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increase in normal force upon heating, the initial compression of the samples was limited to 
about 20 N. For this reason G'-values measured in the thermo-rheological measurements 
cannot be compared directly to the Ge values as represented in Figure 4. For the chemical 
gelatin gels prepared with an EDC/COOHgelatin molar ratio of 0.8 (Figure 12) it seems that, 
although shrinkage was clearly observed, breaking of physical cross-links during heating of 
the gels dominates the G'-profile. For the chemical gelatin A gels prepared with an 
EDC/COOHgelatin molar ratio of 3.0 (Figure 13), the sharp G' increase at higher temperatures 
probably indicates that no further degradation of the physical network occurs while the 
shrinkage of the gels starts to dominate the G' profile. The onset of the increase of the normal 
force and consequently the onset of the shrinkage of the gels is different for both types of 
gelatin. For gelatin B it is almost independent of the amount of chemical cross-link density 
while for gelatin A there is a clear shift towards higher temperatures as the cross-link density 
increases. 

Figure 14 shows G' during cooling for physical and chemical gelatin A gels. The physical 
gelatin A gels show a clear recovery of the network structure. This did not occur for the 
chemical gels, which suggests that compatible sites present on gelatin chains that were 
originally joined in physical cross-links are prevented to rejoin due to the presence of 
chemical cross-links which may alter the spatial organisation of the gelatin chains.  

 

 
Figure 14: G' of physical and chemical gelatin A gels before heating and during cooling at 20°C (after heating 
the gel to 50-65°C, depending on the cross-link density). Physical gel ( ); EDC/COOHgelatin= 0.8 
( ); EDC/COOHgelatin= 3.0 ( ). 

 
Conclusions 
 

The network structure of physical and chemical gelatin A and B (Figure 1) gels was 
studied based on their rheological behaviour. Although the gelatin gels were produced in 
large quantities and small differences in gel preparation conditions may influence the gel 
properties, the rheological measurements led to reproducible values for Ge. By calculating the 
concentration of elastic network chains from Ge, it was evaluated to which extent chemical 
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cross-linking densifies the network structure of physical gelatin gels. The degree of swelling 
of the gels influences Ge, but it was experimentally impossible to obtain equal swelling 
degrees for all gelatin gels during rheological analysis. To compare the network 
characteristics calculated from Ge, the measured Ge-values were normalised for the degree of 
swelling of the gels by multiplying Ge with Q. This approach was valid, as the normalised 
Ge-values of a series of identical physical gelatin gels, which only differed in their swelling 
degree, were equal within experimental error (Figure 5). The normalised Ge-values for 
physical gelatin A gels were significantly higher than for physical gelatin B gels, which 
showed that the way of preparing gelatin from collagen affects the formation of physical 
cross-links. 

Chemical cross-linking of gelatin gels caused a marked increase in Ge (Figure 6). It 
appeared that chemical cross-linking of gelatin B gels resulted in gels with a lower elasticity 
modulus compared to chemically cross-linked gelatin A. On first impression this seemed 
contradictory as the number of free carboxylic acid groups (i.e., potential sites for cross-
linking) on gelatin B chains is higher than on gelatin A chains. However, this also increased 
the probability for intramolecular cross-linking, leading to a higher amount of non-elastic 
cross-links. The hypothesis on intramolecular cross-linking was confirmed by quantitative 
chemical analysis of the number of chemical cross-links. Figure 7 showed that at equal 
number of chemical cross-links chemical gelatin A gels have a higher elasticity modulus than 
chemical gelatin B gels, which can only be explained by the formation of a higher number of 
non-elastic intramolecular chemical cross-links in chemical gelatin B gels. This was also 
illustrated in Figure 9. 

Assuming an ideal network structure, the average molecular weight of the network chains 
between the elastic junctions was estimated from the elasticity moduli of the gels. For 
physical gelatin gels Mc,ph equalled 26000 ± 4000 g/mol for gelatin A and 37000 ± 3000 
g/mol for gelatin B. Chemical cross-linking of these physical gelatin gels led to Mc-values of 
about 3000 g/mol for chemical gelatin A and chemical gelatin B, cross-linked with an 
EDC/COOHgelatin molar ratio of 3. Consequently, the average mesh sizes of the chemical 
gelatin gels were estimated from the Mc-values and were between 2.5 and 6 nanometers 
(Table 1). These values were experimentally confirmed as lysozyme (3 nm) did diffuse and 
albumin (7.2 nm) did not diffuse through the gelatin gels. 

The thermo-rheological measurements showed that the introduction of chemical cross-
links in gelatin gels increased the resistance of the gels towards thermal degradation by 
breaking physical cross-links (Figures 11-13). Moreover, compared to the physical gelatin 
gels, the breaking of physical cross-links in chemical gelatin gels occurred more gradually 
over a broader temperature range. While the network structure of thermally degraded physical 
gelatin gels was completely recovered upon cooling to room temperature, the chemical cross-
links in chemical gelatin gels prevented a recombination of physical cross-links. 
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The results of this study may contribute to a better understanding of the structure and the 
mechanical behaviour of chemically cross-linked physical gelatin networks. These 
fundamental physico-chemical insights may promote the development of these gels for 
medical applications. 
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5 

 

In vivo compatibility and degradation of cross-linked 
gelatin gels incorporated in knitted Dacron 
 
 

ABSTRACT: Gelatin gels were applied in porous Dacron meshes with the aim to use 

these gels for local drug delivery. In this paper, the biocompatibility and degradation of 

gelatin gels with different cross-link densities applied in Dacron were studied in vivo by 

subcutaneous implantation in rats. Dacron discs were treated with a carbon dioxide gas 

plasma to improve the hydrophilicity and subsequently impregnated with gelatin type B. 

The gelatin samples were cross-linked to different densities using various amounts of water 

soluble carbodiimide (EDC) and N-hydroxysuccinimide (NHS). After 6 hours, 2, 5, and 10 

days, 3, 6 and 10 weeks post implantation, the tissue reactions and biodegradation were 

studied by light microscopical evaluation. The early reaction of macrophages and 

polymorphonuclear cells to cross-linked gelatin was similar or milder compared to Dacron. 

Giant cell formation was predominantly aimed at Dacron fibres and markedly reduced in 

the presence of a cross-linked gelatin coating. At week 10 of implantation, the cross-linked 

gelatin gels were still present in the Dacron matrix. The gelatin degradation was less for the 

samples with highest cross-link density. The gelatin gel with the lowest cross-link density 

showed clear cellular ingrowth, starting after 6 weeks of implantation. The intermediate 

and highly cross-linked gelatin gels showed hardly or no ingrowth. In these gels, giant cells 

were involved in the phagocytosis of gelatin parts at week 10. 
 

Introduction 
 

Prosthetic valve endocarditis is an infrequent but serious complication of cardiac valve 
replacement. The adherence of bacteria to the valve is considered to be the first step in the 
development of the infection. Infections that give rise to clinical signs within 60 days after 
surgery are designated as early onset infections as opposed to late infections, which become 
apparent after more than sixty days. Early onset infections are generally caused by bacteria 
that enter the body during surgery.1-3 

Recently it was discovered that thrombin-stimulated platelets secrete lysozyme as well as 
other bactericidal proteins, which are able to clear bacteria from vegetations and kill 
pathogens.4 The application of these antibacterial proteins in a controlled release system for 
example in the Dacron sewing ring of prosthetic heart valves offers a highly specific system 
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to fight early endocarditis. A minimal release time of 24-48 hours after surgery (which is the 
normal prophylaxis time) is needed to kill the bacteria that enter the body during surgery. 
Furthermore, the release system has to be non-toxic and to degrade within several months 
after implantation to enable adequate tissue ingrowth into the sewing ring. 

A delivery system was developed using cross-linked gelatin as release matrix. Gelatin is a 
natural polymer extracted from collagen,5 that has been used for a variety of biomedical 
applications, for example as sealant for vascular prostheses,6-11 and in drug delivery, e.g., as 
hydrogel,12,13 or microspheres.14-18 Gelatin type A and B were cross-linked using N,N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) and N-hydroxy-
succinimide (NHS) to improve the stability of the gels, and the lysozyme uptake of these gels 
was studied as a function of cross-link density.19 As gelatin B showed the highest lysozyme 
loading capacity, these gels were used in the continuing studies. 

The patency of gelatin-coated Dacron vascular grafts has been extensively studied. In these 
studies, the clinical performance of gelatin-sealed vascular prostheses versus unsealed,6,9 or 
albumin,7 collagen,11 and fibrin glue,8 sealed vascular prostheses was described. The gelatin 
coatings were generally cross-linked using aldehydes, such as formaldehyde,8 and 
glutaraldehyde.6,7,9 All coatings showed a fast degradation (within 3 weeks), thereby 
enabling rapid tissue ingrowth into the graft, and no adverse tissue reactions against cross-
linked gelatin were reported. The cross-link density of these sealants was adapted to achieve a 
fast degradation after implantation. For application of gelatin gels as diffusion-controlled 
release systems, however, the cross-link density of the gels is not only important for the 
degradation characteristics, but also for the release properties. 

In this study, the biocompatibility and degradation of carbodiimide cross-linked gelatin B 
gels applied in Dacron for controlled release purposes is related to the cross-link density of 
the gels. Although a relatively fast degradation is aimed at, this degradation should not 
interfere with the controlled release during the first days of implantation. The consideration 
that the Dacron ring of a prosthetic heart valve is sewn into heart tissue, and not subjected to 
flow conditions,20 led to the choice for a subcutaneous implantation model. 

Plain Dacron was treated with a carbon dioxide gas plasma to improve its hydrophilicity,21 
enabling homogeneous impregnation with gelatin. Gas plasma treated Dacron was 
impregnated with gelatin, which was subsequently cross-linked with EDC and NHS to 
various cross-link densities. EDC is a zero-length cross-linking agent, which means that 
cross-links are introduced into the matrix without incorporating any foreign compounds.22,23 
The biocompatibility and degradation of these cross-linked gelatin gels applied in a Dacron 
mesh was studied in vivo by subcutaneous implantation in rats for periods up to 10 weeks. 
Plasma treated Dacron, and plasma treated Dacron impregnated with non cross-linked gelatin 
were used as control materials.  
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Materials and methods 
 
Materials 

Pharmaceutical grade gelatin type B (batch no. 39238, Sanofi, France) was kindly supplied by Vascutek, 
Inchinnan, Scotland. Single knitted Dacron was a gift from Sorin Biomedica, Saluggia, Italy. 2,4,6-
Trinitrobenzene sulfonic acid solution (TNBS) (1 M), and N-hydroxysuccinimide (NHS) were purchased from 
Fluka, Buchs, Switzerland. Phosphate buffered saline (PBS) (pH 7.4, [NaCl] = 0.140 M) was purchased from 
NPBI, Emmer Compascuum, The Netherlands. Phosphate buffer used in swelling and loading of the gels was a 
solution containing 66 mM phosphate with a pH of 7.0. Deionised water was obtained from a Milli-Q plus 
apparatus (Millipore, Molsheim, France). All other reagents were obtained from Merck, Darmstadt, Germany. 

CO2-plasma treatment of Dacron 
The plasma treatment was performed in a tubular reactor (length 80 cm, internal diameter 6.5 cm) using three 

capacitively coupled, externally placed electrodes. The hot electrode was placed at the centre of the reactor and 
the cold electrodes were placed at 18.5 cm distance at both sides of the hot electrode. The electrodes were 
connected to a RF (13.56 MHz) generator through a matching network. The Dacron sheets (20 x 10 cm) were 
placed on glass holders that were put in the centre of the reactor between the hot and the cold electrodes. The 
reactor was evacuated to a pressure of 10-5 mbar and flushed with carbon dioxide after which a carbon dioxide 
flow of 25 sccm/min was established through the reactor. After 10 minutes equilibration, the sheets were treated 
with a pulsed carbon dioxide plasma, i.e., 40 pulses (ton = 1 s, toff = 1 s, 50 W, 0.32 mbar). After the plasma 
treatment, the carbon dioxide flow was maintained for 2 minutes, whereafter the reactor was brought to 
atmospheric pressure with air. The samples were removed from the reactor, and washed for 3 x 2 hours with 
deionised water to remove unstable groups. The sheets were dried overnight in a dessicator, and immediately 
used for impregnation. The wettability of treated and non-treated Dacron was qualitatively tested in a hydration 
experiment. 

Plasma-treated Dacron as such, or impregnated with gelatin, was used in all following procedures and 
experiments. 

Impregnation of Dacron with gelatin 
CO2-plasma treated Dacron was punched into samples with a diameter of 47 mm, and weighed. The samples 

were impregnated by pressing a solution of gelatin in deionised water (10 w/w%, 50°C) through the Dacron 
mesh using a syringe coupled to a filter holder (diameter 47 mm), in which the Dacron mesh was placed. This 
procedure was carried out four times with a pause of 40 minutes between each impregnation. The impregnation 
was carried out in a laminar flow box. After drying under laminar flow, and subsequently in a desiccator, the 
weight of impregnated gelatin was determined. 

Cross-linking of gelatin with EDC and NHS 
Cross-linking of gelatin-impregnated Dacron samples with N,N-(3-dimethylaminopropyl)-N'-ethyl 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was carried out in 2-morpholinoethane 
sulphonic acid (MES) buffer (pH 5.3, 0.05 M). Wetting of the samples in cross-linking solution was enhanced 
by placing the solutions in a dessicator under reduced pressure, and when all samples were thoroughly wetted, 
they were placed at 4°C at atmospheric pressure. The gelatin concentration was constant in all cross-linking 
experiments at 1 gram in 50 ml of solution. Molar ratios of EDC to carboxylic acid groups of gelatin 
(COOHgelatin) of 0.8, 1.6 and 3.0 were used, while the molar ratio of NHS to EDC was kept at 0.2. The cross-
linking reaction was performed for 16 hours at 4°C. The reaction mixture was then replaced with a solution 
containing 0.1 M disodium hydrogenphosphate and 1 M sodium chloride for 2 hours (pH 8.5, 50 ml) to quench 
the cross-linking mixture, and the impregnated mesh was washed 4 times for 1 hour with deionised water (50 
ml). All washings were performed at 4°C. The gels were dried, and punched into samples with diameters of 8 
mm (implantation) and 3 mm (characterisation). 
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Gamma sterilisation 
The Dacron samples were dried for at least 1 day in a desiccator before gamma-sterilisation was carried out. 

The samples were weighed, sealed in plastic bags and exposed to 60 kGy (6.0 Mrad) gamma-irradiation from a 
60Co source (Gammaster, Ede, The Netherlands).  

Degree of swelling 
Cross-linked samples (diameter 3 mm) were dried at reduced pressure for 1 day, and weighed (W0). The gels 

were swollen in phosphate buffer for 2 hours at 22°C (after which equilibrium was reached), blotted with a 
tissue, and weighed again (W). The degree of swelling (S) of the cross-linked gelatin was calculated by the 
following formula: 

  (1) 

 
In this calculation, the Dacron weight (WD = 0.97 mg ± 0.05 for a sample with a diameter of 3 mm) was 
subtracted from the dry weight of the sample. Experiments were carried out in triplicate. 

Number of free amine groups using trinitrobenzene sulfonic acid (TNBS)24 
Dried gelatin samples (diameter 3 mm) were weighed and reacted with a sodium hydrogencarbonate solution 

(pH 8.2, 2 w/v%, 2 ml) containing TNBS (0.01 M) for 2 hours at 40°C, before hydrochloric acid (6 M, 3 ml) 
was added to hydrolyse the gelatin gels in 1.5 hours at 60°C. After cooling to room temperature, deionised water 
(5 ml) was added to the solution. The absorbance was measured against a TNBS-solution without gelatin, which 
had been treated exactly the same as the cross-linked gelatin samples, at l 345 nm with an Uvikon 930 
spectrometer. With the absorption coefficient for a 2,4,6-trinitrophenyl derivatised (hydroxy)lysine residues (e = 
14600 l/mol.cm), the amount of free amine groups per 1000 amino acids was calculated, assuming a molecular 
weight of 105 g/mol for a gelatin molecular chain of 1000 amino acids. The Dacron weight was subtracted from 
the total sample weight. The experiments were performed in triplicate. 

Subcutaneous implantations 
All animal studies were performed according to the National Institutes of Health guidelines for the care and 

use of laboratory animals (NIH 85-23 Rev. 1985). Gamma-sterilised gas plasma treated Dacron discs (diameter 
8 mm), as such (Dacron-pt), or impregnated with gelatin B and cross-linked with a concentration of either 0.8, 
1.6, or 3.0 EDC/COOH (designated Dacron-pt-gel-0.8, Dacron-pt-gel-1.6, and Dacron-pt-gel-3.0) were first 
incubated in PBS during 1 hour at room temperature. The Dacron disc impregnated with non cross-linked gelatin 
B (Dacron-pt-gel-0.0) was incubated in PBS during 1 minute. Male Wistar rats approximately 4 months of age 
(250-300 g) were ether anaesthetised, and a total of 5 subcutaneous pockets were made to the right and left of 
three midline incisions on the back. Each series of (5) Dacron discs was implanted in one rat in the pockets 
(always in the same positions) at a distance of about 1 cm from the incisions. 

At 6 hours, 2, 5, or 10 days, or 3, 6, and 10 weeks after implantation the animal was ether anaesthetised and 
implants with surrounding tissue were carefully dissected from the subcutaneous site. The implants were 
immediately immersion-fixed in 2% glutaraldehyde (v/v in PBS) and kept at 4°C for at least 24 hours.  

Microscopy 
The implants were cut in halves and dehydrated in graded alcohols and embedded in glycol methacrylate in 

such a way that the mid-region of the implant could be examined. Semi-thin sections (2-3 µm) for light 
microscopical evaluations were routinely stained with toluidine blue. 

Concerning the tissue reactions, always representative areas are described, i.e. not the punched sides of the 
specimens. Evaluation of cell types and numbers was performed by three different persons and processed into 
several graphs. Comparisons between cell numbers of different samples were made for each cell type, and 

S =
W -W0( )
(W0 -WD)
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expressed as arbitrary units (a.u.) ranging from 0-3 (0.0 = cells not observed, 0.5 = low numbers, 1.0 = 
intermediate numbers, 2.0 = cells present all over, 3.0 = relatively high numbers). 

 
Results 
 
Initial properties 

Carbon dioxide plasma treatment of Dacron led to the introduction of oxygen containing 
functional groups (alcohol, aldehyde, carboxylic acid, epoxide)21 which improved the 
wettability of the surface of Dacron. Plasma treated Dacron was impregnated with gelatin 
which was subsequently cross-linked with different concentrations of reagents. After cross-
linking and sterilisation the gels were characterised with respect to swelling and free amine 
group content. Table 1 shows that an increasing concentration of EDC and NHS resulted in a 
decreased number of free amine groups and a reduced swelling. The ratio between gelatin and 
Dacron weight of the samples was determined to account for effects of weight variations on 
the biocompatibility and degradation of the gels. 
 
Table 1: Characteristics of the Dacron discs that were implanted. (average ± sd, n = 8) 

Sample weight 
(mg) 

Gelatin/Dacron 
(w/w)a 

EDC/COOHgelatin 
(mol/mol) 

NH2/1000 

amino acids 
S 

Dacron 5.2 ± 0.2 0 - - - 
Dacron-pt-gel-0.0 13.7 ± 0.4 1.63 - 31.5 ± 2.5 >>b 
Dacron-pt-gel-0.8 10.7 ± 0.7 1.06 0.82 10.1 ± 2.1 3.4 ± 0.1 
Dacron-pt-gel-1.6 12.0 ± 0.4 1.31 1.60 4.9 ± 0.9 2.4 ± 0.1 
Dacron-pt-gel-3.0 11.1 ± 0.4 1.13 3.00 3.4 ± 0.7 2.2 ± 0.0 

a The ratio between gelatin and Dacron content was calculated from the increase in weight of the different samples compared 
to plain Dacron. 
b The swelling of non-cross-linked gelatin gels could not be measured, because these gels slowly dissolve in aqueous 
solution. 

 
Subcutaneous implantations: macroscopic evaluation 

Especially at 6 hours, but also at day 2, discs were loosely present in the subcutaneous 
pocket. At day 5, capsule formation had started resulting in firm encapsulations at day 10 and 
week 6. Capsules were always thin and never different from each other. 
 
Subcutaneous implantations: microscopic evaluation (Figure 1) 

At 6 hours after implantation, all materials were found to consist of 'tighter and looser 
bundles' of Dacron fibres in mostly cross-, but also in longitudinal section. Both Dacron-pt 
and Dacron-pt-gel-0.0 (Figure 2a) only contained Dacron material (with Dacron-pt-gel-0.0 
non-cross-linked gelatin was not retrieved). Cross-linked gelatin gels were recognised as clear 
solid gels in which the Dacron fibres and bundles were neatly embedded. The gel surface 
varied from a slightly waving (Dacron-pt-gel-0.8) (Figure 2b), to an increasingly waving 
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(Dacron-pt-gel-1.6) (Figure 2c), to a more irregular indented surface (Dacron-pt-gel-3.0) 
(Figure 2d). 

 

 
Figure 1: Trends of cellular reactions to the Dacron and Dacron-gelatin samples during the implantation 
period. Total cell numbers (from surrounding tissue, interface and inside the samples) were expressed as 
arbitrary units (a.u.); PMN ( ), macrophages ( ), giant cells ( ), lymphocytes 
( ), plasma cells ( ). 
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Figure 2: Dacron-pt (a), Dacron-pt-gel-0.8 (b), Dacron-pt-gel-1.6 (c), and Dacron-pt-gel-3.0 (d) at 6 hours of 
implantation (10x). (D = Dacron fibre(bundle)s, gel = cross-linked gelatin, w = wound fluid, M = back muscle) 

 
In Dacron-pt, low extravasation of polymorphonuclear cells (PMN) and macrophages 

occurred from blood vessels in the subcutaneous tissue (Figure 1; 0.5 a.u.). Wound fluid was 
also present in the subcutaneous tissue further away from the material. Only few PMN and 
macrophages were present in between the fibres (Figure 1). Dacron-pt-gel-0.0 contained 
similar numbers of PMN but clearly more macrophages in the tissue and in between the fibres 
and bundles (Figure 1). Cellular infiltration did not occur inside the cross-linked gelatin 
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samples (Figure 2b-d), with the exception of filling of cracks with wound fluid and few PMN 
and macrophages, which was especially observed with Dacron-pt-gel-3.0 (Figure 2d). Further 
tissue reactions were similar, consisting of the same low number of PMN but twice as many 
macrophages as observed in Dacron-pt (Figure 1). 
 

After 2 days of implantation, tissue reactions had clearly proceeded in each sample. The 
subcutaneous tissue showed a tighter fit with many small blood vessels and onset of fibroblast 
activation. PMN numbers had increased slightly in Dacron-pt and markedly in Dacron-pt-gel-
0.0, while the samples containing cross-linked gelatin had attracted similar or even lower 
PMN numbers than at 6 hours. Numbers of macrophages had remained at the same level 
(Dacron-pt-gel-0.0, Dacron-pt-gel-1.6 and Dacron-pt-gel-3.0) or had slightly increased 
(Dacron-pt and Dacron-pt-gel-0.8). Numbers of lymphocytes were low with Dacron-pt, 
Dacron-pt-gel-0.0, and Dacron-pt-gel-0.8, somewhat increased with Dacron-pt-gel-1.6 and 
hardly present with Dacron-pt-gel-3.0 (Figure 1). In Dacron-pt and Dacron-pt-gel-0.0 cells 
concentrated around the tighter Dacron bundles, which was most obvious with Dacron-pt-gel-
0.0, which showed more cellular infiltration compared to Dacron-pt. For the cross-linked 
gelatin gels, sometimes a part of the gel had been split off. 
 

At day 5 after implantation the tissue reactions were dominated by encapsulation and 
foreign body processes, i.e. marked by fibroblasts, and foreign body giant cells formed by 
fusion from macrophages, respectively. PMN were rare, only a low number was observed for 
Dacron-pt-gel-0.0 (Figure 1). Fibroblasts, which are not shown in Figure 1, showed a similar 
activation and ingrowth into Dacron-pt and Dacron-pt-gel-0.0. Plain Dacron contained more 
space filled with fibrin, because the Dacron fibres and bundles were further apart, probably 
due to the absence of a gel at the time of implantation. Macrophage numbers had increased in 
Dacron-pt, and decreased in Dacron-pt-gel-0.0. In both samples a giant cell reaction was 
obvious, especially at the outside where fibres were completely surrounded by giant cells, but 
for Dacron-pt-gel-0.0 also at the inside where complete fibre bundles were surrounded by 
giant cells (Figure 3a). This material also induced some attraction of lymphocytes (Figure 1). 
In contrast, cross-linked gelatin induced less giant cell formation. Dacron-pt-gel-0.8 showed 
adhering of macrophages to the surface and also showed indications of fusion, however, clear 
giant cells were not observed. Dacron-pt-gel-1.6 showed more indications of macrophage 
fusion; only with Dacron-pt-gel-3.0 sometimes clear giant cells were present (Figure 3b). As 
at day 2, the number of macrophages observed with Dacron-pt-gel-0.8 was higher than for the 
two other cross-linked gelatins. 
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Figure 3: Dacron-pt-gel-0.0 (a), and Dacron-pt-gel-3.0 (b) at day 5 of implantation (40x). (s = single Dacron 
fibres, B = Dacron fibre bundles surrounded by giant cells, F = fibrin,Æ = giant cell with at least 7 nuclei) 

 
At day 10 after implantation, Dacron-pt still contained more fibrin filled areas than 

Dacron-pt-gel-0.0 (related to the larger space), although the numbers of macrophages were 
similar. Giant cell numbers were also similar for both samples but had clearly increased 
compared to day 5. Thus, Dacron-pt-gel-0.0 now showed almost complete ingrowth with 
giant cells, while the fibrous capsule around the material, which consisted of fibroblasts 
alternating with newly formed collagen bundles, was tighter and more mature than observed 
with Dacron-pt. 

The fibrous capsule around Dacron-pt-gel-0.8 was tight at some sites and contained some 
macrophages. Macrophages dominated at the interface, while only few giant cells were 
present. The capsule around Dacron-pt-gel-1.6 was the tightest of the three cross-linked 
gelatin samples, closely following the waving structure of the gel. Again, macrophages 
dominated at the interface, but giant cells were also observed. Within the series of cross-
linked gelatin gels, highest numbers of macrophages, giant cells, and lymphocytes were 
observed with Dacron-pt-gel-3.0 (Figure 1). 
 

At week 3 after implantation, Dacron-pt showed giant cells throughout the material. Well 
vascularised fibrous tissue and some unoccupied areas were present in between the cells. In 
Dacron-pt-gel-0.0, less fibrous tissue and more (mature) giant cells were observed. Both 
samples contained some lymphocytes. Moreover, plasma cells, i.e. immunoglobulin 
producing B-cells, were found in low numbers with Dacron-pt. 
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Dacron-pt-gel-0.8 was surrounded by a thick fibrous capsule, which had detached from the 
material. A thin layer with low numbers of macrophages and giant cells was present at the 
interface. The size of the gelatin gel had reduced and voids around the Dacron fibres and 
bundles were observed. Dacron-pt-gel-1.6 did not show a clear reduction in size. The fibrous 
capsule was thinner than for Dacron-pt-gel-0.8; it showed increased numbers of macrophages 
and giant cells. More giant cells were observed with Dacron-pt-gel-3.0, also inside the cracks 
in the cross-linked gelatin. Dacron-pt-gel-3.0 was surrounded by a thin capsule equal to 
Dacron-pt-gel-1.6, containing similar numbers of macrophages. A reduction in gelatin size 
was not observed. 
 

At 6 weeks after implantation, fibrous tissue was abundantly present as a capsule around 
the complete Dacron disc, and around the giant cells in between the Dacron fibre bundles 
(Figure 4a). However, in small central areas, fibrin was still observed. The capsule was less 
vascularised than at week 3. Dacron fibres were sometimes localised outside the capsule. 
Dacron-pt-gel-0.0 clearly showed less fibrous tissue but more and larger giant cells (Figure 
4b). The fibrous tissue sometimes consisted of thick collagen layers. No lymphocytes were 
observed (Figure 1). 

The cross-linked gelatin samples had clearly decreased in size. Dacron-pt-gel-0.8 showed 
the largest decrease, as judged from large white areas at the interface and around Dacron 
fibres and fibre bundles, from the lightest staining and from flipping over of gel edges (Figure 
4c). At some sites macrophages and giant cells were found to grow inside the gelatin. Cell 
growth inside the gelatin was not observed with Dacron-pt-gel-1.6 and Dacron-pt-gel-3.0. 
Again Dacron-pt-gel-3.0 showed most giant cells. The darkest staining and lowest number of 
voids was observed with Dacron-pt-gel-3.0 (Figure 4d). 
 
At week 10 after implantation both Dacron-pt and Dacron-pt-gel-0.0 showed complete 
ingrowth with giant cells surrounding Dacron fibres and fibre bundles, which were 
themselves surrounded by fibrous tissue. The fibrous tissue, which was again more obvious 
for Dacron-pt than for Dacron-pt-gel-0.0, showed a higher vascularisation with more 
macrophages than at week 6. Some lymphocytes and plasma cells were also present. As at 
week 3 and 6, more and larger giant cells were observed with Dacron-pt-gel-0.0 (Figure 1). 
All the cross-linked gelatin samples still contained gelatin. Dacron-pt-gel-0.8 showed the 
least gelatin coating (equal size compared to week 6), with staining variances from light to 
dark. Cellular activity had clearly increased showing tissue penetration at many light stained 
sites of the material (Figure 5a). It concerned capillaries, macrophages and giant cells, 
fibroblasts, and a few lymphocytes. The macrophages and giant cells adhered to Dacron 
fibres. The capsule showed higher cellular activity where tissue had penetrated the material. 
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Figure 4: Dacron-pt (a; 10x), Dacron-pt-gel-0.0 (b; 40x), Dacron-pt-gel-0.8 (c; 10x), and Dacron-pt-gel-3.0 (d; 
40x) at week 6 of implantation. (a-c: F = fibrous tissue, Æ = giant cells, M = back muscle; d: F = fibroblasts, M 
= macrophages, G = giant cells, Æ = splitting off of two Dacron fibres within a part of the gelatin) 

 
Dacron-pt-gel-1.6 showed more dark stained areas than Dacron-pt-gel-0.8, although light 

stained areas were present as well. The amount of gelatin had decreased. In contrast to week 
6, some ingrowing tissue was present (in the light stained areas). Capillaries were not 
observed inside the gelatin gel and giant cells were less aimed at Dacron fibres but sometimes 
seemed to surround and phagocytose parts of gelatin (Figure 5b). The capsule of Dacron-pt-
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gel-1.6 showed more macrophage activity than that of Dacron-pt-gel-0.8 and Dacron-pt-gel-
3.0.  

Dacron-pt-gel-3.0 showed most dark-stained gelatin. Cracks were slightly more 
pronounced than at week 6. Cellular ingrowth into the gelatin gel was not observed; one 
larger part of gelatin as a whole seemed to be split off by fibrous tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Dacron-pt-gel-0.8 (a), and Dacron-pt-gel-1.6 (b) at week 10 of implantation (20x). (a: gel = gelatin, 
Æ = capillaries, b = blood vessels, F = fibrous capsule; b: large arrow = ingrowth of tissue, small arrows = 
surrounding of larger gelatin fragments by giant cell pseudopods) 

 
Discussion 
 
Biocompatibility 

The biocompatibility of materials is determined by the cellular activity against the 
materials. The early tissue reaction (up to 2 days) to cross-linked gelatin impregnated in 
Dacron is similar or milder compared to Dacron-pt and Dacron-pt-gel-0.0, as is observed 
from PMN numbers (Figure 1). For Dacron-pt and Dacron-pt-gel-0.0, the number of giant 
cells increased markedly after 5 days of implantation, due to a foreign body reaction to 
exposed Dacron. It appears that this foreign body reaction to Dacron-pt is delayed when the 
Dacron fibres are coated by cross-linked gelatin, until the gelatin is being degraded and 
Dacron is exposed to the surrounding tissue. During at least 6 weeks after implantation the 
cellular activity to cross-linked gelatin is low compared to Dacron-pt, with a low number of 
giant cells, lymphocytes and plasma cells. It is not clear whether the tissue reaction to gelatin 
coated Dacron-pt will become similar to Dacron-pt, after complete degradation of gelatin.  
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Dacron-pt-gel-0.8 attracted early on most macrophages, which seems related to the low 
cross-link density of the gelatin gel. Gelatin contains binding sites for fibronectin and 
probably also for other serum and cellular proteins and macromolecules, which mediate 
cellular adhesion. With increasing cross-link density, fibronectin-binding domains will be 
shielded from the surface of the gelatin gel, resulting in a reduction of cellular adhesion.25,26 
The higher number of macrophages in Dacron-pt-gel-0.8, however, did not result in a 
concomitant formation of giant cells.  

Giant cell formation was hardly observed with the samples containing cross-linked gelatin, 
in contrast to the control samples. Giant cells are formed by fusion from macrophages, which 
were sufficiently available at the surfaces. However the differentiation of macrophages is 
dependent on the form, composition and topography of the implanted surface: the surface 
response to fabric and relatively rough surfaces generally results in the formation of giant 
cells, while relatively smooth and flat surfaces do not induce giant cell formation.27 In this 
study giant cell formation was predominantly aimed at Dacron fibres. Although some giant 
cells were observed with all the cross-linked gelatin samples, an increase in cross-link density 
resulting in a rougher surface, caused an increase in giant cell formation. 
 
Biodegradation 

Biodegradation is related to cellular infiltration and ingrowth. After ten weeks of 
implantation, the control samples showed complete ingrowth of Dacron, with giant cells and 
fibrous tissue. Although the degradation rate of the cross-linked gelatin coating was not very 
fast, a decrease in degradation rate and cellular ingrowth with increasing cross-link density 
were observed. Compared to the Dacron control sample, however, tissue ingrowth in the 
cross-linked gelatin gels was still minimal after ten weeks of implantation.  

Gelatin gels need a minimal cross-link density to prevent dissolution. Taking this minimal 
cross-link density into consideration, the in vivo degradation rate of gelatin can be varied 
from one to several months, depending on the desired application. For short-term controlled 
release of pharmacological compounds from a prosthetic heart valve, a relatively high 
degradation rate and fast tissue ingrowth is preferred, and therefore a relatively low cross-link 
density. It cannot be excluded that the degradation of gelatin may be faster in situ in a 
prosthetic heart valve than in a subcutaneous pocket, because of the higher strain and the 
occurrence of some blood flow. 
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Conclusions 
 

The in vivo compatibility and biodegradation of carbodiimide cross-linked gelatin gels 
impregnated in Dacron for eventual application as a biodegradable controlled release system 
in a prosthetic heart valve were studied by subcutaneous implantation in rats.  

The tissue reactions against Dacron-pt and gelatin coated Dacron-pt were relatively mild 
during the period of implantation. Although Dacron is a well accepted biomaterial, the 
presence of a cross-linked gelatin coating in the Dacron mesh had a clear positive effect on 
the biocompatibility of the samples. From three weeks on, the number of giant cells, 
macrophages and lymphocytes observed in the Dacron-pt samples impregnated with cross-
linked gelatin gels were lower than for the control samples. It is expected that this 'improved 
biocompatibility' is transient and will disappear upon degradation of the cross-linked gelatin 
gel. No correlation was observed between the biocompatibility and cross-link density of the 
gelatin gels, except that an increased cross-link density of gelatin resulted in 'rougher' 
surfaces, thereby slightly promoting giant cell formation. The cross-link density, however, 
does determine the degradation rate of the gelatin gels and the ingrowth of cells into the gels. 
Dacron-pt-gel-0.8, which had the lowest cross-link density, degraded faster than Dacron-pt-
gel-1.6 and Dacron-pt-gel-3.0, and showed most cellular ingrowth after 10 weeks of 
implantation. Although the weight of the implanted gelatin gels varied to some extent (Table 
1), these variations had no effect on the biocompatibility nor on the degradation of the gels. 

For a diffusion-controlled release system, the release characteristics (such as drug loading 
capacity and release time) do also depend on the cross-link density of the gel. Therefore, the 
optimal cross-link density of these gelatin gels is determined by a combination of the required 
release characteristics and degradation rate, depending on the therapeutic drug and the desired 
application. EDC/NHS cross-linking is a suitable method to prepare biocompatible cross-
linked gelatin gels for controlled release applications, because the cross-link density can be 
easily varied. The controlled release of antibacterial proteins to prevent prosthetic valve 
endocarditis is one example of the possible applications of this system. 
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6 

 
In vivo and in vitro lysozyme release from cross-
linked gelatin hydrogels: a model system for the 
delivery of antibacterial proteins from prosthetic 
heart valves 
 
 

ABSTRACT: Prosthetic valve endocarditis may be reduced by the local delivery of 

antibacterial proteins from the Dacron sewing ring of a prosthetic heart valve. Dacron discs 

were treated with a carbon dioxide gas plasma to improve the hydrophilicity and thereby 

enabling homogeneous impregnation with gelatin type B. The gelatin samples were cross-

linked to different degrees using various amounts of water soluble carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS). Lysozyme, a model protein for antibacterial proteins, was 

loaded into (non) cross-linked gelatin gels incorporated in Dacron, or adsorbed onto non 

treated and gas plasma treated Dacron. The in vivo lysozyme release was measured after 

subcutaneous implantation of lysozyme loaded samples in rats. The lysozyme content of 

the samples, and the lysozyme level of the surrounding tissue were determined at different 

explantation times (ranging from 6 hours up to 1 week). For cross-linked gelatin gels, the 

lysozyme tissue level was elevated up to 2 days after implantation. In vitro release was 

measured using agarose medium or phosphate buffer. Lysozyme release in buffer solution 

under sink conditions was in good agreement with the in vivo lysozyme release profiles, 

and therefore considered a good model to describe in vivo release characteristics. The 

release was modelled with a solution of Fick's second law of diffusion using the 

appropriate boundary conditions. In this way the lysozyme concentration in the gel and the 

surrounding tissue as a function of time and distance was obtained. The presence of cross-

linked gelatin in Dacron did lead to an increased uptake of lysozyme and a delayed release 

during 30 hours after implantation, whereas a burst release took place from Dacron, gas 

plasma treated Dacron, or Dacron containing non cross-linked gelatin. 
 
Introduction 
 

Prosthetic valve endocarditis is an infrequent but serious complication of cardiac valve 
replacement. The adherence of bacteria to the valve is considered to be the first step in the 
development of the infection. Infections giving rise to clinical signs within 60 days after 
surgery are designated as early onset infections. Early onset infections are generally caused 
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by bacteria that have entered the body during surgery, e.g. Staphylococcus aureus and 
Staphylococcus epidermidis.1-3 

Thrombin-stimulated platelets secrete lysozyme as well as other bactericidal proteins, 
which are able to clear bacteria from vegetations and to kill pathogens.4-6 These platelet-
derived peptides belong to a class of antimicrobial peptides, that are small (3-10 kD) and 
cationic.7-9 Lysozyme, which is also a small and cationic protein, was used as a model 
compound for platelet antibacterial proteins in this study. 

Considering the increasing resistance of bacteria against conventional antibiotics, the local 
application of these antibacterial proteins in a controlled release system in the Dacron sewing 
ring of a prosthetic heart valve provides a new and promising approach to reduce the 
incidence of early infective endocarditis. The requirements for such a release system are a 
good biocompatibility and biodegradability, and suitable release properties. A release time of 
24-48 hours after surgery (which is also the prophylaxis time for conventional antibiotics) is 
considered to be sufficiently long to kill all bacteria that have entered the implantation site at 
the time of surgery. The amount of antibacterial protein to be released during this period was 
estimated to be about 100 µg for purified protein,5 depending on the activity, the in vivo half-
life, and the release profile. Gelatin was used as the matrix material for the controlled release 
system. Gelatin is a polymer of natural origin,10 it is biodegradable,11 biocompatible, and 
non-immunogenic.12-14 These properties make gelatin a suitable compound for biomedical 
applications.15 

Dacron was treated with a carbon dioxide gas plasma to improve its hydrophilicity,16 
thereby enabling homogeneous impregnation with gelatin. After impregnation, gelatin was 
cross-linked with a water soluble carbodiimide (EDC) and N-hydroxysuccinimide (NHS). 
With this combination zero-length cross-links are introduced between gelatin molecules 
without incorporating any foreign structural elements.11,17 The cross-link density of the 
matrices was varied, using different amounts of cross-linking agents. In this study, the 
lysozyme release from Dacron impregnated with cross-linked gelatin was determined as a 
function of cross-link density of gelatin and compared to the lysozyme release from Dacron 
and Dacron impregnated with non cross-linked gelatin. 

In vivo release of lysozyme was measured after subcutaneous implantation of the samples 
in rats, which was used as a model for release from the sewing ring of a prosthetic heart 
valve. The lysozyme content of the samples and the surrounding tissue were measured at 
different release times. As mass loss of cross-linked gelatin samples was not observed up to 3 
weeks of implantation, it is expected that lysozyme release is not substantially affected by 
degradation of the gel during the first week of implantation.15 The in vitro lysozyme release 
profiles were measured using phosphate buffered saline (PBS) solution or agarose medium, 
and compared to in vivo release profiles. Effective lysozyme diffusion coefficients were 
determined from the release profiles in PBS, and used to calculate the lysozyme concentration 
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in the gel and the surrounding tissue during in vivo release, using a solution of Fick's second 
law of diffusion applied for a semi-infinite composite medium. Using these mathematical 
equations, the concentration of antibacterial protein can be calculated as a function of time 
and distance from the implanted sample, depending on the initial loading of antibacterial 
protein and the cross-link density of the gelatin gel. 
 
Materials and methods 
 
Materials 

Pharmaceutical grade gelatin type B (batch no. 39238), Sanofi, Paris, France) was kindly supplied by 
Vascutek, Inchinnan, Scotland. Single knitted Dacron was a gift from Sorin Biomedica, Saluggia, Italy. 2,4,6-
Trinitrobenzene sulfonic acid solution (TNBS) (1 M), and N-hydroxysuccinimide (NHS) were purchased from 
Fluka, Buchs, Switzerland. Chicken egg white lysozyme, radiolabelled chicken egg white lysozyme (14C-
methylated, 1 µCi), and agarose were purchased from Sigma Chemical Inc., St. Louis, MO, USA. Coomassie 
Plus Protein Assay Reagent was obtained from Pierce, Rockford, IL, USA. LumaSolve was purchased from 
LUMAC*LSC bv, Olen, Belgium, and OptiPhase 'HiSafe' from Wallac, Milton Keynes, UK. Phosphate buffered 
saline (PBS) (pH 7.4, [NaCl] = 0.140 M) was purchased from NPBI, Emmer Compascuum, The Netherlands. 
Pooled, fresh frozen human plasma, was obtained from the Sanquin Transfusion Service Overijssel, Enschede, 
The Netherlands. Deionised water was prepared with a Milli-Q plus apparatus from Millipore, Molsheim, 
France. Phosphate buffer used in swelling and loading of the gels was a solution containing 66 mM phosphate 
with a pH of 7.0. All other reagents were obtained from Merck, Darmstadt, Germany. 

CO2-plasma treatment of Dacron16 
The plasma treatment was performed in a tubular reactor (length 80 cm, internal diameter 6.5 cm) using three 

capacitively coupled, externally placed electrodes. The hot electrode was placed at the centre of the reactor and 
the cold electrodes were placed at 18.5 cm distance at both sides of the hot electrode. The electrodes were 
connected to a RF (13.56 MHz) generator through a matching network. The Dacron sheets (20 x 10 cm) were 
placed on glass holders that were put in the centre of the reactor between the hot and the cold electrodes. The 
reactor was evacuated to a pressure of 10-5 mbar and flushed with carbon dioxide after which a carbon dioxide 
flow of 25 sccm/min was established through the reactor. After 10 minutes equilibration, the sheets were treated 
with a pulsed carbon dioxide plasma, i.e. 40 pulses (ton = 1 s, toff = 1 s, 50 W, 0.32 mbar). After the plasma 
treatment, the carbon dioxide flow was maintained for 2 minutes, whereafter the reactor was brought to 
atmospheric pressure with air. The samples were removed from the reactor, and washed for 3 x 2 hours with 
deionised water. The sheets were dried overnight in a desiccator, and immediately used for impregnation with 
gelatin. The wettability of treated and non-treated Dacron was qualitatively tested by the water absorption upon 
immersion in water. 

Plasma-treated Dacron as such (further designated as Dacron-pt), or impregnated with gelatin, was used in all 
further procedures and experiments, except when mentioned otherwise. 

Impregnation of Dacron with gelatin  
CO2-plasma-treated Dacron was punched into samples with a diameter of 47 mm, and weighed. The samples 

were impregnated by pressing a solution of gelatin in deionised water (10 w/w%, 50°C) through the Dacron 
mesh using a syringe coupled to a filter holder (diameter 47 mm), in which the Dacron was placed. This 
procedure was carried out four times with a pause of 40 minutes between each impregnation. The impregnation 
was carried out in a laminar flow box. After drying under laminar flow, and subsequently in a desiccator, the 
weight of impregnated gelatin was determined. 
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Cross-linking of gelatin with EDC and NHS  
Cross-linking of gelatin-impregnated Dacron samples with N,N-(3-dimethylaminopropyl)-N'-ethyl 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was carried out in 2-morpholinoethane 
sulphonic acid (MES) buffer (pH 5.3,17 0.05 M). The wetting of the samples in cross-linking solution was 
enhanced by reducing the pressure thereby removing air from the samples, and when all samples were 
thoroughly wetted, they were further incubated at 4°C at atmospheric pressure. The amount of gelatin was kept 
constant in all cross-linking experiments at 1 gram in 50 ml of solution. Molar ratios of EDC to carboxylic acid 
groups of gelatin (COOHgelatin) of 0.8, 1.6 and 3.0 were used, while the molar ratio of NHS to EDC was kept 
constant at 0.2. The cross-linking reaction was performed for 16 hours. The reaction mixture was then replaced 
with a solution containing 0.1 M disodium hydrogenphosphate and 1 M sodium chloride for 2 hours (pH 8.5, 50 
ml) to quench the cross-linking, and the samples were subsequently washed 4 times for 1 hour with deionised 
water (50 ml). All washing steps were performed at 4°C. The gels were dried, and punched into samples with a 
diameter of 8 mm (for implantation) and 3 mm (for characterisation). 

Gamma-sterilisation 
The (gelatin impregnated) Dacron samples were dried for at least 1 day in a dessicator before gamma-

sterilisation. The samples were weighed, sealed in polyethylene bags and then exposed to 36 kGy (3.6 Mrad) 
gamma-irradiation from a 60Co source (Gammaster, Ede, The Netherlands). 

Swelling measurements 
Swelling was determined by the following procedure. Cross-linked samples (diameter 3 mm) were dried at 

reduced pressure for 1 day, and weighed (Wdry). The gels were swollen in phosphate buffer for 2 hours at 22°C 
(after which equilibrium was reached), blotted with tissue paper to remove adhering buffer solution, and 
weighed again (Wgel). Experiments were carried out in triplicate. The swelling (S) was calculated according to 
the formula: 
 

   (1) 

 
with WD as the Dacron weight (WD = 0.97 ± 0.05). 

Chemical determination of free amine groups in gelatin gels 
Dried gelatin samples (diameter 3 mm) were weighed and reacted with a sodium hydrogencarbonate solution 

(pH 8.2, 2 w/v%, 2 ml) containing TNBS (0.01 M) for 2 hours at 40°C, before hydrochloric acid (6 M, 3 ml) 
was added to hydrolyse the gelatin gels in 1.5 hours at 60°C. After cooling to room temperature, deionised water 
(5 ml) was added to the solution and the absorbance at l 345 nm was measured with a Uvikon 930 spectrometer 
against a TNBS-solution without gelatin, which had been treated exactly the same as the cross-linked gelatin 
samples. With the absorption coefficient for 2,4,6-trinitrophenyl derivatised (hydroxy)lysine residues (e = 14600 
l/mol.cm), the amount of free amine groups per 1000 amino acids was calculated, assuming a molecular weight 
of 105 g/mol for a gelatin molecular chain of 1000 amino acids. The Dacron weight was subtracted from the total 
sample weight. The experiments were performed in triplicate. 

In vivo lysozyme release 
All animal studies were performed according to the National Institutes of Health guidelines for the care and 

use of laboratory animals (NIH 85-23 Rev. 1985). Gamma-sterilised, plasma-treated Dacron discs (diameter 8 
mm), as such (Dacron-pt), or impregnated with gelatin B (Dacron-pt-gel-0.0) and cross-linked at an 
EDC/COOHgelatin molar ratio of either 0.8, 1.6, or 3.0 (designated Dacron-pt-gel-0.8, Dacron-pt-gel-1.6, and 
Dacron-pt-gel-3.0) were incubated in 14C-methylated lysozyme solution in phosphate buffer (0.5 mg/ml, 2 ml) 
for three days at room temperature, during which the uptake reached equilibrium. Before implantation, each 

S =
Wgel -Wdry( )
(Wdry -WD)
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sample was gently rinsed with PBS, and blotted with tissue paper. Male Wistar rats of approximately 4 months 
of age (250-300 g) were ether anaesthetised, and a total of 5 subcutaneous pockets were made to the right and 
left of three midline incisions on the back. Each series of 5 Dacron discs was implanted in one rat in the pockets 
(with each sample always in the same position) at a distance of about 1 cm from the incisions. At 6, 18, 30, 50 
hours, 4 or 7 days after implantation the animal was ether anaesthetised and implants with surrounding tissue 
were carefully dissected from the subcutaneous site. The samples and the surrounding tissue (about 100 mg) 
were separated, weighed, and hydrolysed in LumaSolve (2 ml) at 50°C for 5 hours. After cooling to room 
temperature and the addition of 20 ml OptiPhase 'HiSafe', the radioactivity was measured with a scintillation 
counter (1219 Rackbeta, LKB-Wallac, Turku, Finland). The amount of lysozyme was calculated using the 
specific activity of the radiolabelled lysozyme (0.025 µCi/mg). For all samples, the released lysozyme was 
expressed as µg lysozyme per mg dry Dacron, which weighed 5.3 ± 0.2 mg. 

Release in PBS 
The Dacron samples, as such, or impregnated with (non) cross-linked gelatin, were loaded with radiolabelled 

lysozyme according to the procedure described in section 2.7. In addition to the previously mentioned samples, 
also plain Dacron, which had not been treated with gas plasma (designated Dacron) was tested. After incubation 
in the lysozyme solution, and gently rinsing with PBS, the samples were incubated at 37°C in a PBS solution (2 
ml), which was refreshed after 1, 2, 4, 6, 8, 24, and 32 hours, 2, 3, 4, and 7 days. After 7 days of release, the 
Dacron samples were hydrolysed in LumaSolve (2 ml) at 50°C for 5 hours. After adding OptiPhase 'HiSafe' (20 
ml) to the hydrolysed samples and the PBS fractions, the radioactivity was measured with a scintillation counter. 
The amount of lysozyme was calculated using the specific activity of the radiolabelled lysozyme (0.027 
µCi/mg). 

Release into agarose  
The Dacron samples, as such, or impregnated with (non) cross-linked gelatin, were loaded with radiolabelled 

lysozyme according to the procedure described in section 2.7. After incubation in the lysozyme solution, and 
gently rinsing with PBS, the gels were placed on top of an agarose gel (0.7 ml; 1 g of agarose in 150 ml 
phosphate buffer) in an Eppendorf vial (1.5 ml). The gels were incubated at 37°C and after 6, 18, 30 hours, 2, 4, 
or 7 days samples were removed from their medium and hydrolysed in LumaSolve (2 ml) at 50°C for 5 hours. 
After adding 20 ml OptiPhase 'HiSafe', the amount of lysozyme in the samples was measured with a scintillation 
counter. The amount of lysozyme was calculated using the specific activity of the radiolabelled lysozyme (0.025 
µCi/mg). 

Desorption of lysozyme from Dacron using human blood plasma 
The plain Dacron samples (Dacron and Dacron-pt) were loaded with radiolabelled lysozyme according to the 

procedure described in section 2.7. After gently rinsing with PBS, the samples were incubated at 37°C in a PBS 
solution (2 ml) to desorb lysozyme. The PBS medium was refreshed after 8, 24, and 48 hours. When no further 
lysozyme was released from Dacron, the PBS-buffer was replaced by human blood plasma, which was then 
refreshed after 8, 24, and 48 hours. After the experiment, the samples were hydrolysed in LumaSolve (2 ml) at 
50°C for 5 hours. After the addition of OptiPhase 'HiSafe' (20 ml), the radioactivity in the PBS and blood plasma 
fractions and the hydrolysed samples was measured with a scintillation counter. The amount of lysozyme was 
calculated using the specific activity of the radiolabelled lysozyme (0.027 µCi/mg). The experiments were 
performed in triplicate. 
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Results and discussion 
 
Sample characteristics 

Dacron was treated with a carbon dioxide gas plasma to increase the hydrophilicity of the 
surface by introduction of oxygen containing functional groups.16 The wettability of gas 
plasma treated Dacron was improved as was shown by the uptake of water after immersion in 
aqueous solution. 

Dacron was impregnated with gelatin which was subsequently cross-linked with different 
amounts of N,N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide (EDC). After cross-linking 
and sterilisation, the gels were characterised with respect to the degree of swelling and the 
free amine group content (Table 1). Dacron-pt-gel-0.0 contains non cross-linked gelatin. 
Gelatin has 31.5 ± 1.5 free amine groups, which is characteristic for native gelatin. For the 
Dacron samples containing cross-linked gelatin it is observed that an increasing amount of 
cross-linking agent resulted in an increased cross-link density, as shown by a lower number of 
free amine groups and a lower degree of swelling. Differences in the ratios of gelatin to 
Dacron weight were attributed to batch-to-batch variations between the samples, although the 
weight ratio of gelatin to Dacron may also be related to the cross-link density, due to 
dissolution of gelatin during cross-linking at lower EDC/COOHgelatin molar ratios. 
 
Table 1: Characteristics of Dacron discs, as such, or impregnated with (non) cross-linked gelatin (diameter 8 
mm) used for lysozyme release experiments. (mean ± sd, n = 3) 
Sample weight 

(mg) 
gelatin/Dacron 

(w/w)a 
EDC/COOHgelatin 

(mol/mol) 
NH2/1000 

amino acids 
S 

Dacron 5.3 ± 0.2 - - - - 
Dacron-pt 5.3 ± 0.2 - - - - 
Dacron-pt-gel-0.0 11.8 ± 1.2 1.23 - 31.5 ± 2.5 >>b 
Dacron-pt-gel-0.8 10.4 ± 0.5 0.96 0.82 14.6 ± 2.9 2.2 ± 0.3 
Dacron-pt-gel-1.6 11.3 ± 0.8 1.13 1.60 5.9 ± 2.2 1.9 ± 0.5 
Dacron-pt-gel-3.0 13.6 ± 0.3 1.56 3.00 3.5 ± 0.4 1.8 ± 0.2 

a The ratio between gelatin and Dacron weight was calculated from the increase in weight of the different samples compared 
to plain Dacron. 
b The swelling of non cross-linked gelatin gels could not be measured, because these gels slowly dissolve in aqueous 
solution. 

 
The lysozyme uptake by the Dacron samples as such or containing (non) cross-linked 

gelatin was measured by incubation in a solution of radiolabelled lysozyme in phosphate 
buffer (66 mM, pH 7.0). The lysozyme uptake of Dacron is increased by impregnation with 
gelatin, but decreased with increasing cross-link density of the gelatin gel. The lysozyme 
uptake by non cross-linked gelatin is high, comparable to the cross-linked samples, which is 
related to the high water uptake by non cross-linked gelatin gels (Table 2). 
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Table 2: Lysozyme uptake (mean ± sd, n = 3) and adsorption by the different samples, and percentage of 
lysozyme left in each sample after 7 days of release in different release media.  
Sample Lysozyme uptake 

(µg/mg Dacron) 
% lysozyme left 

(in vivo) 
% lysozyme left 

(agarose) 
% lysozyme left 

(PBS) 
Dacron 5.83 ± 2.13 - 75.8 48.7 
Dacron-pt 3.93 ± 1.44 6.8 65.3 34.6 
Dacron-pt-gel-0.0 20.80 ± 1.46 1 8.3 4.3 
Dacron-pt-gel-0.8 21.41 ± 2.77 2.2 33.2 5 
Dacron-pt-gel-1.6 15.18 ± 3.28 3 38.5 6.5 
Dacron-pt-gel-3.0 9.56 ± 1.63 3.6 44.8 10.3 

 
 
In vivo release  

The in vivo lysozyme release from cross-linked gelatin matrices was studied to get an 
impression of the suitability of these gelatin gels as controlled release systems for cationic 
proteins. Subcutaneous release in rats was considered to be a reasonable good model to 
evaluate the release properties of the gels, because the sewing ring of a prosthetic heart valve 
is sewn into heart tissue and therefore not subjected to flow conditions.18 

The lysozyme content of Dacron-pt-gel-0.8, Dacron-pt-gel-1.6, and Dacron-pt-gel-3.0 was 
measured as a function of implantation time, together with the lysozyme content of the tissue 
surrounding the sample. Dacron-pt and Dacron-pt-gel-0.0 were chosen as control samples to 
validate the efficiency of cross-linked gelatin as a release system. From the lysozyme content 
of the samples at each explantation time, the lysozyme release profiles were calculated 
(Figure 1). 

 

 
Figure 1: In vivo lysozyme release profiles (µg/mg dry Dacron) for gas plasma treated Dacron ( ), gas 
plasma treated Dacron impregnated with gelatin ( ), and cross-linked with EDC/COOHgelatin molar 
ratios of 0.8 ( ), 1.6 ( ), and 3.0 ( ), as a function of time (h). 

 
The lysozyme release from Dacron-pt-gel-0.0 occurs very fast: within 6 hours after 

implantation all lysozyme has been released from the sample. This is caused by dissolution of 
non cross-linked gelatin at 37°C. The chemically cross-linked gelatin samples show a delayed 
release up to 30 hours, after which all lysozyme had been released from the samples. 
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The differences between the release characteristics of the control samples and the different 
cross-linked samples is also illustrated by the lysozyme tissue levels which were measured 
during a release time of 4 days (Figure 2). These tissue levels are quite low compared to the 
release profiles (Figure 1), and expressed as µg lysozyme per mg of (wet) tissue, which 
weighed 50-150 mg. Although the weights of the retrieved tissue samples varied to some 
extent, no effect of these variations (due to the lysozyme distribution in tissue) was observed 
on the calculated lysozyme tissue levels.  

 

 
Figure 2: In vivo lysozyme tissue level (µg/mg wet tissue sample) during release from gas plasma treated 
Dacron ( ), gas plasma treated Dacron impregnated with gelatin ( ), and cross-linked with 
EDC/COOHgelatin molar ratios of 0.8 ( ), 1.6 ( ), and 3.0 ( ), as a function of time (h). 

 
After 6 hours of implantation, cross-linked gelatin samples induced the highest lysozyme 

tissue levels. After that, the lysozyme content gradually decreased, but remained elevated up 
to 50 hours after implantation. For plasma treated Dacron no increase of the lysozyme tissue 
level was observed during the release period. Dacron-pt-gel-0.0 showed a relatively small 
increase in lysozyme tissue level 6 hours after implantation. Although the total amount of 
lysozyme released within 6 hours after implantation was highest for this sample (Figure 1), 
only a small amount of lysozyme could be detected in the surrounding tissue. Non cross-
linked gelatin dissolves almost immediately after implantation in the relatively large 
subcutaneous pocket. Lysozyme may be removed from the implantation site via exudation of 
wound fluid, or via other unknown mechanisms. 
 
In vitro release 

An in vitro release model, which the results are comparable to those of the in vivo 
experiments, enables prediction of in vivo release profiles. Two in vitro release setups were 
evaluated: lysozyme release in PBS solution and into an agarose gel. The release in agarose 
medium was chosen as a model for release into tissue which is not subject to flow conditions. 
Samples were removed from the medium after certain times, and the amount of lysozyme left 
in the sample was determined. The release in PBS solution was measured under near sink 
conditions, with regularly refreshing the PBS solution. The lysozyme content of the PBS 
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medium was measured. In addition to the lysozyme loaded samples used in the in vivo 
experiments (Dacron-pt, Dacron-pt-gel-0.0, Dacron-pt-gel-0.8, Dacron-pt-gel-1.6, Dacron-pt-
gel-3.0) also Dacron which had not been treated with a gas plasma (Dacron) was included. 

The results from the in vivo and in vitro release experiments are combined in Figure 3. The 
release into agarose medium was much slower than the in vivo release and did not go to 
completion. The release in PBS approached the in vivo release profiles much better. Although 
the release into agarose medium occurred only from one side of the sample, while the in vivo 
and PBS release were both two-sided, this could not explain the slower release observed on 
agarose medium. The absence of sink conditions, and a distribution of lysozyme in agarose 
may explain the incomplete lysozyme release on agarose medium, which was not observed 
for in vivo release.  
 
 

 
Figure 3: Comparison of the relative lysozyme release in vivo ( ), on agarose medium ( ), and 
in PBS ( ), for Dacron (Dacron), gas plasma treated Dacron (Dacron-pt), gas plasma treated Dacron 
impregnated with gelatin (Dacron-pt-gel-0.0), and cross-linked with an EDC/COOHgelatin molar ratio of 0.8 

(Dacron-pt-gel-0.8), 1.6 (Dacron-pt-gel-1.6), and 3.0 (Dacron-pt-gel-3.0). 
 
Figure 3 shows that the relative lysozyme release is slower with increasing cross-link 

density of the gelatin gels. This result is observed from the in vivo release profiles as well as 
from the release profiles using PBS. The lysozyme release from non cross-linked gelatin is 
complete within 1 hour, due to the dissolution of gelatin.  

The release in PBS for Dacron-pt approached the in vivo release profile less good, but still 
better than the release on agarose medium. Furthermore, it is interesting that in vitro a 
significant amount of lysozyme was not released from either plasma treated, or non-treated 
Dacron, which was not observed for Dacron impregnated with (non) cross-linked gelatin 
(Table 2). 
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To study the nature of lysozyme interaction with Dacron, Dacron was preadsorbed with 
lysozyme from solution, washed with PBS to remove lysozyme adsorbed by electrostatic 
interactions, and subsequently washed with human blood plasma to remove lysozyme bound 
by aspecific or hydrophobic interactions. Figure 4 shows the results of these experiments for 
non treated and gas plasma treated Dacron. During the washing steps in PBS, only 25% to 
35% of the initial lysozyme content is removed from the Dacron samples. When the medium 
is changed to human blood plasma, additional lysozyme is desorbed: 5% of the initial 
lysozyme content for plasma treated Dacron, and 20% for non treated Dacron in the first 
washing step. The higher lysozyme desorption for non treated Dacron in human blood plasma 
was also observed in the subsequent washing steps. In blood plasma, lysozyme bound to 
Dacron by hydrophobic interactions, is exchanged for blood proteins (for example albumin). 

Although there is hardly any difference in lysozyme uptake by non treated or plasma 
treated Dacron (Table 2), Figure 4 shows that the nature of lysozyme interaction with Dacron 
is affected by the carbon dioxide plasma treatment. Non treated Dacron is more hydrophobic 
than plasma treated Dacron, and binds more lysozyme via hydrophobic interactions, as was 
observed from the significantly higher lysozyme desorption in human blood plasma (washing 
steps 4-6). 

 

 
Figure 4: Lysozyme release from non treated Dacron and gas plasma treated Dacron during several wash 
steps: 1-3: immersion in PBS, during 8 (1), 16 (2), and 24 (3) hours; 4-6: subsequent immersion in blood 
plasma, during 8 (4), 16 (5), and 24 (6) hours. 

 
About 50% of the initial lysozyme content of the Dacron samples could not be desorbed. 

The results of the in vitro experiments show that blood proteins do play a role in breaking 
hydrophobic interactions between Dacron and lysozyme, but cannot explain the complete 
release of lysozyme from Dacron in vivo. Probably a more extensive protein exchange 
together with cellular processes are important to break aspecific interactions between Dacron 
and lysozyme in vivo.  
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Mathematical description of in vivo lysozyme release 
The results of the in vivo release experiments and the in vitro release in PBS were used to 

calculate the lysozyme concentration in the gel and in the surrounding tissue in time. The 
(one-dimensional) standard solutions of the diffusion equation in an infinite composite 
medium, in which the concentration in one medium is constant and in the other medium is 
(initially) zero, have been described by Crank.19 No exact solutions were described for a gel 
in surrounding medium (semi-infinite composite medium), in which the initial concentration 
of protein in the gel is C0. The solutions of the diffusion equation with the appropriate 
boundary conditions were derived using the theory described by Carslaw and Jaeger 
(Appendix).20 

The general diffusion equation is: 
 

  (2) 

 
In this equation, C is the concentration, and D is the diffusion coefficient. The case of the 
semi-infinite composite medium describes the system in which the drug is initially dissolved 
in a (finite) medium such as a hydrogel with a  slab geometry, and release takes place into the 
infinite surrounding medium. Lysozyme has different diffusion coefficients in both media. In 
the case where half the gel occupies the region -l < x < 0, and the surrounding medium the 
region of x > 0, the standard diffusion equations for both media are: 
 

-l < x < 0, t > 0   (3) 

 

x > 0, t > 0  (4) 

 
In these equations c1 and c2 are the lysozyme concentrations (mg/ml), and D1 and D2 the 
effective diffusion coefficients (cm2/s) of lysozyme in the gel and in the surrounding medium, 
respectively. 
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The following boundary conditions were defined for the release system: 
 

x = 0, t > 0  and  (5) 

x = -l, t > 0  (6) 

-l < x < 0, t = 0  (7) 
t = 0; x > 0 c2 = 0 (8) 

; x = ¥ c2 = 0 (9) 
 
C0 is the initial concentration of drug in the hydrogel (mg/ml), and k is the distribution 
coefficient of the drug. Using Laplace transformation, the differential equations finally give 
the following solutions for the lysozyme concentrations in the gel (c1) and the surrounding 
medium (c2) as a function of the time t (s), and the distance x (cm) from the middle of the gel: 
 

  (10) 

 

  (11) 

 

with  and  

 
To study the effect of cross-linking of gelatin on the release of lysozyme, the release 

profiles for Dacron-pt-gel-0.0 and Dacron-pt-gel-0.8 were calculated using the experimental 
parameters derived from the release profiles obtained with PBS. The lysozyme diffusion in 
tissue was considered to be as fast as lysozyme diffusion in PBS: D2 is 1.04 10-6 cm2/s. For 
Dacron-pt-gel-0.0 it was assumed that all lysozyme was released into the surrounding 
medium at t = 0, and D1 was equal to D2. The value of D2 for Dacron-pt-gel-0.8 was 
calculated from the relation between the fractional release (in PBS) and the square root of the 
time,21 and was 3 10-8 cm2/s. The thickness of the gels (2l) is 0.05 cm, and C0 was calculated 
from the total lysozyme loading and the volume of the gels, and was 4.9 mg/ml for non cross-
linked gelatin and 4.6 mg/ml for cross-linked gelatin. In a first approximation the value for 
the distribution coefficient of lysozyme between gelatin and subcutaneous tissue, k, was 
assumed to be unity. At n > 7, the values of the expansion terms in equations (10) and (11) 
approach to zero. 

Using these experimental parameters in the mathematical equations gives the 
concentration profiles for Dacron-pt-gel-0.0 (Figure 5) and Dacron-pt-gel-0.8 (Figure 6) in 
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the gel and the surrounding tissue as a function of time. Comparing release profiles in the gel 
for non cross-linked gelatin and cross-linked gelatin shows that the lysozyme release is 
slower in the cross-linked gelatin gel. Correspondingly, the lysozyme concentrations in the 
surrounding tissue are lower for Dacron-gel-0.8. From the diffusion equations (10) and (11), 
it can be easily seen that the protein concentration in the surrounding tissue is proportional to 
the protein loading in the gel. At the rim of the cross-linked gelatin gel the lysozyme 
concentration is relatively low, caused by the difference in D1 and D2.  

 

 
Figure 5: One-dimensional concentration profile for lysozyme release from Dacron impregnated with non 
cross-linked gelatin (Dacron-pt-gel-0.0) as a function of the time and the distance: 0 hours ( ), 1 hour 
( ), 2 hours ( ), 4 hours ( ), 10 hours ( ). 

 

 
Figure 6: One-dimensional concentration profile for lysozyme release from Dacron impregnated with gelatin, 
and cross-linked with an EDC/COOHgelatin molar ratio of 0.8 (Dacron-pt-gel-0.8) as a function of the time and 
the distance: 0 hours ( ), 1 hour ( ), 2 hours ( ), 4 hours ( ), 10 hours ( ). 

 
When these results are compared to the in vivo release profiles, it is observed that the 

calculated lysozyme concentrations are about 10 times higher than the observed lysozyme 
content of tissue surrounding the sample (Figure 2). The mathematical model does not 
consider the removal of drug by other mechanisms than diffusion, for example by dissolution 
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in wound fluid, phagocytosis, or by blood flow. Another important factor which causes 
significant deviations between the calculated release profiles and the in vivo release is that 
this mathematical release model was derived for one-dimensional release, while in practice 
release occurs in a subcutaneous pocket in three dimensions. The importance of drug removal 
in vivo is observed when Figure 2 is compared to Figures 5 and 6. Although the experimental 
lysozyme tissue level for Dacron-pt-gel-0.0 is much lower than for Dacron-pt-gel-0.8 after 6 
hours of release, the mathematical release profiles give the opposite result: lysozyme release 
from Dacron-pt-gel-0.0 is faster, resulting in a higher lysozyme tissue level than for Dacron-
pt-gel-0.8. 

Taking this in vivo drug removal into account, a sustained release is advantageous to keep 
the drug concentration in the tissue surrounding the implant at a therapeutic level. It would be 
nice, if the released dosage as a function of time and distance from the sample could be 
directly deduced from the initial drug loading of the release system, and the diffusion 
coefficients of the drug in the gel and the surrounding tissue, but unfortunately in vivo 
processes are difficult to model. The value of this mathematical model is that the 
concentration profile of lysozyme within the gel is exactly described, and that it gives an 
impression of the ratio between the lysozyme loading and concentration in the surrounding 
tissue (determined by D1 and D2), and the distribution of lysozyme in tissue. 
 
Conclusions 
 

The in vivo release of lysozyme from Dacron impregnated with (non) cross-linked gelatin 
was studied by subcutaneous implantation in rats. By impregnating Dacron with gelatin the 
lysozyme loading capacity is increased compared to plain Dacron, but with increasing cross-
link density of the gelatin gels the lysozyme uptake is decreased. All cross-linked gelatin gels 
showed a sustained release during 30 hours, while the lysozyme concentration in the 
surrounding tissue was elevated for 50 hours. For Dacron-pt and Dacron-pt-gel-0.0, the 
lysozyme release showed an immediate burst, and a small increase in lysozyme tissue level 
was observed for Dacron-pt-gel-0.0 only after 6 hours of implantation.  

The in vitro release was measured using PBS and agarose medium. Release in PBS 
solution gave similar results as lysozyme release in subcutaneous tissue and allowed 
determination of experimental release parameters. Furthermore, this method to measure 
release profiles is a convenient and simple.  

A mathematical release model was derived which describes the lysozyme tissue 
concentration in time and distance, depending on the lysozyme concentration initially loaded 
in the gel. The lysozyme concentration within the gelatin gel is exactly described in time, but 
the lysozyme tissue level as determined with this model is much higher than experimentally 
observed, as it was impossible to account for in vivo lysozyme removal from the surrounding 
tissue by other mechanisms than diffusion.  
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In vivo, in vitro and mathematical release models were used to study the performance of a 
controlled release system for cationic proteins based on cross-linked gelatin applied in 
Dacron. Each of these models has its limitations, but the results have shown that application 
of cross-linked gelatin gels in Dacron increases the lysozyme loading capacity of Dacron, 
and, after an initial burst release, lead to a sustained release of lysozyme for 30 hours in vivo. 
A sustained release is important to maintain the tissue levels of antibacterial protein at a 
therapeutic level. 
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Appendix: One-dimensional diffusion from a plane sheet into medium 
 

Fick's second law of diffusion is: 
 

  (2) 

 
In this equation, C is the concentration, and D is the diffusion coefficient. Solutions of this 
differential equation for diffusion in an infinite composite medium, which are systems 
consisting of two media with different diffusion coefficients (Figure 1), have been described 
by Crank.19  
 

 

Figure 1: Schematic representation of diffusion in an infinite composite medium.  

 
No exact solution was described for the diffusion in a semi-infinite composite medium. 

The case of the semi-infinite composite medium describes a system in which the drug is 
initially dissolved in a (finite) medium such as a hydrogel, and release takes place into the 
infinite surrounding medium. Both media have different diffusion coefficients (Figure 2). 

 

 
Figure 2: Schematic representation of a composite medium, where a substance diffuses from a finite medium 
into an infinite surrounding medium. 
 

In order to obtain these solutions for linear diffusion, Laplace transformation has to be 
applied to the differential equations.20 In the case where half the gel occupies the region -l < x 
< 0, and the surrounding medium the region of x > 0, the standard diffusion equations are: 

¶C
¶t

= D
¶ 2C
¶x2

D1, c1

D2, c2

x=0

D1, c1

D2, c2

x=0-l
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-l < x < 0, t > 0  (3) 

 

x > 0, t > 0  (4) 

 
In these equations c1 and c2 are the concentrations (mg/ml), and D1 and D2 the diffusion 
coefficients (cm2/s) of the drugs in the gel and in the surrounding medium respectively. The 
following boundary conditions were defined for the release system: 
 

x = 0, t > 0  and  (5) 

x = -l, t > 0  (6) 

-l < x < 0, t = 0  (7) 
t = 0; x > 0 c2 = 0 (8) 

; x = ∞ c2 = 0 (9) 
 
C0 is the initial concentration of drug in the hydrogel (mg/ml), and k is the distribution 
coefficient of the drug. The Laplace tranformation was applied to (3) and (4), this is, 
multiplying by  and integrating with respect to t from 0 to ∞. This gives the following 
differential equations: 
 

  (12) 

 

  (13) 

 
In these equations  and  are the Laplace transformed functions c1 and c2.  
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The equations have to be solved with the (Laplace transformed) boundary conditions: 
 

x = 0  and  (14) 

x = -l  (15) 

  (16) 

 
A solution for differential equation (12) which satisfies (15) is: 
 

 with  (17) 

 
and a solution for equation (13) which satisfies (16) is: 
 

 with  (18) 

 
The unknown variables A and B are found from (14): 
 

,  with  

 
Which leads to the solutions for  and : 

 

  (19) 

 

  (20) 

 
The hyperbolic functions in (19) and (20) are expressed in terms of negative exponentials, 

and expanded in a series by the binomial theorem. For c1 this results in the following 
deduction: 
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  with  

 

  

 

  (21) 

 
The Laplace solution is transformed to time-domain solutions: 
 

  (10) 

 
Similarly, for the Laplace transform of c2 is obtained: 
 

  (22) 

 
With the corresponding solution for c2: 
 

  (11) 
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7 
 
Combined gelatin-chondroitin sulphate hydrogels 
for controlled release of cationic antibacterial 
proteins 
 
 

ABSTRACT: Chemically cross-linked gelatin-chondroitin sulphate (ChS) hydrogels were 

prepared for the controlled release of small cationic proteins. The amount of chondroitin 

sulphate in the gelatin gels varied between 0 and 20 w%. The chemical cross-link density, 

the degree of swelling, and the rheological behaviour were determined to characterise the 

cross-linked hydrogels. Chemically cross-linked gelatin-ChS hydrogels were loaded with 

lysozyme, and the release was measured using phosphate buffered saline. The lysozyme 

loading capacity of the hydrogels significantly increased with increasing chondroitin 

sulphate content of the gels. Compared to plain gelatin gels, the release rate of lysozyme 

slowed down for the hydrogels containing 5 and 10 w% of chondroitin sulphate, while the 

release was faster for hydrogels containing 20 w% of chondroitin sulphate. The permeation 

of lysozyme through gelatin-ChS gels was measured using a two-compartment diffusion 

cell, and the effective diffusion coefficient was calculated. The effective diffusion of 

lysozyme in the gels was also qualitatively studied using fluorescence recovery after 

photobleaching. The Langmuir isotherms of lysozyme adsorption to gelatin-ChS gels and 

the lysozyme diffusion in the gels in the absence of electrostatic interactions were 

determined to evaluate the contributions of unspecific interaction and diffusion to the 

release. Both the interaction and the diffusion increase with increasing chondroitin sulphate 

content of the hydrogels, which resulted in a minimum value of the effective release rate 

for gels containing 5 w% chondroitin sulphate. The release profiles were evaluated using a 

release model which accounts for both interaction and diffusion of lysozyme in the gelatin-

ChS release matrix. It was shown that the predictions of this release model were better for 

gels with increasing chondroitin sulphate content. 

 
Introduction 
 

Prosthetic valve endocarditis is an infrequent but serious complication of cardiac valve 
replacement.1-3 The adherence of bacteria to the valve is considered to be the first step in the 
development of the infection. Lately, several antibacterial proteins have been isolated from 
saliva, blood platelets, and neutrophils, which are believed to play a role in the human 
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defence system.4,5 All these proteins are small, cationic and stable. The application of such 
antibacterial proteins in a controlled release system in the Dacron sewing ring of a prosthetic 
heart valve may be a promising approach to reduce the incidence of infective endocarditis.6 

A delivery system for antibacterial proteins was developed based on cross-linked gelatin, 
showing a good biocompatibility, a relatively fast in vivo degradation, and an in vivo 
lysozyme release time of 30 hours while lysozyme could be detected in the surrounding tissue 
for a 50 hours period.7,8 The total amount of antibacterial protein released during this period 
was about 100 µg. Although the biocompatibility, the degradation rate and the release 
properties of these gelatin gels are good, a higher maximum protein payload and a 
prolongation of the release time were considered to be advantageous to increase the efficacy 
of the antibacterial release system. 

The payload of the gels is improved by increasing the number of binding sites for 
antibacterial protein, while the release time is extended by increasing the interaction between 
the antibacterial protein and the gel. Antibacterial proteins are cationic, so that the 
introduction of negative charges into the gelatin gel may improve the release characteristics. 
In general, two methods can be applied to introduce anionic residues into the gelatin gels: 
direct derivatisation of gelatin,9,10 or incorporation of anionic (macro)molecules into the 
gelatin gels.11 Many polysaccharides are anionic, and glucosaminoglycans were considered 
most suitable, because of their occurrence in mammalian tissue and their potential healing 
characteristics.12-14  

 

Figure 1: Schematic representation of a physical and a chemical gelatin-ChS network. A physical gelatin 
network contains triple helix junctions ( ) By chemical crosslinking of this physical network with EDC and 
NHS, chemical junctions are introduced ( ). 

 
Chondroitin sulphate (ChS) was chosen because it has a molecular weight of 20 to 60 kD, 

which may contribute to network formation, it contains a substantial amount of sulphate and 
carboxylate residues, necessary for interaction and cross-linking, and because of its relatively 
low costs.13,15 Furthermore, chondroitin sulphate is the only glycosaminoglycan, which is 
predominantly found in cartilage and skin, and is associated with collagen in connective 
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tissue and tendon in vivo.16,17 This is probably advantageous for its compatibility with 
gelatin. 

The present study describes the preparation and characterisation of gelatin-chondroitin 
sulphate gels. As gelatin dissolves at temperatures higher than 35°C, due to the breaking of 
the physical cross-links, the gelatin-ChS gels were chemically cross-linked with N,N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). Although chondroitin sulphate is associated with collagen in 
vivo, in vitro studies have shown that interactions between collagen and chondroitin sulphate 
were maximal at pH 3-4, and minimal at pH 7.16,18 The network structure of a chemically 
cross-linked gelatin-ChS hydrogel is schematically represented in Figure 1. 

The chemically cross-linked gelatin-ChS hydrogels were characterised by the free amine 
group content, the degree of swelling, and the mechanical properties. The lysozyme uptake 
and release from these chemically cross-linked gelatin-chondroitin sulphate hydrogels in 
phosphate buffered saline was studied as a function of chondroitin sulphate content. The 
permeation of lysozyme in the gels was measured with a two-compartment diffusion cell, 
while the mobility of lysozyme was evaluated by fluorescence recovery after photobleaching. 
As the effective diffusion coefficient is dependent on contributions from interaction as well as 
diffusion, both the lysozyme interaction with the gelatin-ChS network and the free diffusion 
of lysozyme in the gelatin-ChS network were studied. Finally, the results were used to 
validate an existing model which was developed for drug formulations in which the release is 
controlled by diffusion as well as by interaction.19 
 
Materials and methods 
 
Materials  

Gelatin B (lot nr. 39238) was a kind gift of Vascutek (Sanofi, Paris, France). Chicken egg white lysozyme, 
gelatin B used in the rheological experiments (bovine skin, 225 bloom, lot nr. 56H0658), radiolabelled chicken 
egg white lysozyme (14C-methylated, 5 µCi), chondroitin sulphate C (ChS; 66 kD), and Amberlite cationic 
exchange material were purchased from Sigma Chemical Inc., St. Louis, MO, USA. 2,4,6-Trinitrobenzene 
sulfonic acid solution (TNBS) (1 M), and N-hydroxysuccinimide (NHS) were purchased from Fluka, Buchs, 
Switzerland. 5-(Aminoacetamido) fluorescein was purchased from Molecular Probes, Leiden, The Netherlands. 
Coomassie Plus Protein Assay Reagent was obtained from Pierce, Rockford, IL, USA. LumaSolve was 
purchased from LUMAC*LSC bv, Olen, Belgium, and OptiPhase 'HiSafe' from Wallac, Milton Keynes, UK. 
Phosphate buffered saline (PBS) (pH 7.4, [NaCl] = 0.140 M) was purchased from NPBI, Emmer Compascuum, 
The Netherlands. Deionised water was obtained from a Milli-Q plus apparatus from Millipore (Molsheim, 
France). The phosphate buffer used for lysozyme loading was an aqueous solution of sodium 
dihydrogenphosphate and disodium hydrogenphosphate (pH 7.1, 66 mM phosphate). All other reagents were 
obtained from Merck, Darmstadt, Germany. 

Conductometric titration of chondroitin sulphate20 
Chondroitin sulphate (100 mg) was dissolved in deionised water (2 ml) and perfused over a strong cation 

exchange column (Amberlite, IR-120). Fractions (5 ml) with a conductivity of 30 µS/cm and more were 
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collected and diluted with deionised water to a final weight of 100 g. Solutions of chondroitin sulphate in water 
(20 g) were titrated with sodium hydroxide (0.1 M) at a constant addition rate, while the conductivity of the 
solution was recorded in time. The conductivity as a function of added hydroxide ions showed two inflection 
points. From these inflection points in the titration curves, the number of strong acid residues (first inflection 
point; sulphate) and weak acid residues (second inflection point; carboxylic acid) in chondroitin sulphate was 
determined. The experiments were performed in triplicate. 

Preparation of gelatin-chondroitin sulphate gels 
Gelatin B was dissolved in deionised water and chondroitin sulphate was added to a percentage of 0, 5, 10, or 

20 w% (total polymer concentration: 20 g in 180 ml) at 50°C. For the rheological experiments, gels were made 
using a total polymer concentration of 60 g in 540 ml water. After 1 hour of stirring the solution was sonicated 
to remove air bubbles. The solution was poured onto a silanated glass plate (28 x 38 cm) and allowed to dry on a 
flat surface over night at room temperature. Smaller gels (6.5 x 8.5 cm) were cut from these gels.  

Silanation of the glass plate was carried out with 50 ml of a mixture of a saturated dimethyl aminopyridine 
solution in toluene and chlorotrimethyl silane (7 : 3 v/v). After incubation of the glass plate under nitrogen for 5 
hours with this mixture, it was washed with ethanol (100 ml), petroleum ether 40-60 (100 ml), and acetone (100 
ml), and dried under nitrogen. 

Chemical cross-linking of gelatin-chondroitin sulphate gels  
Before chemical cross-linking, the gels were dried in vacuo for at least 1 day. Cross-linking of gelatin-ChS 

sulphate gels with EDC and NHS was carried out in 2-morpholinoethane sulphonic acid (MES) buffer (pH 5.3, 
0.05 M) at 4°C during 16 hours. In all experiments the amount of gel in buffer was 1 gram in 50 ml of solution. 
The molar ratio of EDC to carboxylic acid groups of gelatin and chondroitin sulphate (EDC/COOHgelatin+ChS) 
was 0.8 for all the gels. The cross-linking reaction was quenched by replacing the solution with a solution 
containing 0.1 M disodium hydrogenphosphate and 2 M sodium chloride for 2 hours (pH 8.5, 100 ml), and the 
gels were subsequently washed 4 times for 1 hour with deionised water (100 ml) to remove salt. All washings 
were performed at 4°C. The cross-linked gelatin-ChS gels were dried in air. All experiments were performed on 
gels from the same batch, except the rheological measurements. 

Swelling measurements 
Gelatin-ChS gels were dried at a reduced pressure for at least 1 day, and weighed (W0). The gels were 

swollen in PBS for 2 hours at 22°C (after which equilibrium swelling was reached), blotted with a tissue, and 
weighed again (W). Experiments were carried out in triplicate. The swelling was calculated according to: 

 

  (1) 

Determination of free amine groups in gelatin-ChS gels 
Dried gelatin-ChS gels (2-4 mg) were incubated in 2 ml of a solution of TNBS (0.01 M) in sodium 

hydrogencarbonate (pH 8.2, 2 w/v%) during 2 hours at 40°C. Then hydrochloric acid (6 M, 3 ml) was added to 
the solution to hydrolyse the gels in 1.5 hours at 60°C. After cooling to room temperature, deionised water (5 
ml) was added to the solution and the absorbance at l 345 nm was measured against a TNBS-solution without 
gelatin-ChS, which had been treated in exactly the same way as the cross-linked gelatin samples. Using the 
absorption coefficient of 2,4,6-trinitrophenyl derivatised (hydroxy)lysine residues (e = 14600 l/mol.cm),21 the 
fractional decrease in free amine group content was calculated from the number of free amine groups in the non 
cross-linked gel and the corresponding cross-linked gel. 

Rheological characterisation of physical and chemical gelatin gels 
Rheological measurements were performed on an AR1000-N controlled stress rheometer from TA 

Instruments, Ghent, Belgium. The plate/plate geometry of the rheometer was adapted for measurements on 

S =
W-W0
W0
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hydrogels by sticking sandpaper on the plates to avoid slippage of the gels between the plates. All measurements 
were performed with an acrylic top plate (diameter 2 cm), in oscillation mode at 1 Hz in the linear visco-elastic 
range by applying a constant strain of 5.10-4 rad. Before the measurement, the gelatin-ChS gels were swollen in 
PBS outside the rheometer. The swollen gels were applied between the plates of the rheometer. The elasticity 
modulus,Ge, was measured following the methodology for elasticity measurements on gel slabs as recently 
developed by Meyvis et al.22 By gradually decreasing the gap between the rheometer plates (in steps of 25 µm) 
and measuring G' at each position, this method allows to find to which extent the hydrogel slab has to be 
compressed between the plates of the geometry in order to perform reliable Ge-measurements. At optimal 
compression of the hydrogels G' is independent of the applied frequency (G' equals Ge) indicating the existence 
of a real rubbery network.  

Lysozyme release in PBS solution  
Gelatin-ChS gels were loaded with a solution of 14C-labelled lysozyme in phosphate buffer (5 mg/ml, 2 ml) 

during 3 days at room temperature. The gels were blotted with a tissue to remove adherent solution, and placed 
in PBS. The buffer solution was regularly replaced by fresh solution, and the lysozyme content of the 
supernatant was measured after the addition of OptiPhase 'HiSafe' (18 ml), using a scintillation counter. The 
amount of lysozyme released was calculated using the specific activity of the radiolabelled lysozyme (3.2 10-3 
µCi/mg). 

Permeation experiments  
The permeation experiments were carried out using PBS, and a solution of PBS, containing a total sodium 

chloride concentration of 0.5 M, respectively, to minimise the interaction between lysozyme and gelatin-ChS 
gels. Before the measurement, gelatin-ChS gels were swollen to equilibrium. The permeation of lysozyme 
through the gels was measured in time using a two-chamber diffusion cell (chamber volume 8.3 ml) at 37°C. 
The membrane surface area was 2.27 cm2. The initial lysozyme concentration in the donor chamber was 4 
mg/ml. After an equilibration time, samples (300 µl) were taken from the acceptor chamber, and the protein 
concentration was measured with Coomassie Plus Protein Assay Reagent, using a calibration curve for 
lysozyme. The permeability of the gels was calculated from: 
 

  (2) 

 
In equation 2, A is the area of the membrane in the diffusion cell (cm2), V is the volume of the compartments 

(cm3), h is the thickness of the membrane (cm), and P is the permeability of the membrane (cm2/s). The 
thickness of the gels was determined with a micrometer at the end of the experiment. From the permeability the 
diffusion coefficient was calculated by dividing P by the partition coefficient Kd which is the ratio between 
lysozyme uptake by a gel and the concentration in solution. 

Determination of the lysozyme partition coefficient (Kd) 
The partition coefficients were determined by incubating dry gelatin-ChS gels (f = 8 mm, W0 = weight) in a 

solution of 5 mg/ml 14C-labelled lysozyme in PBS, or in PBS containing 0.5 M sodium chloride, respectively. 
The gels were incubated during 3 days at 37°C, which was sufficient to reach equilibrium. Subsequently, the 
gels were gently blotted with a tissue to remove adherent solution, hydrolysed in LumaSolve (2 ml) at 50°C for 
5 hours, and cooled to room temperature. OptiPhase 'HiSafe' (18 ml) was added to the hydrolysed gel and to the 
loading solution remaining after uptake, and the radioactivity was measured with a scintillation counter 
(Winspectral 1414, Wallac Turku, Finland). The partition coefficients were calculated from the ratio of the 
lysozyme concentration in the gel and in solution, which were determined using the degree of swelling of the gel 

dln csource - csink( )t csource -csink( )0( )
dt

=
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Vh
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and the specific activity of radiolabelled lysozyme (6 10-4 µCi/mg). The experiments were performed in 
triplicate.  

Fluorescent labelling of lysozyme 
Lysozyme was fluorescently labelled by partial modification of the carboxylic acid residues with 5-

(aminoacetamide) fluorescein. Lysozyme (22 mg) was dissolved in cold sodium hydrogenphosphate buffer (0.02 
M; pH 4.5; 3 ml). EDC and NHS were added in 10 x excess with respect to the number of carboxylic residues to 
be derivatised (2.2 mg and 0.5 mg, respectively) to this solution to preactivate the carboxylic acid groups in 
lysozyme. After 5 minutes, this solution was added dropwise to a solution of 5-(aminoacetamide) fluorescein in 
25 ml borate buffer (sodium borohydrate; 0.2 M; pH 8.6) and stirred for 2 hours. Then sodium chloride solution 
(2 M; 25 ml) was added to the solution to remove urea derivatives, which may be complexated with lysozyme. 
The mixture was first concentrated to a volume of 15 ml, using an ultrafiltration cell (Amicon; low protein 
binding membrane: YM-10, molecular weight cut-off 10 kD), and then dialysed against PBS until no significant 
fluorescence was detected in the dialysate (measured with a Perkin-Elmer LS-3 fluorescence spectrometer). The 
solution of fluorescent lysozyme (FITC-lysozyme) in PBS was frozen in liquid nitrogen and stored at -30°C. 

Fluorescence recovery after photobleaching (FRAP) measurements 
To screen the mobility of fluorescently labelled lysozyme in the gelatin-ChS hydrogels, FRAP measurements 

were performed on a confocal scanning laser microscope (Bio-Rad MRC1024; UK) using a 40 fold oil 
immersion lens.23-25 After incubation in a solution of FITC-lysozyme in PBS (400 µl; 0.7 mg/ml lysozyme) for 
24 hours at 4°C, the gelatin-ChS gels were placed in a small reservoir made on a microscopic slide. A cover 
slide was put on top, and the reservoir was sealed with blank nail polish to avoid dehydration of the gels by 
evaporation.  

The FRAP experiments were performed according to the following procedure. First, the fluorescence in the 
hydrogels was measured by scanning a part of the x-y plane at 50 µm below the surface of the hydrogels using 
an attenuated laser beam. Second, a 19 µm line segment from the x-y plane was selected to be bleached. 
Photobleaching of this segment occurred at the time the laser beam scanned over this segment accompanied by a 
temporarily strong increase in the intensity of the laser beam. To measure the fluorescence recovery in this 
bleached stripe, a strongly attenuated laser beam scanned along this line segment. Due to the slow diffusion of 
lysozyme in the gels, intermittent scanning was used. Small time intervals (0.1 s) were considered just after 
bleaching while larger time intervals (20 s) were used at the end of the fluorescence recovery. At each scan 
session the line segment where bleaching occurred was scanned 200 times. The 200 data points per scan session 
were averaged and used as single time points in the fluorescence recovery curve. The normalised fluorescence 
recovery curves were obtained by dividing the fluorescence intensities during fluorescence recovery by the 
fluorescence intensity before photobleaching of the x-y plane in which the bleached line segment was located. 

Langmuir adsorption of lysozyme to gelatin-ChS gels 
The adsorption measurements were carried out according to the procedure used in the determination of the 

partition coefficient. Dry gelatin-ChS gels were incubated in solutions containing 14C-labelled lysozyme in PBS 
(concentrations of 0.5, 1.0, 2.0, 5.0 and 10 mg/ml) at 37°C for three days. The lysozyme concentration in the 
loading solution, and the amount of lysozyme taken up by the gels were calculated using the specific activity of 
each of the radiolabelled lysozyme solutions. The experiments were performed in triplicate. At each lysozyme 
concentration, the amount of bound lysozyme was determined by correcting for the free lysozyme in the aqueous 
phase of the gels. 

Turbidity measurements  
A mixture of 1 ml of a solution of lysozyme (10 mg/ml) and 1 ml of a solution of chondroitin sulphate (1 

mg/ml), both in 20 mM phosphate buffer (pH 7), was titrated with 0.5 M NaCl in steps of 100 µl to study the 
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effect of salt concentration on the complexation of lysozyme with chondroitin sulphate. After each addition, 100 
µl was removed from the solution to measure the turbidity in a SLT 340 ATTC plate reader. 

 
Results and discussion 
 
Preparation and characterisation of gelatin-ChS hydrogels 

Gels were prepared of gelatin solutions containing 0 to 20 w% of chondroitin sulphate. 
The presence of chondroitin sulphate in these gels did not oppose the gel formation. 
Chondroitin sulphate is a polysaccharide consisting of D-glucuronic acid and N-acetyl 
galactosamine, having between 0.2 to 2.3 sulphate residues per disaccharide.12 
Conductometric titration was used to determine the number of carboxylic and sulphate 
residues in the batch of chondroitin sulphate used in this study. It was shown that this type of 
chondroitin sulphate contained about one carboxylate residue and one sulphate residue per 
disaccharide unit, assuming that these disaccharides consist of D-glucuronic acid and N-
acetyl galactosamine. 

The gelatin-ChS gels were cross-linked with a water soluble carbodiimide (EDC). For all 
gels the molar ratio of EDC to carboxylic acid residues was 0.8. As EDC cross-linking results 
in the formation of amide bonds between carboxylic acid and amine residues, chondroitin 
sulphate will become cross-linked into the gelatin gel. To make sure that no chondroitin 
sulphate had leaked out of the gels during cross-linking, the gels were analysed before and 
after cross-linking using elemental analysis. This revealed that chondroitin sulphate was 
quantitatively present in the gels after cross-linking (results not shown). 

The degree of swelling, the free amine group content, and the rheological behaviour of the 
gels were studied after cross-linking. Compared to non chemically cross-linked gelatin-ChS 
gels, as expected, chemical cross-linking decreases the free amine group content of the gels 
(Table 1). 
 
Table 1: Characteristics of chemically cross-linked gelatin-chondroitin sulphate hydrogels. 

Sample w% chondroitin sulphate Cross-link densitya S 
ChS 0 0 0.35 ± 0.03 2.37 ± 0.05 
ChS 5 5 0.37 ± 0.04 2.63 ± 0.06 
ChS 10 10 0.42 ± 0.03 3.03 ± 0.10 
ChS 20 20 0.44 ± 0.02 4.25 ± 0.05 

a The cross-link density is the ratio between the number of free amine groups in EDC/NHS cross-linked gels, and the number 
of free amine groups in the corresponding gels before chemical cross-linking. 

 
Increasing the amount of chondroitin sulphate resulted in a less efficient chemical cross-

linking, as shown by the lower reduction in free amine groups, and the increase in swelling 
(Table 1). It was expected that the higher number of carboxylic acid groups of gelatin-ChS 
hydrogels, and the proportional increase in EDC concentration, would result in a higher 
consumption of free amine residues in gelatin-ChS gels compared to carbodiimide cross-
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linked gelatin gels without ChS. The decrease in consumed amine groups with increasing 
chondroitin sulphate content may be explained by two reasons. First, the number of free 
amine groups is lower upon increasing the chondroitin sulphate content of the gels as the 
gelatin content decreases. Second, gelatin-ChS hydrogels swell stronger in aqueous solution 
resulting in a larger distance between the polymer chains, which may prevent the proceeding 
of the cross-linking reaction. Both these effects limit the availability of amine residues for the 
coupling reaction, which explains a decrease in cross-link density with increasing chondroitin 
sulphate content of the gels. 

As shown in table 1, the chemically cross-linked gelatin-ChS hydrogels show a higher 
degree of swelling with increasing chondroitin sulphate content. A polymer network swells or 
shrinks to obtain a condition of minimal internal energy. The total Gibbs free energy 
accompanied with the swelling process (DGtot) depends on contributions from the elastic free 
energy (DGel), the free energy of mixing solvent molecules with network chains (DGmix), and 
of mixing ionic compounds with the network chains (DGion): 

 
  (3) 
 
At equilibrium DGtot is zero, which means that for swollen hydrogels, a decrease in free 

energy, due to mixing of ions and solvent molecules with the network chains, is balanced by 
an increase in free energy due to stretching of the network chains. It can be expected that 
upon increasing the number of anionic residues in the hydrogel, the driving force for swelling 
increases.  

Table 2 shows the outcome of the rheological measurements on the hydrogels. For non 
chemically cross-linked gelatin-ChS gels, Ge decreases with incorporation of chondroitin 
sulphate. This is related to the lower gelatin content, which results in a lower number of 
physical cross-links in the hydrogels. Upon chemical cross-linking, as expected, the elastic 
modulus clearly increases. However, for the chemically cross-linked gelatin-ChS gels the 
influence of the amount of chondroitin sulphate on Ge remains unclear. While Ge of gels 
containing 0, 5, and 10 w% chondroitin sulphate does not differ significantly, Ge of the gels 
with 20 w% ChS shows a marked increase. This is hard to explain by an increase in the cross-
link density as, compared to the other gels, the 20 w% gels do not show a higher consumption 
of free amine groups, not suggesting a higher number of cross-links in these gels.  
 
Table 2: Rheological characterisation of physically cross-linked and chemically cross-linked gelatin-
chondroitin sulphate gels, depending on the composition of the gelatin-ChS gels. 
Sample 
 

Ge (kPa) 

physically cross-linked gel 
Cross-link densitya Ge (kPa) 

chemically cross-linked gel 
ChS 0 17 ± 1 0.40 ± 0.05 180 ± 30 
ChS 5 13 ± 1 0.41 ± 0.02 130 ± 20 

DGtot = DGel +DGmix + DGion
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ChS 10 11 ± 1 0.44 ± 0.02 190 ± 30 
ChS 20 12 ± 1 0.39 ± 0.02 260 ± 40 

a The cross-link density is the ratio between the number of free amine groups in EDC/NHS cross-linked gels, and the number 
of free amine groups in the corresponding gels before cross-linking. 

 
A hypothesis which may explain the trends in Ge values of the chemically cross-linked 

gelatin-ChS gels deals with the deformation behaviour of the polymer network. In an affine 
network, it is assumed that the junctions of the network do not fluctuate and that they 
transform affinely (linearly) with the macroscopic deformation.26,27 For an affine network it 
is assumed that only the network chains contribute to the decrease of entropy of the network 
(which gives rise to the elastic force) upon deformation. For a phantom network it is assumed 
that the junctions do fluctuate over time.28 For the affine network model, the equilibrium 
shear modulus of the network (Ge) is given by:26 

 
  (4) 

 
In this equation, n is the number of moles of elastic chains per unit volume. For the phantom 
network, due to fluctuations of the junctions, Ge is lower than that of the corresponding affine 
network:28 

 
  (5) 

 
In equation 5, µ is the number of moles of elastic cross-links per unit volume of the network. 
Real networks are expected to show characteristics which lie somewhere between the 
properties of both affine and phantom models. This phenomenon was treated by Flory and 
Erman in the constrained junction model which allows for this intermediate behaviour:28 

 
  (6) 

 
In equation 6, h ranges between 0 (for an affine network) and 1 (for a phantom network).  

It is generally considered that stretching of chains in polymer networks by swelling 
favours an affine-like behaviour of the junctions as they will be less able to fluctuate.29,30 
From these observations and based on equation 6, it may be hypothesised that, although the 
number of cross-links in the 20 w% gelatin-ChS gels is lower compared to the other gels, the 
stronger swelling of these gels, which favours a more affine-like behaviour, may increase Ge. 

 
Lysozyme uptake and release from gelatin-ChS hydrogels 

Before release, the chemically cross-linked gelatin-chondroitin hydrogels were loaded with 
lysozyme by incubation in a solution of 5 mg/ml lysozyme in 66 mM phosphate buffer (Table 

Ge = nRT

Ge = n -µ( )RT

Ge = n - hµ( )RT
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3). A buffer with low ionic strength was used as, at low ionic strength, the interaction 
between lysozyme and the negatively charged hydrogel may be favoured. The lysozyme 
loading capacity of the combined hydrogels increased more than 8 fold by increasing the 
chondroitin sulphate content of the gels from 0 w% to 20 w%. For the gel containing 20 w% 
of chondroitin sulphate, about 600 µg lysozyme is bound to 200 µg of chondroitin sulphate. 
Considering that lysozyme has a net positive charge of +8 and a total molecular weight of 
14,4 kD, and chondroitin sulphate contains about 1 sulphate residue per 500 g/mol, equimolar 
amounts of cationic and sulphate residues were present in the gels. 

 
Table 3: Lysozyme uptake (µg/mg dry sample) by cross-linked gelatin-chondroitin sulphate gels after loading 
from a solution of 5 mg/ml lysozyme in 66 mM phosphate buffer solution during 3 days at 20°C. (mean ± sd, n = 
3) 

Sample Lysozyme uptake (µg/mg) 
ChS 0 80 ± 2 
ChS 5 165 ± 5 
ChS 10 268 ± 8 
ChS 20 680 ± 47 

 
Subsequently, the release of lysozyme in PBS (13 mM phosphate buffer, 140 mM sodium 

chloride) at 37°C was measured, with a regular refreshment of the medium. PBS was selected 
as release medium, because a good agreement was found between in vitro lysozyme release 
from cross-linked gelatin gels using PBS and in vivo lysozyme release from these gels in 
subcutaneous tissue.8  

 

 
Figure 2: Lysozyme release (µg/mg) profiles in PBS at 37°C for gelatin-ChS hydrogels, containing different 
amounts of chondroitin sulphate, cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8 in time (h); 0 
w% ChS ( ); 5 w% ChS ( ); 10 w% ChS ( ), 20 w% ChS ( ). (mean ± sd, n = 3) 

 
Figure 2 shows that after one week, the lysozyme release from all the gels was complete, 

while no lysozyme remained in the gels. To consider the release rate, the amount of lysozyme 
released, relative to the amount of lysozyme which was initially present in the gels, was 

3002001000
0

200

400

600

800

time (h)

L
ys

oz
ym

e 
re

le
as

e 
(µ

g/
m

g)



 

    107 
 

calculated (Figure 3). Compared to plain gelatin (ChS 0), the release is obviously prolonged 
in the gels containing 5 and 10 w% chondroitin sulphate, while for the gel containing 20 w% 
chondroitin sulphate the lysozyme release is only slowed down during the initial release.  

 

 
Figure 3: Relative lysozyme release profiles in PBS at 37°C for gelatin-ChS hydrogels, containing different 
amounts of chondroitin sulphate, cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8 in time (h); 0 
w% ChS ( ); 5 w% ChS ( ); 10 w% ChS ( ), 20 w% ChS ( ). (mean ± sd, n = 3) 

 
From Table 3 and Figure 3 it was concluded that the lysozyme uptake increases 

significantly with increasing chondroitin sulphate content, while the release was only 
substantially retarded for ChS 5 and ChS 10. In the following paragraphs, the mechanisms 
governing these release profiles are discussed. 
 
Lysozyme diffusion in cross-linked gelatin-ChS hydrogels 

The permeation of lysozyme in PBS through the cross-linked gelatin-chondroitin sulphate 
hydrogels was measured using a two-compartment diffusion cell at 37°C. These experimental 
conditions were equal to the conditions used for the release experiments. Figure 4 shows the 
results of the permeation experiments. 

 

 
Figure 4: Permeation of lysozyme in PBS at 37°C through gelatin-ChS hydrogels, containing different amounts 
of chondroitin sulphate, cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8 in time (h); 0 w% ChS 
( ); 5 w% ChS ( ); 10 w% ChS ( ), 20 w% ChS ( ). 
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The lysozyme permeation shows a lag time. With increasing chondroitin sulphate content of 
the hydrogels, the lag time shortens while the permeation through the membranes occurs 
faster. 

Based on the permeation experiments, the permeability of the gelatin-chondroitin sulphate 
hydrogels for lysozyme in PBS was calculated (Table 4). With increasing chondroitin 
sulphate content, the permeability of the hydrogels increases. Table 4 also shows the 
experimental values for the partition coefficient, Kd. It clearly shows that, upon increasing the 
chondroitin sulphate content, Kd of lysozyme with the gelatin-ChS gels increases.  As the 
following equation holds for P, the increase in Kd partially explains the increased lysozyme 
permeability of the gelatin-ChS gels. 

 
  (7) 
 

Table 4 shows the effective diffusion coefficient Deff as calculated from equation 7. For the 
gels containing 10 and 20 w% ChS, the diffusion coefficient of lysozyme seems to be 
significantly higher than the diffusion coefficient in the gels containing 0 and 5 w% ChS. 
This may be attributed to the higher degree of swelling with increasing chondroitin sulphate 
content. 
 
Table 4: Calculation of the permeability, and the effective diffusion coefficient of lysozyme for cross-linked 
gelatin-ChS gels (PBS; 37°C), from the permeation experiments (equation 3), the thickness of the gels (h) and 
the partition coefficient (Kd). The initial lysozyme concentration in the donor chamber was 4 mg/ml. 

Sample slope (h-1)a h (mm) P (cm2/s)b Kd Deff  (cm2/s)c 
ChS 0 5.561 10-4 0.546 ± 0.001 1.54 10-8 7.2 2.13 10-9 
ChS 5 8.140 10-4 0.636 ± 0.008 2.63 10-8 12.5 2.10 10-9 
ChS 10 2.115 10-3 0.700 ± 0.010 7.52 10-8 19.7 3.82 10-9 
ChS 20 1.565 10-2 0.669 ± 0.009 54.22 10-8 35.6 15.23 10-9 

a These values are the slopes of the curves in Figure 4. 
b P is calculated from the slope of the curves in Figure 4, a surface area of the gels (A) of 2.27 cm2, and a compartment 
volume (V) of 8.3 ml. 
c Deff is calculated from P, dividing P by Kd. 

 
Fluorescence recovery after photobleaching (FRAP) was used to confirm that the 

lysozyme diffusion occurs faster in gelatin-ChS gels with a high amount of chondroitin 
sulphate. Figure 5 shows the normalised fluorescence recovery profiles. All the normalised 
fluorescence profiles showed a total fluorescence recovery after several minutes (data not 
shown), which indicated that the interactions between lysozyme and the gelatin-ChS gels 
were reversible. Figure 5 further shows that the recovery of the fluorescence in the bleached 
areas, which is due to diffusion of fluorescently labelled lysozyme, indeed occurred 
significantly faster in the 10 and 20 w% gelatin-ChS gels than in the 0 and 5 w% gelatin-ChS 

P = KdDeff
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gels. Both the increase in Kd and the increase in D explain the increase in permeability of the 
gels with increasing amount of chondroitin sulphate. 

 

 
Figure 5: Normalised fluorescence after photobleaching as a function of time for fluorescently labelled 
lysozyme (PBS; 20°C) within gelatin-ChS hydrogels, containing different amounts of chondroitin sulphate, 
cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8; 0 w% ChS ( ); 5 w% ChS ( ); 10 w% ChS ( ), 
20 w% ChS ( ). 

 
Mathematical evaluation of the release profiles  

The results of the permeation measurements were used to evaluate the experimental release 
profiles (Figure 3 and 4) using a mathematical release model. Equation 8 shows Fick's second 
law of diffusion: 
 
  (8) 
 
In this equation CA is the free drug concentration (mg/ml), x is the spatial position in the 
matrix, t is time, D is the drug diffusivity (cm2/s). This equation was solved assuming two-
sided release from a slab, using a time interval of 100 hours, and integrating over the 
thickness, h, of the gels.  

Figure 6 shows the experimental release profiles, and the release profiles, calculated using 
the effective diffusion coefficients as derived from the permeation experiments (Table 4). The 
calculated release profiles for the gelatin-ChS gels containing 0 and 5 w% chondroitin 
sulphate, show an underestimation of the experimental release. This underestimation is 
explained by the fact that the actual release surface is 14 - 17% larger than was assumed in 
these model calculations, as the surface of the rim of the gels was not accounted for. The 
mathematical release profile for the gel containing 20 w% of chondroitin sulphate predicts a 
faster release than was experimentally observed. This difference is caused by the fact that the 
diffusion experiments were performed at a relatively high, and constant donor concentration 
(4 mg/ml), while during release, the free lysozyme concentration in the gel continuously 
decreases. The influence of interaction with the gel on the effective diffusion coefficient will 
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be more pronounced with decreasing lysozyme concentration. For the gels containing 10 w% 
chondroitin sulphate, the prediction of the release profiles is rather good, as the deviation in 
surface area, and the higher interaction at lower lysozyme concentrations, have opposite 
effects on the effective diffusion coefficient. 
 

 
Figure 6: Comparison between the calculated ( ), and experimental ( ) lysozyme release profiles for 
gelatin-ChS hydrogels, containing 0, 5, 10, 20 w% of chondroitin sulphate, and cross-linked with an 
EDC/COOHgelatin+ChS molar ratio of 0.8. 

 
Singh et al. derived a release model for description of release profiles, which are governed 

by diffusion as well as electrostatic interactions.9,19,31 In this model, the interaction between 
polypeptides and the matrix is assumed to be described by a Langmuir isotherm. In case of 
instantaneous desorption (which means that the rate of desorption is high compared to the rate 
of diffusion) the following equation was derived for the release: 

 

  (9) 

 
In this equation Cmatrix is the concentration of gelatin and chondroitin sulphate in the matrix 
(mg/ml), MAmax is the maximum mass of drug bound per mass of gelatin and chondroitin 
sulphate and K (ml/mg) is the binding constant (Langmuir adsorption constant). 
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When the amount of drug loaded is much smaller than the binding capacity, equation 9 
reduces to: 

  (10) 

 
This equation is similar to the general Fickian diffusion equation (equation 8), but with an 
effective diffusion coefficient (Deff): 
 

  (11) 

 
Equation 11 allows to determine the contribution of diffusion as well as Langmuir interaction 
to the release profiles. To study the contribution of diffusion, the diffusion coefficients for 
lysozyme in gelatin-ChS gels have to be determined in the absence of interaction between 
lysozyme and the gels (MAmax = 0). Values for K and MAmax will be calculated from the 
Langmuir isotherm between lysozyme and the gelatin-ChS gels. 

 
The experimental conditions for studying the diffusion of lysozyme in the gelatin-ChS gels 

were evaluated by measuring the electrostatic interaction between lysozyme and chondroitin 
sulphate as a function of the ionic strength in solution. As turbidity measurements showed 
that at a sodium chloride concentration higher than 0.25 M no complex formation occurred 
between lysozyme and chondroitin sulphate (Figure 7), the permeation experiments were 
carried out in PBS containing 0.5 M sodium chloride. 

 

 
Figure 7: Turbidity of a solution containing lysozyme (5 mg/ml) and chondroitin sulphate (0.5 mg/ml) in 20 mM 
phosphate buffer (pH 7.0), during titration with sodium chloride. 

 
Compared to the degree of swelling of the gels in PBS, the swelling in 0.5 M salt increased at 
most 5%. Furthermore, the increase in salt concentration hardly affects the hydrodynamic 
radius of lysozyme.32 
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Figure 8 shows the results of the permeation experiments using lysozyme in PBS 
containing 0.5 M sodium chloride. Compared to the permeation experiments with PBS, these 
profiles show a shorter lag time, and a lower slope. The permeability of the gelatin-ChS gels 
was calculated from the slope of the permeation profiles (Table 5), and increased with 
increasing chondroitin sulphate content. Determination of the partition coefficient (Kd) of 
lysozyme in gelatin-ChS gels in PBS containing 0.5 M NaCl revealed that Kd equalled 2 for 
all the gels. Compared to the partition coefficient of lysozyme in PBS (Table 4), Kd is 
significantly reduced, but even in 0.5 M sodium chloride, there is some interaction between 
lysozyme and gelatin-ChS gels, probably due to hydrophobic interactions. The diffusion 
coefficient of lysozyme increases with increasing chondroitin sulphate content of the gels, 
due to the increased swelling with higher chondroitin sulphate content (Table 5). 

 

 
Figure 8: Permeation of lysozyme in PBS containing 0.5 M sodium chloride at 37°C through gelatin-ChS 
hydrogels, containing different amounts of chondroitin sulphate, cross-linked with an EDC/COOHgelatin+ChS 
molar ratio of 0.8 in time (h); 0 w% ChS ( ); 5 w% ChS ( ); 10 w% ChS ( ), 20 w% ChS ( ). 

 
 
Table 5: Calculation of the permeability (P) and the free diffusion coefficient (D) of lysozyme for cross-linked 
gelatin-ChS gels in PBS containing 0.5 M NaCl at 37°C, from the permeation experiments (equation 2), the 
thickness of the gels (h) and the partition coefficient (Kd). The initial lysozyme concentration in the donor 
chamber was 4 mg/ml. 

Sample slope (h-1)a h (mm) P (cm2/s)b Kd D (cm2/s) 
ChS 0 3.226 10-4 0.547 ± 0.003 7.35 10-9 2.1 3.50 10-9 
ChS 5 4.370 10-4 0.641 ± 0.002 11.66 10-9 1.9 6.14 10-9 
ChS 10 1.082 10-3 0.699 ± 0.001 31.48 10-9 2.1 14.99 10-9 
ChS 20 3.861 10-3 0.670 ± 0.011 107.66 10-9 2.3 46.81 10-9 

a These values are the slopes of the curves in Figure 8. 
b P is calculated from the slope of the curves in Figure 8, a surface area of the gels (A) of 2.27 cm2, and a compartment 
volume (V) of 8.3 ml. 
c D is calculated from P, dividing P by Kd. 
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Figure 9: Lysozyme bound to gelatin-ChS hydrogels (µg/mg), containing different amounts of chondroitin 
sulphate, cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8, as a function of lysozyme concentration 
in PBS (mg/ml) at 37°C; 0 w% ChS ( ); 5 w% ChS ( ); 10 w% ChS ( ), 20 w% ChS ( ). (mean ± sd, n = 3) 

 
To study the interaction between lysozyme and gelatin-ChS gels, Langmuir isotherms 

were determined at 37°C in PBS. The experimental conditions were equal to the conditions 
used in the release measurements. The amount of lysozyme bound to the matrix was 
calculated, and represented as a function of the lysozyme concentration in solution (Figure 9). 
An increase in chondroitin sulphate content of the gelatin matrix from 0 w% to 20 w% 
resulted in an 5 fold increase in bound lysozyme, at equal lysozyme concentration in solution. 

The contribution of gelatin and chondroitin sulphate, respectively, to the binding of 
lysozyme to the gelatin-ChS hydrogels was investigated. The relation between the lysozyme 
concentration in solution and the amount of lysozyme bound to either gelatin or chondroitin 
sulphate was described by a Langmuir isotherm: 

 

  (12) 

 
In this equation MA is the total amount of lysozyme bound to the polymer matrix (mg/mg), 
CA is the free protein concentration in the gel (mg/ml), MAmax is the maximum mass of 
lysozyme bound per mass of gelatin (g) or chondroitin sulphate (cs) and K ((mg/ml)-1) is the 
binding constant (Langmuir adsorption constant). 

Figure 10 shows the binding curves of lysozyme to either gelatin or chondroitin sulphate. 
The lysozyme adsorption to chondroitin sulphate was calculated by subtracting the binding 
curve for gelatin from the binding curves for the gelatin-ChS gels, containing 5, 10 and 20 
w% of chondroitin sulphate, respectively. The (three) calculated binding curves of lysozyme 
to chondroitin sulphate are equal at low lysozyme concentrations. At higher lysozyme 
concentrations the curves deviate from each other: the maximum lysozyme loading capacity 
is higher when the chondroitin sulphate content of the gel increases. Thus, the presence of 
gelatin in the gel competes with the adsorption of lysozyme to chondroitin sulphate. 
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Figure 10: Lysozyme bound (µg/mg) to gelatin ( ) and chondroitin sulphate, calculated from the binding curves 
of cross-linked gelatin-ChS hydrogels, containing 5 w% ( ), 10 w% ( ), and 20 w% ( ) chondroitin sulphate, as 
a function of lysozyme concentration in PBS solution (mg/ml) at 37°C. 

 
The values of MAmax for gelatin and chondroitin sulphate were derived by extrapolation of 

the curves (Figure 10), and K was subsequently calculated from the initial slope of the curves 
(at KCA << 1, this slope is equal to KMAmax). For gelatin Kg was 0.144 ml/mg and MAgmax 
was 0.229 mg/mg, while for chondroitin sulphate Kcs was 0.149 ml/mg and MAcsmax was 5.17 
mg/mg, calculated for ChS-20, as for this gel the highest maximum loading capacity was 
observed. The calculated values for K are in the same range as previously reported for the 
strength of polylysine interaction with collagen, which had been derivatised with anionic 
residues.30 

Upon incorporation of 20 w% of chondroitin sulphate into gelatin, the number of 
carboxylic acid residues is somewhat increased (from about 100 per 105 g/mol for gelatin to 
120 per 105 g/mol for ChS 20), as gelatin is replaced by chondroitin sulphate. The number of 
sulphate residues increases considerably (from zero to about 40 per 105 g/mol). It is 
remarkable that an increase in sulphate groups does significantly increase the maximum 
binding capacity, but hardly affects the binding strength.  

 
Having determined both the diffusion coefficient for lysozyme diffusion in the gelatin-ChS 

gels, D, and the contribution of gelatin and chondroitin sulphate to the adsorption parameters 
K and MAmax, the release model of Singh can be implemented. As the amount of lysozyme 
loaded in the matrix was only somewhat lower than the lysozyme loading capacity of the 
gels, equation 9 was used to calculate the release profiles. The values for KMAmax were 
derived from the initial slopes of Figure 9, and MAmax was calculated for each gel, assuming 
an average value for K of 0.147 ml/mg for each gel (Table 6). The values of Cmatrix were 
calculated from the degree of swelling of the gels. Two-sided release from the slabs was 
assumed, and equation 9 was integrated over the thickness of the gels. 
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Table 6: Parameters used for calculation of the release model accounting for diffusion as well as interaction 
(equation 9). 

Sample KMAmaxa 
 

Cmatrixb 
(mg/ml) 

ChS 0 0.033 319 
ChS 5 0.067 294 
ChS 10 0.117 263 
ChS 20 0.167 199 

 a KMA
max is equal to the initial slope of the Langmuir isotherms of Figure 9. 

 b The concentration of polymer in the gels was calculated from the degree of swelling. 

 
The calculated release profiles were compared to the experimental release results (Figure 11).  
 

 
Figure 11: Comparison between the calculated ( ), and experimental ( ) lysozyme release profiles (PBS; 
37°C) for gelatin-ChS hydrogels, containing 0, 5, 10, 20 w% of chondroitin sulphate, and cross-linked with an 
EDC/COOHgelatin+ChS molar ratio of 0.8. 

 
For gels with a low chondroitin sulphate content the initial lysozyme release (during the 

first 8 hours) was much faster than predicted by the model calculations. After 24 hours the 
release profiles more or less parallel the mathematical predicted release model. With 
increasing chondroitin sulphate content of the gels the experimental results become in better 
agreement with the model calculations.  

The faster experimental release may be explained by the following considerations. First, 
the actual release surface is 14 - 17% larger than was assumed in the model calculations. 
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Furthermore, it was demonstrated that, even in 0.5 M salt, there was some interaction 
between the gelatin-ChS gels and lysozyme, so that the experimental value for D will be 
lower than the theoretical value for D. The desorption of lysozyme is fast compared to 
lysozyme diffusion, and is therefore no explanation for deviation of the release profiles. 

Another factor which may influence the experimental release is the fact that lysozyme 
loading was carried out in 66 mM phosphate buffer, while release was performed in PBS (140 
mM), which may suddenly increase the amount of free lysozyme in the gel. Comparing the 
amount of lysozyme taken up from phosphate buffer and from PBS, however, reveals that the 
relation between lysozyme uptake and ionic strength of the buffer is not only based on 
electrostatic interactions (Table 7). For ChS 20, the uptake decreases when the ionic strength 
of the buffer solution increases, but for the gelatin gel the lysozyme uptake is increased for 
PBS. Although these results do not explain the deviations between the model calculations and 
the experimental release, it is in accordance with the observation that the behaviour of these 
gels is less predictable at high gelatin content of the gels. 

 
Table 7: Comparison between lysozyme uptake (µg/mg dry gel) by cross-linked gelatin-chondroitin sulphate 
gels from a solution of 5 mg/ml lysozyme in 66 mM phosphate buffer solution, and 5 mg/ml lysozyme in 
phosphate buffered saline, respectively. 

Sample Lysozyme uptake (µg/mg) 
phosphate buffer (66 mM) 

Lysozyme uptake (µg/mg) 
PBS 

ChS 0 80 ± 2 94 ± 6 
ChS 5 165 ± 5 163 ± 2 
ChS 10 268 ± 8 239 ± 7 
ChS 20 680 ± 47 414 ± 6 

 
A more fundamental explanation may be necessary to explain why the lysozyme release 

from gelatin gels is poorly described with this interaction-diffusion controlled release model. 
Langmuir adsorption kinetics describe monolayer adsorption. The binding curve for gelatin in 
Figure 9, however, may support the hypothesis of multilayer adsorption, or aggregation, of 
lysozyme on gelatin.33 When log MA is expressed as a function of log CA, according to the 
Freundlich equation, a straight line is obtained with a slope of 0.7, which gives additional 
evidence for multilayer adsorption.34 The lysozyme uptake experiments (Table 7) show that 
lysozyme does not only bind to gelatin via electrostatic interactions but also via hydrophobic 
interactions, which supports the hypothesis of multilayer interactions. Furthermore, 
intermolecular interactions have been observed between lysozyme molecules.32 The binding 
of lysozyme to chondroitin sulphate, on the other hand, appears to occur predominantly via 
electrostatic interactions. 

Although a Langmuir isotherm has shown to give a good representation of binding 
between polypeptides and polymer substrates,19 this study shows that Langmuir adsorption 
kinetics are not valid to describe the interactions between two proteins such as lysozyme and 
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gelatin. The diffusion-interaction release model, however, is based on Langmuir adsorption 
kinetics, which explains the deviating results for lysozyme release from gelatin hydrogels. 

Since the model calculations for the ChS 20 hydrogels were in best agreement with the 
experimental results, these results were used to predict protein release profiles depending on 
the properties of the release matrix and the protein to be released. The influence of variations 
in the diffusion coefficient, D, and the binding strength, K, on the release profiles were 
studied. The diffusion coefficient of lysozyme in the gel may be decreased by increasing the 
cross-link density of the hydrogel, while the strength of the interaction may vary depending 
on the protein to be released. The effect of variations in D and in K on the release profiles is 
shown in Figure 12. Increasing or decreasing D or K by a factor 2, significantly affects the 
release profiles. For these combined release matrices it is rather simple to increase the cross-
link density, and thereby reduce D, which may be a valuable tool to extend the release 
profiles. In practice, values for K may show greater variations, but the K-values used for the 
model calculations are in the experimental range for small cationic proteins. 

 

 
Figure 12: The influence of variations in the protein interaction with chondroitin sulphate (K) and the protein 
diffusion coefficient (D) on the release profiles from gelatin-ChS hydrogels containing 20 w% of chondroitin 
sulphate and cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8; ChS 20 ( ), 0.5 x Kcs 
( ), 2 x Kcs ( ), 0.5 x D ( ), 2 x D ( ). 

 
Conclusions 
 

The incorporation of chondroitin sulphate in the gelatin gels did not inhibit the formation 
of physical cross-links. Furthermore, the gelatin-ChS gels could be characterised using the 
same measurements as for plain gelatin gels. The combination of chondroitin sulphate with 
cross-linked gelatin gels led to a significant increase in the lysozyme loading capacity of the 
gel, and a prolonged lysozyme release time. 

Permeation measurements in two-compartment diffusion cells using PBS showed that the 
effective diffusion coefficient of lysozyme in the gelatin-ChS hydrogels had the lowest value 
for the gels containing 0 and 5 w% chondroitin sulphate. Diffusion of lysozyme within the 
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gelatin-ChS gels was also studied by fluorescence recovery after photobleaching. These 
results confirmed that the diffusion of lysozyme is significantly slower in the 0 and 5 w% 
gelatin-ChS gels than in the 10 and 20 w% gelatin-ChS gels. The incorporation of chondroitin 
sulphate increases both the interaction and the free diffusion, which have net opposite effects 
on the effective diffusion. 

The diffusion of lysozyme in the gelatin-ChS gels was measured by performing the 
permeation measurements in a PBS solution containing 0.5 M sodium chloride to minimise 
interactions between lysozyme and the gels. The diffusion coefficients increased with 
increasing chondroitin sulphate content of the gels, which is related to the degree of swelling. 

The Langmuir isotherm of the lysozyme adsorption to gelatin-ChS gels was determined, 
and showed that the interaction increased with increasing chondroitin sulphate content. 
Separation of the Langmuir isotherms for lysozyme binding to gelatin, and to chondroitin 
sulphate revealed that the lysozyme binding capacity of chondroitin sulphate is significantly 
higher than that of gelatin, while no difference in binding strength is observed. It is postulated 
that lysozyme interaction with chondroitin sulphate is well described by Langmuir adsorption 
kinetics, while lysozyme adsorption to gelatin occurs by multilayer adsorption. 

The release profiles were described using the effective diffusion coefficient, which was 
derived from the permeation and (Langmuir) adsorption experiments. The model showed 
better predictions upon increasing the chondroitin sulphate content of the gelatin gels. As 
Langmuir adsorption did not accurately describe the interaction between gelatin and 
lysozyme, it was concluded that this mathematical model was not valid to predict lysozyme 
release from gelatin gels. The release profiles for ChS 20 showed a better prediction of the 
experimental release, and from these model calculations it was observed that a decrease in 
diffusion coefficient, which can be easily achieved by increasing the cross-link density, 
resulted in a significantly retarded release. 

It has been shown that by incorporation of chondroitin sulphate into gelatin gels, the 
uptake of cationic proteins is significantly increased and their controlled release retarded, 
which is expected to improve their suitability for controlled release applications, and to 
increase their range of possible other applications. Summarising, the properties of natural 
polymers may make them favourable for biomedical applications, but also contributes to the 
complexity of interactions, which makes it difficult to predict their properties in controlled 
release applications. 
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8 
 
In vitro and in vivo evaluation of gelatin-chondroitin 
sulphate hydrogels for controlled release of 
antibacterial proteins 
 

 

ABSTRACT: Chemically cross-linked gelatin-chondroitin sulphate (ChS) hydrogels, 

impregnated in Dacron, were studied with respect to release properties, biocompatibility, 

and in vivo degradation, in order to evaluate these hydrogels as drug delivery systems for 

antibacterial proteins. The gelatin-chondroitin sulphate gels, plain or impregnated in 

Dacron, were cross-linked with a water soluble carbodiimide (EDC) and N-

hydroxysuccinimide (NHS). The release of lysozyme and recombinant thrombocidin (rTC-

1), an antibacterial protein derived from human blood platelets, from the gelatin-ChS gels 

in Dacron in phosphate buffered saline at 37°C was determined, and compared to the 

release from gelatin gels in Dacron and plain gelatin-ChS gels. The incorporation of 

chondroitin sulphate in gelatin gels, caused an increase in lysozyme loading capacity from 

80 µg to 240 µg lysozyme per mg dry gel, and a slower release rate. Upon application of 

the gels in Dacron the lysozyme release rates were increased. The relative release profiles 

for rTC-1 and lysozyme were equal for cross-linked gelatin as well as for cross-linked 

gelatin-ChS gels. Furthermore, rTC-1 showed no loss of antibacterial activity after 1 week 

of release. The lysozyme concentration profiles in the samples and in the surrounding 

medium as a function of time were calculated using mathematical solutions for Fick's 

second law of diffusion for a semi-infinite composite medium, which is a schematic 

representation of a slab in a surrounding medium. The biocompatibility and degradation of 

the Dacron matrices impregnated with gelatin-ChS gels was studied after implantation in 

subcutaneous pockets in rats. After 6 hours, 2, 5, and 10 days, 3, 6, 10, and 18 weeks post 

implantation, the tissue reactions and biodegradation were studied by light microscopy. 

Chemically cross-linked gelatin-ChS gels showed a mild tissue reaction, and almost 

complete degradation within 18 weeks of implantation. 

 
Introduction 
 

Prosthetic valve endocarditis is an infrequent but serious complication of cardiac valve 
replacement. The adherence of bacteria to the valve is considered to be the first step in the 
development of the infection.1-3 Recently it was discovered that thrombin-stimulated platelets 
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secrete lysozyme as well as other bactericidal proteins, which are able to clear bacteria from 
vegetations and kill pathogens.4 The application of these cationic antibacterial proteins in a 
controlled release system in the Dacron ring of prosthetic heart valves offers a highly specific 
system to prevent early endocarditis.5 

Several requirements for such a release system were defined. The release should minimally 
last several days after surgery (1-2 days is the prophylaxis time for conventional antibiotics) 
to kill bacteria that entered the body during surgery. The amount of antibacterial protein to be 
released should be about 10-100 µg for purified protein.6 Furthermore, the release system has 
to be non-toxic and to degrade within several weeks after implantation to enable adequate 
tissue ingrowth into the Dacron sewing ring.7,8 

A gelatin-based delivery matrix was developed which showed a mild tissue reaction in 
vivo. A matrix with a low cross-link density started to degrade within six weeks of 
implantation in rats.9 The incorporation of 10 w% chondroitin sulphate (ChS) in the cross-
linked gelatin gels significantly increased the protein loading capacity of the gels, and 
extended the release time.10  

In this study, gelatin-ChS hydrogels incorporated in Dacron were evaluated with respect to 
their suitability as controlled release systems for antibacterial proteins. The hydrogels were 
first characterised and the release of lysozyme from these gels, either incorporated in Dacron 
or as a plain gel, in phosphate buffered saline at 37°C was studied. To evaluate this release 
system for other small cationic proteins, the release of recombinant thrombocidin (rTC-1),11 a 
cationic platelet antibacterial protein, from the gels was measured. The lysozyme 
concentration profiles in the gelatin and gelatin-ChS gels and the surrounding medium as a 
function of time were calculated using a mathematical model and experimental release data.12 
Finally, the biocompatibility and in vivo degradation of the gelatin-ChS hydrogels were 
studied. 
 
Materials and methods 
 
Materials 

Pharmaceutical grade gelatin type B ((batch no. 39238), Sanofi, Paris, France) was kindly supplied by 
Vascutek, Inchinnan, Scotland. Single knitted Dacron was a gift from Sorin Biomedica, Saluggia, Italy. 2,4,6-
Trinitrobenzene sulfonic acid solution (TNBS) (1 M), and N-hydroxysuccinimide (NHS) were purchased from 
Fluka, Buchs, Switzerland. Chicken egg white lysozyme, and agarose were purchased from Sigma Chemical 
Inc., St. Louis, MO, USA. Thrombocidin-1 was produced by recombinant techniques (rTC-1).13 Coomassie Plus 
Protein Assay Reagent was obtained from Pierce, Rockford, IL, USA. Tryptic soy broth and agar noble were 
purchased from Difco, Detroit, MI, USA. Phosphate buffered saline (PBS) (pH 7.4, [NaCl] = 0.140 M) was 
purchased from NPBI, Emmer Compascuum, The Netherlands. Deionised water was obtained from a Milli-Q 
plus apparatus from Millipore, Molsheim, France. Phosphate buffer used in swelling and loading of the gels was 
a solution containing 66 mM disodium hydrogenphosphate and sodium dihydrogenphosphate with a pH of 7.0. 
All other reagents were obtained from Merck, Darmstadt, Germany. 
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CO2-plasma treatment of Dacron 
The plasma treatment was performed in a tubular reactor (length 80 cm, internal diameter 6.5 cm) using three 

capacitively coupled externally placed electrodes. The hot electrode was placed at the centre of the reactor and 
the cold electrodes were placed at 18.5 cm distance at both sides of the hot electrode. The electrodes were 
connected to a RF (13.56 MHz) generator through a matching network. The Dacron sheets (20 x 10 cm) were 
placed on glass edges that were put in the centre of the reactor between the hot and the cold electrodes. The 
reactor was evacuated to a pressure of 10-5 mbar and flushed with carbon dioxide after which a carbon dioxide 
flow of 25 sccm/min was established through the reactor. After 10 minutes equilibration, the sheets were treated 
with a pulsed carbon dioxide plasma, i.e. 40 pulses (ton, toff 1 s , 50 W, 0.32 mbar). After the plasma treatment, 

the carbon dioxide flow was maintained for 2 minutes, and the reactor was brought to atmospheric pressure with 
air. The samples were removed from the reactor, and washed for 3 x 2 hours with deionised water. The sheets 
were dried overnight in a desiccator, and immediately used for impregnation. The wettability of treated and non-
treated Dacron was qualitatively tested by the water absorption upon immersion in water. 
Impregnation of CO2-plasma treated Dacron with gelatin-chondroitin sulphate 

CO2-plasma-treated Dacron was punched into samples with a diameter of 47 mm, and weighed. The samples 
were impregnated by pressing a solution of gelatin or gelatin containing 10 w% chondroitin sulphate in 
deionised water (10 w/w%, 50°C) through the Dacron mesh using a syringe coupled to a filter holder (diameter 
47 mm), in which the Dacron was placed. This procedure was carried out four times with a pause of 40 minutes 
between each impregnation. The impregnation was carried out in a laminar flow box. After drying under laminar 
flow, and subsequently in a desiccator, the weight of impregnated gelatin and chondroitin sulphate was 
determined. 
Cross-linking of gels with EDC and NHS 

Cross-linking of gelatin and gelatin-ChS gels, either impregnated in plasma treated Dacron or not, with N,N-
(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was 
carried out in 2-morpholinoethane sulfonic acid (MES) buffer (pH 5.3, 0.05 M). The wetting of the samples in 
cross-linking solution was enhanced by placing the solutions in a dessicator under reduced pressure, and when 
all samples were thoroughly wetted, they were placed at 4°C at atmospheric pressure. The total amount of 
gelatin and chondroitin sulphate was kept constant in all cross-linking experiments at 1 gram in 50 ml of 
solution. A molar ratio of EDC to carboxylic acid groups of gelatin (COOHgelatin+ChS) of 0.8 was used, while 

the molar ratio of NHS to EDC was 0.2. The cross-linking reaction was performed for 16 hours. The reaction 
mixture was quenched with a solution containing 0.1 M disodium hydrogenphosphate and 1 M sodium chloride 
for 2 hours (pH 8.5, 50 ml), and subsequently washed 4 times 1 hour with deionised water (50 ml). All washings 
were performed at 4°C. The gels were dried, and punched into samples with a diameter of 8 mm (implantation), 
5 mm (release experiments), or 3 mm (characterisation). 
Swelling measurements 

Swelling was determined as follows. Cross-linked samples (diameter 3 mm) were dried at reduced pressure 
for 1 day, and weighed (Wdry). The gels were swollen in phosphate buffer for 2 hours at 22°C (after which 
equilibrium was reached), blotted with a tissue, and weighed again (Wgel). Experiments were carried out in 

triplicate. The swelling (S) was calculated according to equation 1:  
 

  (1) 

 
For the Dacron containing gels, the Dacron weight (WD = 0.97 ± 0.05 mg) was subtracted from the dry weight of 
the gels. 

S =
Wgel -Wdry

Wdry -WD
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Chemical determination of free amine groups in gelatin-ChS gels  
Dried gelatin(-ChS) samples were weighed and reacted with a sodium hydrogencarbonate solution (pH 8.2, 2 

w/v%, 2 ml) containing TNBS (0.01 M) for 2 hours at 40°C, before hydrochloric acid (6 M, 3 ml) was added to 
hydrolyse the gelatin gels in 1.5 hours at 60°C. After cooling to room temperature, deionised water (5 ml) was 
added to the solution and the absorbance was measured against a TNBS-solution without gelatin, which had 
been treated exactly the same as the cross-linked gelatin(-ChS) samples, at l 345 nm with an Uvikon 930 
spectrometer. With the absorption coefficient for 2,4,6-trinitrophenyl derivatised (hydroxy)lysine residue (e = 
14600 l/mol.cm), the amount of free amine groups was calculated. The Dacron weight was subtracted from the 
total sample weight. The cross-link density is expressed as the ratio between the free amine group content of the 
cross-linked gel and the non cross-linked gel. The experiments were performed in triplicate. 
Gamma-sterilisation 

Before in vivo implantation, the Dacron samples, as such or impregnated with gelatin or gelatin and ChS, 
were sterilised by gamma irradiation. Before gamma-sterilisation was conducted, the samples were dried for at 
least 1 day in a desiccator under reduced pressure. The samples were weighed, sealed in polyethylene bags and 
then exposed to 29.2 kGy (2.92 Mrad) gamma-irradiation from a 60Co source (Gammaster, Ede, The 
Netherlands). 
Release of antibacterial proteins (rTC-1 and lysozyme) 

The cross-linked gels, either impregnated in Dacron or not, with a diameter of 5 mm were loaded with 
lysozyme or rTC-1 by incubation in a solution of the respective protein in phosphate buffer (2 mg/ml, 0.5 ml) for 
three days at room temperature, during which the uptake reached equilibrium. After incubation in the protein 
solution, the samples were incubated at 37°C in a PBS solution (1 ml), which was refreshed after 1, 2, 4, 6, 8, 
24, and 32 hours, 2, 3, 4, and 7 days. The amount of lysozyme or rTC-1 released in each fraction was determined 
with a Coomassie Protein Plus Assay, using calibration curves covering a concentration range from 0 to 20 
µg/ml for both proteins.  
Antibacterial activity 

The antibacterial activity of rTC-1 released from gelatin and gelatin-ChS hydrogels was determined. The test 
strain Bacillus subtilis ATCC6633 was grown to logarithmic phase in Tryptic soy broth (TSB), washed with 10 
mM phosphate buffer pH 7.0 supplemented with 0.06 w/v% TSB, and diluted to 1-2.105 cfu/ml in the same 
buffer. Released rTC-1 was serially diluted with phosphate buffer (pH 7.0, 66 mM), and 5 µl of each dilution 
was transferred to a polypropylene microtitre plate (Costar, Cambridge, USA). Bacterial suspension (45 µl) was 
added to each dilution and plates were incubated at 37°C for 2 hours. Killing of these bacteria was assessed by 
plating 10 µl aliquots on blood agar plates and incubation overnight at 37°C. The maximum dilution, reducing 
viable counts to < 0.1% compared to the inoculum was defined as the minimal bactericidal concentration (MBC) 
of rTC-1. MBC was expressed as µg protein per ml, taking into account the protein concentration after release 
(determined by Coomassie Protein Plus Assay) and protein dilution. Antibacterial activity of the released 
fractions was compared to the activity of rTC-1 prior to the release experiment. 
Subcutaneous implantations 

All animal studies were performed according to the National Institutes of Health guidelines for the care and 
use of laboratory animals (NIH 85-23 Rev. 1985). Gamma-sterilised Dacron discs (diameter 8 mm), as such 
(Dacron), or treated with a CO2-plasma (Dacron-pt), and impregnated with a mixture of gelatin and chondroitin 
sulphate (Dacron-pt-gel-ChS-0.0), cross-linked gelatin B (Dacron-pt-gel-0.8) or cross-linked gelatin-chondroitin 
sulphate (Dacron-pt-gel-ChS-0.8), were immersed in PBS before implantation. The Dacron discs as such, or 
impregnated with a cross-linked hydrogel, were incubated for 1 hour at room temperature, while the Dacron 
discs containing non cross-linked gelatin-chondroitin sulphate were incubated for 5 minutes. Male Wistar rats 
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approximately 4 months of age (250-300 g) were ether anaesthetised, and a total of 5 subcutaneous pockets were 
made to the right and left of three midline incisions on the back. 

Each series of 5 Dacron discs was implanted in one rat in the pockets on the back (with each sample always 
in the same position) at a distance of about 1 cm from the incisions. At 6 hours, 2, 5, or 10 days, 3, 6, 10, or 18 
weeks after implantation the animal was ether anaesthetised and implants with surrounding tissue were carefully 
dissected from the subcutaneous site. The implants were immediately immersion-fixed in 2% glutaraldehyde 
(v/v in PBS) and kept at 4°C for at least 24 hours.  
Microscopy 

The implants were cut in halves and dehydrated in graded alcohols and embedded in glycol methacrylate in 
such a way that the mid-region of the implant could be examined. Semi-thin sections (2-3 µm) for light 
microscopical evaluations were routinely stained with toluidine blue. The samples were evaluated with respect 
to cell types and numbers by three different persons using light microscopy.  

Concerning the tissue reactions, always representative areas are described, e.g. not the punched sides of the 
specimens. Comparisons between cell numbers of different samples were made for each cell type, and expressed 
as arbitrary units (a.u.) ranging from 0-3 (0.0 = cells not observed, 0.5 = low numbers, 1.0 = intermediate 
numbers, 2.0 = cells present all over, 3.0 = relatively high numbers). 
 
Results and discussion 
 
Characteristics of cross-linked gels 

The gelatin (gel) and gelatin-chondroitin sulphate (gel-ChS) gels, as such or applied in gas 
plasma treated Dacron, were cross-linked using an EDC/COOHgelatin+ChS molar ratio of 0.8. 
The cross-linked hydrogels were characterised by the degree of swelling, and the reduction in 
free amine groups caused by the cross-linking reaction (Table 1).  

After cross-linking, gelatin gels (gel-0.8) have a slightly higher cross-link density, and a 
lower degree of swelling than gelatin-ChS gels (gel-ChS-0.8). This less efficient cross-linking 
of ChS containing gels may be explained by a limited availability of amine residues for the 
coupling reaction, which outweighs the increase in carboxylic acid residues due to the 
presence of chondroitin sulphate.10 Gels applied in Dacron have a slightly higher cross-link 
density than plain gels, but these differences were not significant. For the gels applied in 
Dacron, it was also observed that the gelatin-ChS gels have a lower cross-link density than 
gelatin gels. It is not clear, though, why this lower cross-link density is not associated with a 
higher degree of swelling for the Dacron-pt-gel-ChS-0.8 sample. 
 
Table 1: Characteristics of cross-linked gelatin (gel) and gelatin-chondroitin sulphate (gel-ChS) hydrogels, 
either as plain gels, or impregnated in gas plasma treated Dacron (Dacron-pt). (mean ± sd, n = 3) 
Sample gel/Dacron (w/w)a Cross-link densityb Sc 
gel-0.8 - 0.35 ± 0.03 2.37 ± 0.05 
gel-ChS-0.8 - 0.42 ± 0.03 3.03 ± 0.10 
Dacron-pt-gel-0.8 0.82 0.33 ± 0.06 3.88 ± 0.38 
Dacron-pt-gel-ChS-0.8 0.68 0.39 ± 0.14 2.61 ± 0.32 

a The weight ratio of hydrogel to Dacron in g/g. 
b The cross-link density of the gels is the ratio between the number of free amine groups after and before cross-linking. 
c The degree of swelling (S) is expressed as the ratio between the weight of PBS uptake and the dry weight of the gel sample. 
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In this study, cross-linked gelatin-ChS gels applied in Dacron, are evaluated with respect 
to their release properties, their biocompatibility and their in vivo degradation, and compared 
to plain gelatin and gelatin-ChS gels, which have been used in previous studies for 
characterisation of the gel properties and for studying the release properties, and to gelatin 
gels applied in Dacron, which have previously been used in in vivo experiments, mimicking 
the application of the gel in the sewing ring of a prosthetic heart valve.  

 
Lysozyme release from plain gels and gels impregnated in Dacron 

The lysozyme uptake and release from gelatin (gel-0.8) and gelatin-chondroitin sulphate 
(gel-ChS-0.8) hydrogels as such or impregnated in Dacron (Dacron-pt-gel-0.8 and Dacron-pt-
gel-ChS-0.8) was measured, to study the effect of Dacron on the lysozyme uptake and the 
release profiles (Figure 1). 

Incorporation of chondroitin sulphate in cross-linked gelatin gels causes a significant 
increase in lysozyme uptake (from about 70 µg/mg sample to about 240 µg/mg sample) and 
delays the lysozyme release. The gelatin gels showed a decrease in the lysozyme uptake from 
80 µg/mg for the plain gel to 60 µg/mg for the gel applied in Dacron, while for gelatin-ChS 
gels, the uptake of 240 µg/mg for the plain gel stayed more or less the same upon application 
in Dacron (235 µg/mg). Thus, the total amount of lysozyme taken up by the sample is only 
slightly affected by the presence of Dacron, which constitutes more than half the weight of 
the samples applied in Dacron (Table 1). 

The release of lysozyme is much faster for the Dacron-impregnated gels. This may be 
caused by a larger surface area for gels applied in Dacron, which results from the roughness 
of the surface, and the presence of voids in these gels. The presence of voids in the gels may 
also explain the relatively high lysozyme uptake by the gels applied in Dacron. 

 

 
Figure 1: Lysozyme release profiles (µg/mg sample) in PBS at 37°C, after loading from a solution of 5 mg/ml 
radiolabelled lysozyme in 66 mM phosphate buffer for 3 days at room temperature, for plain hydrogels ( ) or 
hydrogels impregnated in Dacron-pt ( ), for gelatin (a) and gelatin-chondroitin (90/10 w%) sulphate gels (b), 
each cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8. (mean ± sd, n = 3) 
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Gas plasma treatment of Dacron was used to achieve a homogeneous impregnation with 
gelatin and chondroitin sulphate. However, gelatin shows a slight tendency to shrink, which 
may create cracks and void spaces around the Dacron fibres.14 Some voids were also 
observed in the gels, when the in vivo samples were microscopically evaluated, but these 
voids may also have been introduced during processing of the samples before light 
microscopical evaluation. 

The relative release profiles show that the lysozyme release from gelatin gels is slowed 
down by the incorporation of chondroitin sulphate in the gels, irrespective of the presence of 
Dacron (Figure 2). For the eventual application in the Dacron sewing ring of a prosthetic 
heart valve, the cross-linked gelatin-ChS matrix shows superior lysozyme loading capacity 
and release characteristics compared to cross-linked gelatin. 

 

 
Figure 2: Relative lysozyme release in PBS at 37°C from gelatin and gelatin-ChS hydrogels, cross-linked with 
an EDC/COOHgelatin+ChS molar ratio of 0.8, as such, or impregnated in Dacron: plain gelatin ( ), plain 
gelatin-chondroitin sulphate (90/10 w%) ( ), gelatin applied in Dacron ( ), gelatin-chondroitin sulphate (90/10 
w%) applied in Dacron ( ). 

 
Lysozyme vs rTC-1 release  

The release of antibacterial proteins from cross-linked gelatin and gelatin-chondroitin 
sulphate gels has been studied and optimised using lysozyme as a model compound.10,12 To 
study the suitability of this release system for small cationic antibacterial proteins in general, 
the uptake and release of rTC-1 by cross-linked gelatin and gelatin-ChS was studied. rTC-1 is 
a protein, derived from the a-granules of human blood platelets, which has been produced by 
recombinant techniques. rTC-1 has a molecular weight of 10.6 kD and is highly cationic, due 
to the structural composition of the original protein (net 12 positive charges), and the addition 
of a His-tag.13 

Cross-linked gelatin-ChS gels show a much higher loading capacity for lysozyme and 
rTC-1 than cross-linked gelatin gels. The release profiles show that for both gel-0.8 and gel-
ChS-0.8 the rTC-1 loading was about 2-3 times less than the lysozyme loading of the gels 
(Figure 3). These differences in loading capacity are possibly caused by differences in the 
size, the cationic charge, and the purity of lysozyme and rTC-1.  
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The adsorption of lysozyme to gelatin is mediated via electrostatic and hydrophobic 
interactions. Furthermore, lysozyme may form aggregates upon adsorption to gelatin, which 
increases the loading capacity.10 As the loading capacity of the gels is much lower for rTC-1, 
it is likely that the mechanism of rTC-1 adsorption to the gelatin matrix is different from the 
lysozyme adsorption mechanism. 

 

 
Figure 3: Lysozyme ( ) and rTC-1 ( ) release profiles (µg/mg gel) in PBS at 37°C for gelatin (a) and gelatin-
chondroitin sulphate (90/10 w%) gels (b), cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8. (mean 
± sd, n = 3) 
 

The relative release profiles of lysozyme and rTC-1 from either gel-0.8 or gel-ChS-0.8 are 
similar for both proteins (Figure 4). Upon incorporation of 10 w% chondroitin sulphate into 
the gelatin gel, the release time of cationic antibacterial proteins is clearly extended. The 
equal release rates for lysozyme and rTC-1 support the hypothesis that both proteins have 
equal binding strengths for the gels.  

 

 
Figure 4: Relative lysozyme ( ) and rTC-1 ( ) release in PBS at 37°C from gelatin (a) and gelatin chondroitin 
sulphate (90/10 w%) gels (b), cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8. 

 
Two rTC-1 release fractions (8-24 hours and 96-168 hours) from gelatin-ChS gels were 

tested for their antibacterial activity. rTC-1 is inactive in solutions with a relatively high salt 
concentration, therefore only release fractions in phosphate buffer could be tested. The rTC-1 
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concentrations estimated from this assay were in good accordance with the rTC-1 
concentrations as determined with the Coomassie Protein Plus Assay (50 µg/ml, and 32 µg/ml 
respectively). Released rTC-1 did not show any loss of activity after 1 week of release. So the 
antibacterial activity of rTC-1 is not affected by the loading into and the release from the 
cross-linked gelatin-ChS gels. 

 
Mathematical modelling of in vivo lysozyme release 

The lysozyme concentration profiles for Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8 
were calculated using a solution of Fick's law for a semi-infinite composite medium (slab), 
and the experimental release data (Figure 1). The results were used to compare the release 
characteristics of Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8, and to get an impression of 
the differences in lysozyme levels in the surrounding medium in time and distance. It was 
shown earlier that the release in PBS was comparable to that in subcutaneous tissue, allowing 
predictions about tissue levels of proteins after implantation of a specific loaded sample.12 

Fick's second law of diffusion is: 
 

  (2) 

 
In this equation, C is the concentration of the protein to be released, and D is the diffusion 
coefficient of the protein. The case of the semi-infinite composite medium describes the 
system in which the drug is initially dissolved in a (finite) medium such as a hydrogel slab, 
and release takes place into the infinite surrounding medium. The diffusion coefficient of the 
protein will be different in the two media. In the case where half the gel slab occupies the 
region -l < x < 0, and the surrounding medium the region of x > 0, the standard diffusion 
equations for both media are: 
 

-l < x < 0, t > 0   (3) 

 

x > 0, t > 0  (4) 

 
In these equations c1 and c2 are the lysozyme concentrations (mg/ml), and D1 and D2 the 
effective diffusion coefficients (cm2/s) of lysozyme in the gel and in the surrounding medium, 
respectively. 
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The following boundary conditions were defined for the release system: 
 

x = 0, t > 0  and  (5) 

x = -l, t > 0  (6) 

-l < x < 0, t = 0  (7) 
t = 0; x > 0 c2 = 0 (8) 

; x = ∞ c2 = 0 (9) 
 
C0 is the lysozyme concentration in the gel (mg/ml) before release, and k is the distribution 
coefficient of lysozyme. Using Laplace transformation, the differential equations finally give 
the following solutions for the lysozyme concentrations in the gel (c1) and the surrounding 
medium (c2) as a function of the time t (s), and the distance x (cm) from the middle of the gel: 
 

  (10) 

 

  (11) 

 

with  and  

 
For Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8 gels, the parameters were calculated 

from the experimental release results. The value of D1 for Dacron-pt-gel-0.8 and Dacron-pt-
gel-ChS-0.8 was calculated from the relation between the fractional release (in PBS) and the 
square root of the time. D1 was 3.4 10-8 cm2/s for Dacron-pt-gel-0.8 and 1.2 10-8 cm2/s for 
Dacron-pt-gel-ChS-0.8. The lysozyme diffusion in tissue was considered to be as fast as 
lysozyme diffusion in PBS: D2 is 1.04 10-6 cm2/s.12 The thickness of the gels, 2l,  is 0.05 cm, 
and C0 was calculated from the total lysozyme loading and the volume of the gels, and was 
23 mg/ml for Dacron-pt-gel-0.8 and 100.5 mg/ml for Dacron-pt-gel-ChS-0.8. The value of k 
was assumed to be unity. 

Using these experimental parameters in the mathematical equations gives the lysozyme 
concentration for Dacron-pt-gel-0.8 (Figure 5) and Dacron-pt-gel-ChS-0.8 (Figure 6) in the 
gel and the surrounding tissue as a function of time. Comparing the concentration profiles in 
the gel for Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8 shows that the relative lysozyme 
release is slower in the case of Dacron-pt-gel-ChS-0.8, lasting for more than 2 days. At the 
rim of the cross-linked gel the lysozyme concentration is relatively low compared to the 

D1
¶c1
¶x

= D2
¶c2
¶x

c1 = kc2
¶c1
¶x

= 0

c1 =C0

"t

c1 =C0 -
C0

(ks +1)
a n

n=0

¥

å erfc
2nl - x
2 D1t

+ a n

n=0

¥

å erfc
2nl+2l + x
2 D1t

æ 

è 
ç ö 

ø 
÷ 

c2 =
C0
k
erfc

sx
2 D1t

-
C0

k(ks + 1)
a n

n=0

¥

å erfc
2nl+sx
2 D1t

+ an
n=0

¥

å erfc
2nl+2l + sx
2 D1t

æ 

è 
ç ö 

ø 
÷ 

s =
D1
D2

a =
ks -1
ks + 1



 

    131 
 

lysozyme concentration in the gels, caused by the difference in D1 and D2 (assuming that k = 
1).  

Previously, it was concluded that exudation of wound fluid during the first hours of 
implantation may play an important role in the removal of lysozyme from the implantation 
site, substantially decreasing the effective tissue concentrations. To minimise this protein 
loss, a slow relative release during the first hours of implantation, and a high loading capacity 
are desired.12 In this respect, Dacron-pt-gel-ChS-0.8 will perform better as a release system 
than Dacron-pt-gel-0.8. The lysozyme concentration in the gel and in the surrounding tissue is 
proportional to the initial loading concentration, and can be varied to obtain the desired 
lysozyme tissue concentrations, without affecting the relative release profiles. 

 

 
Figure 5: One-dimensional concentration profiles during lysozyme release from Dacron impregnated with 
gelatin, and cross-linked with an EDC/COOHgelatin molar ratio of 0.8 (Dacron-pt-gel-0.8) as a function of the 
time and the distance: 0 hours ( ),  , 2 hours ( ), 4 hours ( ), 8 hours( ), 20 hours 
( ), 40 hours ( ), 60 hours ( ). 

 
 

 
Figure 6: One-dimensional concentration profiles during lysozyme release from Dacron impregnated with 
gelatin-chondroitin sulphate (90/10 w%), and cross-linked with an EDC/COOHgelatin+ChS molar ratio of 0.8 
(Dacron-pt-gel-ChS-0.8) as a function of the time and the distance: 0 hours ( ),  , 2 hours ( ), 4 
hours ( ), 8 hours( ), 20 hours ( ), 40 hours ( ), 60 hours ( ). 
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Figure 7: Dacron-pt (a; 5x), Dacron-pt (b; 20x), Dacron-pt-gel-0.8 (c; 5x), and Dacron-pt-gel-ChS-0.8 (d; 5x) 
after 2 days of implantation. (B = Dacron fibre bundles, V = blood vessels, F = fibrin, s = surrounding tissue, D 
= Dacron fibre, gel = cross-linked gel (gelatin or gelatin-ChS)). 
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Biocompatibility and degradation 
Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8 were tested for their biocompatibility and 

degradation behaviour. The samples were implanted during times varying from 6 hours to 18 
weeks. Plain Dacron, Dacron-pt, and Dacron-pt-gel-ChS-0.0 were chosen as control samples.  

 
Macroscopically, all implanted materials consisted of denser and looser bundles of Dacron 

fibres in cross- and longitudinal section. Dacron-pt-gel-ChS-0.0 contained a non cross-linked 
gelatin-chondroitin sulphate gel, which was not retrieved after 6 hours of implantation. Cross-
linked gelatin (Dacron-pt-gel-0.8) and gelatin-chondroitin sulphate (Dacron-pt-gel-ChS-0.8) 
were recognised as clear solid gels. Dacron-pt-gel-ChS-0.8 is darker stained than Dacron-pt-
gel-0.8, caused by the presence of chondroitin sulphate in this gels. 
The Dacron fibres were neatly embedded in the cross-linked gels, and the gel surface covered 
the Dacron mesh. The control samples consisted only of Dacron fibres, so the cellular 
reaction was directly aimed at Dacron, while in Dacron-pt-gel-0.8 and Dacron-pt-gel-ChS-0.8 
the Dacron fibres were shielded from the cells by the cross-linked gel coating. 

 
At early implantation times (6 hours and 2 days) the samples were loosely embedded in 

the subcutaneous tissue. Fibrin was abundantly present in or around the samples and 
polymorphonuclear cells (PMN), and macrophages had been recruited from surrounding 
blood vessels. From 6 hours to day 2, cell recruitment had clearly proceeded. The Dacron 
control samples allowed cellular infiltration in between the fibres and fibre bundles, while in 
the cross-linked samples this infiltration was prevented by the gels (Figure 7). Only minor 
differences in cellular reactions were observed between the samples, although Dacron-pt was 
slightly more reactive than Dacron-nt. 

 
After 5 days of implantation tissue reactions were dominated by encapsulation processes, 

as was observed from fibroblast numbers. In the Dacron control samples, the first foreign 
body giant cells (formed by macrophage fusion) surrounded Dacron fibres and bundles. At 
day 10 of implantation, a further formation of the fibrous capsule was observed for all 
samples. The Dacron controls showed an increase in giant cell numbers, while the first giant 
cells were observed with Dacron-pt-gel-0.8 (Figures 8 and 9), which were present at the 
interface between the gelatin gel and the surrounding capsule. No mass loss of the cross-
linked gels was observed up to 10 days of implantation. 

 
From 3 weeks up to 18 weeks of implantation the Dacron control samples showed hardly 

any differences. In time, the maturation of the fibrous capsule, the ingrowth of well 
vascularised fibrous tissue, and the presence of macrophages and giant cells in between the 
Dacron fibres proceeded.  
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Figure 8: Dacron-pt (a; 5x), Dacron-pt (b; 20x), Dacron-pt-gel-0.8 (c; 5x), and Dacron-pt-gel-ChS-0.8 (d; 20x) 
after 10 days of implantation. (B = Dacron fibre bundles, V = blood vessels, F = fibrin, D = Dacron fibre, C = 
capsule, G = giant cell, gel = cross-linked gel (gelatin or gelatin-ChS)). 

 
 



 

    135 
 

 
Figure 9: Trends of the giant cell numbers associated with Dacron, Dacron-pt and Dacron-pt impregnated with 
gelatin, or gelatin-ChS, during the implantation period. Giant cell numbers (in surrounding tissue, at the 
interface and inside the samples) were expressed as arbitrary units (a.u.); Dacron ( ), Dacron-pt 
( ), Dacron-pt-gel-ChS-0.0 ( ), Dacron-pt-gel-0.8 ( ), Dacron-pt-gel-ChS-0.8 
( ). 

 
At week 3 less giant cells (still localised at the interface between the gel and the 

surrounding tissue) were observed with Dacron-pt-gel-ChS-0.8 than with Dacron-pt-gel-0.8 
(Figure 9). Both these samples showed the first cellular ingrowth at week 3 at several sites, 
probably via cracks. At week 6, gelatin had degraded less than gelatin-ChS. Degradation 
mainly occurred from the inside of the cross-linked gels. From 6 to 18 weeks of implantation 
the degradation and the cellular ingrowth proceeded for both samples, but the degradation of 
gelatin was always less than of gelatin-chondroitin sulphate. After 18 weeks of implantation 
the gels were almost completely degraded (Figure 10). During degradation of the gel, Dacron 
fibres were exposed to the surrounding tissue, further inducing the formation of giant cells. 
From 6 weeks on, the number of giant cells observed in Dacron-pt-gel-ChS-0.8 was higher 
than in Dacron-pt-gel-0.8, caused by the increased exposure of Dacron fibres in this gel 
(Figures 9 and 10). The tissue response of Dacron impregnated with gelatin or gelatin-ChS 
probably becomes similar to that of Dacron once the cross-linked gel has been completely 
degraded.15 

 
In summary, Dacron is a well accepted biomaterial, and the treatment of Dacron with a 

carbon dioxide gas plasma slightly increased the tissue response of Dacron. Tissue reactions 
to Dacron-pt-gel-ChS-0.8 were mild compared to Dacron-nt and Dacron-pt, and similar to 
Dacron-pt-gel-0.8.9 Dacron-pt-gel-ChS-0.8 degraded faster than Dacron-pt-gel-0.8, possibly 
related to a lower cross-link density (Table 1) and induced initially less giant cell formation. 
After 18 weeks of implantation the gelatin-ChS gel had almost completely degraded. 

 
 
 

6 
ho

ur
s

2 
da

ys

5 
da

ys

10
 d

ay
s

3 
w

ee
ks

6 
w

ee
ks

10
 w

ee
ks

18
 w

ee
ks

0.0

0.5

1.0

1.5

2.0

2.5

3.0



 

    136 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Dacron-pt-gel-0.8 (a; 10x), Dacron-pt-gel-0.8 (b; 40x), Dacron-pt-gel-ChS-0.8 (c; 10x), and 
Dacron-pt-gel-ChS-0.8 (d; 40x) after 18 weeks of implantation. (B = Dacron fibre bundles, V = blood vessels, D 
= Dacron fibre, G = giant cell, gel = cross-linked gel (gelatin or gelatin-ChS)). 
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Conclusions 
 
Cross-linked gelatin-chondroitin sulphate hydrogels exhibit excellent properties for the 

controlled release of small cationic antibacterial proteins in vivo. Combining chondroitin 
sulphate with gelatin in a cross-linked gel increased the interaction between the cationic 
protein and the hydrogel, causing an increased loading capacity and an extended release time. 
As two different antibacterial proteins, rTC-1 and lysozyme, gave similar release results, it is 
expected that this release system can be used for a broad range of cationic antibacterial 
proteins without major adaptations. The lysozyme tissue levels can be controlled by varying 
the initial protein concentration loaded into the gel. Finally, these hydrogels are 
biocompatible and degrade almost completely within 18 weeks of implantation, thus allowing 
tissue integration, which is advantageous for the healing characteristics of porous 
biomaterials, and may improve the long-term infection resistance of these materials. 

Antibacterial release systems in general are interesting for prevention of bacterial 
infection. This study focused on the controlled release of antibacterial proteins from gels 
impregnated in Dacron matrices, similar to Dacron used in the sewing ring of prosthetic heart 
valves. However, these gels can be easily adapted for other controlled release applications by 
varying several parameters. Varying the cross-link density of these gels affects their in vivo 
degradation rate and the rate of protein diffusion, while variations in chondroitin sulphate 
content both determine the maximum protein loading capacity, and protein diffusion rate.  

It is concluded that Dacron impregnated with cross-linked gelatin-chondroitin sulphate 
gels, loaded with cationic antibacterial proteins at the appropriate concentration, and applied 
as the sewing ring of a prosthetic heart valve, has great potential to reduce or prevent 
prosthetic valve endocarditis.  
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Summary 
 
 

Bacterial infection of prosthetic heart valves, prosthetic valve endocarditis (PVE), is a rare 
but serious complication of cardiac valve replacement. The incidence rate is about 1%, but the 
disease is associated with mortality rates as high as 60%. Early surgical replacement of the 
infected prosthesis together with aggressive antibiotic therapy is the only successful 
treatment. Adherence of bacteria to the prosthetic heart valve is considered to be the crucial 
step in the development of bacterial infections. 

Current research towards the prevention of these bacterial infections is focused on killing 
of bacteria by the application of antibiotics near or onto the prosthetic surface and to the 
design of biocompatible surfaces, which have a long-term resistance for bacterial infection. In 
this study, a biocompatible controlled release system for antibacterial proteins that can be 
applied in the sewing ring of a prosthetic heart valve is presented as a new approach to 
prevent PVE. The application of antibacterial proteins may be complementary to the human 
defence mechanisms, and a better alternative for the use of conventional antibiotics. 

Chapter 2 gives a literature review about the epidemiology and aetiology of prosthetic 
valve endocarditis and the mechanisms which play a role in the development of endocarditis. 
Approaches for the development of infection resistant surfaces are outlined, together with an 
overview of antimicrobial release systems, that have been studied until now. This chapter 
includes a general introduction on human antibacterial proteins, and the controlled release of 
proteins and peptides, as well as on biodegradable polymers, that are frequently used in 
controlled release systems. To conclude the literature review, several requirements for an 
ideal antibacterial controlled release system, applied in the Dacron sewing ring of a prosthetic 
heart valve, are defined. These are a good biocompatibility, a relatively fast in vivo 
degradation, being soft to allow stitching, and possessing the desired release characteristics 
for antibacterial proteins, such as an initial burst, followed by a sustained release for at least 2 
days, but preferably up to 1 or 2 weeks. 

Gelatin was chosen as the basic material for a controlled release system for antibacterial 
proteins, because it is biocompatible and biodegradable. For biomedical applications, the 
thermal stability of gelatin has to be improved, for example by chemical cross-linking. The 
cross-linking of gelatin A and B gels with N,N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) is described in chapter 
3. By carbodiimide cross-linking, amide bonds are introduced between the gelatin chains, 
without the incorporation of foreign structural elements. The cross-linking of gelatin was 
optimised with respect to the NHS to EDC molar ratio, and was most efficient at an NHS to 
EDC molar ratio of 0.2. At higher ratios, the reaction of EDC with NHS reduced the effective 
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amount of EDC for cross-linking. At optimal NHS/EDC molar ratio, the gelatin gels were 
cross-linked using increasing molar ratios of EDC to gelatin carboxylic acid residues 
(COOHgelatin). A range of cross-linked gels varying from very low cross-link density to high 
cross-link density was obtained, as was observed from the free amine group content, the 
degree of swelling, the phase transition temperature, and the thermal stability of the gels. 

The network structure of native and carbodiimide cross-linked gelatin A and B gels was 
characterised based on their rheological behaviour. In chapter 4, it was evaluated to which 
extent chemical cross-linking densified the network structure of physical gelatin gels. The 
equilibrium shear moduli (Ge) of the gels were normalised with respect to the degree of 
swelling of the gels. It was shown that physical gelatin B gels had a lower normalised Ge-
value than gelatin A gels, which was explained by differences in manufacturing conditions 
for both types of gelatin. For chemically cross-linked gelatin gels, it was also observed that 
gelatin B gels had a lower elasticity modulus than gelatin A gels. This is caused by the higher 
probability of intramolecular cross-linking in gelatin B gels, which contain more carboxylic 
acid residues. Assuming an ideal network, the average molecular weight of the elastic 
network chains (Mc) was calculated, and from Mc, the mesh sizes of the chemically cross-
linked gels were estimated. These mesh sizes varied from 2.5 to 6 nm, depending on the 
cross-link density, and were experimentally confirmed by lysozyme (3.8 nm) and albumin 
(7.2 nm) permeation through the gels. 

The biocompatibility and degradation of carbodiimide cross-linked gelatin gels were 
studied by subcutaneous implantation in rats. In chapter 5, these biological properties of the 
cross-linked gelatin gels were evaluated as a function of cross-link density. Dacron was 
treated with a carbon dioxide gas plasma to improve the hydrophilicity, before impregnation 
with gelatin B. The gels applied in Dacron were cross-linked with EDC and NHS to various 
cross-link densities. Before implantation the gels were gamma-sterilised. After 6 hours, 2, 5, 
and 10 days, 3, 6, and 10 weeks post implantation, the tissue reactions and biodegradation 
were studied by light microscopical evaluation. The early reaction of macrophages and 
polymorphonuclear cells to cross-linked gelatin was similar or milder than Dacron, which is a 
well accepted biomaterial. Giant cell formation was predominantly aimed at Dacron fibres 
and markedly reduced in the presence of a cross-linked gelatin coating. The gelatin gel with 
the lowest cross-link density (cross-linked at an EDC/COOHgelatin molar ratio of 0.8) showed 
clear cellular ingrowth, starting after 6 weeks of implantation. The rate of gelatin degradation 
decreased with increasing cross-link density. At week 10 of implantation, the cross-linked 
gelatin gels were not completely degraded. 

The release of lysozyme, which was used as a model protein for antibacterial proteins, 
from carbodiimide cross-linked gelatin B gels was studied and described in chapter 6. 
Gelatin gels impregnated in Dacron, cross-linked to various densities, were loaded with 
lysozyme by incubation in a radiolabelled lysozyme solution. The in vivo lysozyme release 
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from these gels was measured after subcutaneous implantation of the samples in rats. The 
lysozyme content of the samples, and the lysozyme level of the surrounding tissue were 
determined at different explantation times (ranging from 6 hours up to 1 week). For cross-
linked gelatin gels in Dacron, a controlled release and an elevated lysozyme tissue level up to 
2 days after implantation was observed, in contrast to the lysozyme release from plain 
Dacron, which showed an immediate burst, and no elevation of the lysozyme tissue level. 
Lysozyme release in phosphate buffered saline under sink conditions at 37˚C was in good 
agreement with the in vivo lysozyme release profiles, and was therefore considered a suitable 
model to describe in vivo release characteristics. The release profiles were modelled with a 
solution of Fick's second law of diffusion using the appropriate boundary conditions. In this 
way the lysozyme concentration in the gel and the surrounding tissue could be predicted as a 
function of time and distance to the implant. It was shown that the lysozyme concentrations 
are directly proportional to the lysozyme concentration initially loaded into the gels. 

Cross-linked gelatin gels showed a good biocompatibility, an appropriate degradation rate 
and a controlled release during 1 to 2 days after implantation. However, an increase of the 
maximum protein payload and a prolongation of the release time were considered to be 
advantageous to increase the efficacy of the antibacterial release system. The incorporation of 
chondroitin sulphate (ChS), a highly anionic polysaccharide, into the gelatin gels is described 
in chapter 7. Gelatin-ChS hydrogels, containing 0 to 20 w% ChS, were cross-linked at an 
EDC/COOHgelatin+ChS molar ratio of 0.8. The lysozyme loading capacity of the hydrogels 
significantly increased with increasing chondroitin sulphate content of the gels, with a 
maximum loading capacity of 0.7 mg lysozyme per mg of dry gel for the gelatin-ChS gel 
containing 20 w% of chondroitin sulphate. Compared to plain gelatin gels, the rate of 
lysozyme release slowed down for the hydrogels containing 5 and 10 w% of chondroitin 
sulphate, while the release was faster for hydrogels containing 20 w% of chondroitin 
sulphate. The effective diffusion coefficient of lysozyme in the gels was obtained from 
permeation experiments. The diffusion of lysozyme in the gels was qualitatively studied using 
fluorescence recovery after photobleaching. Both measurements showed that the gels 
containing 0 and 5 w% ChS had the lowest effective diffusion coefficient. The contributions 
of both the lysozyme interaction with the polymer matrix and the free diffusion of lysozyme 
within the gel, to this effective diffusion coefficient were evaluated by determination of the 
Langmuir isotherms of lysozyme adsorption to gelatin-ChS gels and lysozyme permeation in 
the absence of electrostatic interactions. Upon incorporation of chondroitin sulphate into the 
hydrogels, the interaction as well as the free diffusion increases. The latter being due to a 
higher degree of swelling. This resulted in a minimum value of the effective release rate for 
gels containing 5 w% chondroitin sulphate. The release profiles were evaluated using a 
release model which accounts for both interaction and diffusion of lysozyme in the gelatin-
ChS release matrix. 



 

    142 
 

These cross-linked gelatin-ChS hydrogels, showing improved release characteristics 
compared to cross-linked gelatin gels, were impregnated in Dacron. The release properties, 
biocompatibility, and in vivo degradation of these gels are described in chapter 8, in order to 
evaluate these hydrogels for eventual application as controlled release systems for 
antibacterial proteins in the sewing ring of a prosthetic heart valve. The release of lysozyme 
and recombinant thrombocidin (rTC-1), an antibacterial protein derived from human blood 
platelets produced by recombinant techniques, from the gelatin-ChS gels impregnated in 
Dacron was determined using phosphate buffered saline at 37°C, and compared to their 
release from gelatin gels impregnated in Dacron and plain gelatin-ChS gels. The application 
of the gels in Dacron increased the lysozyme release rates, as compared to plain gels. The 
relative release profiles for rTC-1 and lysozyme were the same for release from gelatin gels 
as well as for gelatin-ChS gels. Furthermore, rTC-1 showed no loss of antibacterial activity 
after 1 week of release. The biocompatibility and degradation of the Dacron matrices 
impregnated with gelatin-ChS gels was studied after implantation in subcutaneous pockets in 
rats. After 6 hours, 2, 5, and 10 days, 3, 6, 10, and 18 weeks post implantation, the tissue 
reactions and biodegradation were studied by light microscopy. Chemically cross-linked 
gelatin-ChS gels showed a mild tissue reaction, and almost complete degradation within 18 
weeks of implantation, allowing subsequent tissue integration. 

In conclusion, carbodiimide cross-linked gelatin-ChS gels meet all the requirements, that 
were initially defined for an antibacterial release system for application in a prosthetic heart 
valve. Both gelatin and chondroitin sulphate are biocompatible and degradable in vivo. By 
varying the composition and the cross-link density of the hydrogels, the controlled release 
properties, such as release rate, and maximum loading capacity can be adapted, thereby 
controlling the concentration of antibacterial protein in the surrounding tissue as a function of 
time. These gelatin-ChS gels for release of antibacterial proteins, applied in the Dacron 
sewing ring of prosthetic heart valves, should be further evaluated as a means to reduce the 
incidence of prosthetic heart valve endocarditis. 
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Samenvatting 
 
 

Bacteriële infectie van kunsthartkleppen, kunstklep endocarditis, is een zeldzame, maar 
zeer ernstige complicatie bij de implantatie van een kunsthartklep. De infectie komt ongeveer 
bij 1% van de patienten voor, maar de sterftekans is 60%. Een snelle operatieve vervanging 
van de geïnfecteerde prothese en een intensieve behandeling met antibiotica is de enige 
succesvolle behandeling tot nu toe. Hechting van bacteriën aan de kunsthartklep wordt 
beschouwd als de eerste stap in het ontstaan van bacteriële infecties. 

Onderzoek naar de preventie van deze bacteriële infecties is enerzijds gericht op het doden 
van bacteriën door het toepassen van antibiotica bij of op het oppervlak van de kunsthartklep, 
en anderzijds op het ontwikkelen van biocompatibele, goed helende materialen, omdat deze 
minder gevoelig zijn voor infecties. Deze studie beschrijft de ontwikkeling van een 
biocompatibel gecontroleerd afgiftesysteem voor antibacteriële eiwitten, dat toegepast kan 
worden in de hechtring van een kunsthartklep, als een nieuwe benadering om endocarditis te 
voorkomen. Het toepassen van antibacteriële eiwitten van menselijke oorsprong vormt een 
aanvulling op de werking van het menselijk afweersysteem, en wordt beschouwd als een 
beter alternatief voor het gebruik van conventionele antibiotica. 

Hoofdstuk 2 bevat een een literatuuroverzicht van de epidemiologie en etiologie van 
kunsthartklep endocarditis en de mechanismen die een rol spelen bij het ontstaan van 
endocarditis. Uitgangspunten voor de ontwikkeling van infectie resistente oppervlakken 
worden beschreven, tesamen met een overzicht van de reeds bekende antimicrobiële 
afgiftesystemen. Het hoofdstuk bevat ook algemene introducties over antibacteriële eiwitten 
van menselijke oorsprong, over de gecontroleerde afgifte van peptiden en eiwitten, en over 
biodegradeerbare polymeren, die vaak gebruikt worden in gecontroleerde afgiftesystemen. 
Tot besluit worden enkele voorwaarden gedefinieerd waar een ideaal gecontroleerd 
afgiftesysteem voor toepassing in de Dacron hechtring van een kunsthartklep, aan moet 
voldoen. Deze zijn een goede biocompatibiliteit, een relatief snelle degradatie in vivo, 
gelachtig, zodat hechting mogelijk blijft, en het juiste afgifteprofiel voor antibacteriële 
eiwitten, zoals een initiële burst, gevolgd door een constante release gedurende minimaal 2 
dagen, maar liever tot 1 à 2 weken na implantatie. 

Gelatine is gebruikt als basismateriaal voor een antibacterieel afgiftesysteem, omdat het 
biocompatibel en biodegradeerbaar is. Voor medische toepassing moet de thermische 
stabiliteit van gelatine echter verbeterd worden. De chemische cross-linking van de gelatine 
gels (type A en B) met N,N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide 
waterstofchloride (EDC) en N-hydroxysuccinimide (NHS) wordt beschreven in hoofdstuk 3. 
Met behulp van carbodiimide worden amide bindingen geïntroduceerd tussen de gelatine 
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ketens, zonder dat er andere moleculen worden ingebouwd. Het cross-linken van gelatine met 
EDC en NHS is geoptimaliseerd betreffende de molaire verhouding tussen NHS en EDC, en 
bleek het meest efficient te zijn bij een molaire verhouding van 0.2. Bij hogere waarden werd 
de effectieve hoeveelheid EDC die beschikbaar is voor cross-linking gereduceerd door de 
reactie van EDC met NHS. Bij optimale NHS/EDC verhouding zijn de gelatine gelen 
gecross-linkt met verschillende hoeveelheden EDC. Op deze manier werd een serie gelatine 
gelen met zeer uiteenlopende cross-link dichtheden verkregen, zoals bleek uit het gehalte aan 
vrije amine groepen, de zwellingsgraad, de fase-overgangstemperatuur en de thermische 
stabiliteit van de gecross-linkte gelen. 

De netwerkstructuur van natieve en carbodiimide gecross-linkte gelatine A en B gelen is 
gekarakeriseerd met behulp van het reologisch gedrag van deze gelen. In hoofdstuk 4 wordt 
geëvalueerd in welke mate chemische verknoping bijdraagt tot verdichting van de 
netwerkstructuur van fysisch gecross-linkte gelatine gelen. De evenwichts afschuifmoduli 
(Ge) zijn genormaliseerd naar de zwellingsgraad van de gelen. Fysische gelatine B gelen 
hadden een lagere genormaliseerde Ge-waarde dan gelatine A gelen, wat verklaard wordt 
door verschillen in de opwerkingsprocedures voor beide typen gelatine. Voor chemisch 
gecross-linkte gelatine gelen werd eveneens gevonden dat gelatine B gelen een lagere 
elasticiteitsmodulus hadden dan gelatine A gelen. Dit wordt veroorzaakt door de hogere kans 
op intramoleculaire cross-linking in gelatine B gelen, omdat deze een hoger gehalte aan 
carboxylzuurgroepen hebben. Uitgaande van een ideaal netwerk is het gemiddelde 
molecuulgewicht tussen de elastische knooppunten (Mc) berekend, en met behulp van Mc zijn 
de maaswijdtes in de chemisch gecross-linkte gelen geschat. Deze maaswijdtes varieerden 
van 2.5 tot 6 nm, afhankelijk van de cross-link dichtheid van de gelen, en zijn experimenteel 
bevestigd door de permeabiliteit van de gelen voor lysozym (3.8 nm) en albumine (7.2 nm) te 
bepalen. 

De biocompatibiliteit en degradatie van carbodiimide gecross-linkte gelatine gelen is 
bestudeerd met behulp van subcutane implantaties in ratten. In hoofdstuk 5 worden de 
biologische eigenschappen van de gecross-linkte gelatine gelen geëvalueerd als functie van de 
cross-link dichtheid. Dacron werd behandeld met een koolstof dioxide gas plasma om de 
hydrofiliciteit van het oppervlak te vergroten, vervolgens geïmpregneerd met gelatine B en 
met EDC en NHS gecross-linkt tot verschillende dichtheden. Vóór implantatie zijn de 
materialen gesteriliseerd door gamma bestraling. Na 6 uur, 2, 5, en 10 dagen, en 3, 6, en 10 
weken na implantatie zijn de weefselreacties en biodegradatie bestudeerd met behulp van 
licht microscopie. De reactie van macrofagen en polymorfonucleaire cellen tegen de gelatine 
gelen na korte implantatieduur, was vergelijkbaar of milder dan voor Dacron, dat een 
geaccepteerd biomateriaal is. De vorming van reuscellen was voornamelijk gericht op Dacron 
vezels, en beduidend minder in aanwezigheid van een gecross-linkte gelatine coating in het 
Dacron. De gelatine gel met de laagste cross-link dichtheid liet duidelijk cellulaire ingroei 
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zien vanaf 6 weken implantatie. De degradatiesnelheid van gelatine nam af met toenemende 
cross-link dichtheid, terwijl na 10 weken implantatie geen van de gecross-linkte gelatine 
gelen volledig was gedegradeerd. 

De afgifte van lysozym, dat gebruikt is als modeleiwit voor antibacteriële eiwitten, uit 
carbodiimide gecross-linkte gelatine B gelen wordt beschreven in hoofdstuk 6. Gelatine 
gelen, geïmpregneerd in Dacron en met verschillende cross-link dichtheden, zijn vanuit 
oplossing beladen met (radio-actief gelabeld) lysozym. De in vivo lysozym afgifte uit deze 
gelen is bepaald door subcutane implantatie van de monsters in ratten. De hoeveelheid 
lysozym in de monsters en in het omringend weefsel is bepaald na verschillende 
implantatietijden (van 6 uur tot 1 week). Voor gecross-linkte gelatine gelen in Dacron werd 
een gecontroleerde afgifte gemeten en een verhoogde hoeveelheid lysozym in het omringend 
weefsel tot 2 dagen na implantatie, in tegenstelling tot gewoon Dacron, van waaruit al het 
lysozym direct na implantatie vrijkwam, en geen verhoging van het weefselniveau werd 
gemeten. De afgifte van lysozym uit deze monsters in fosfaat gebufferde zoutoplossing bij 
37°C, waarbij de concentratie in het omringende medium laag gehouden werd, was in 
overeenstemming met de in vivo release profielen. Dit in vitro  afgifte model is in het vervolg 
van de studie gebruikt om de in vivo afgiftekarakteristieken te beschrijven. De 
afgifteprofielen zijn wiskundig beschreven met behulp van de uitwerking van de tweede wet 
van Fick voor diffusie, met de geschikte randvoorwaarden. Hiermee kan de lysozym 
concentratie in de gelen en in het omringend weefsel voorspeld worden als functie van de tijd 
en de afstand tot het implantaat. De lysozym concentraties in het omringend weefsel zijn 
evenredig met de initiële lysozym concentratie in de gelen. 

Gecross-linkte gelatine gelen hebben een goede biocompatibiliteit, een goede 
degradatiesnelheid, en een gecontroleerde afgifte gedurende 1 tot 2 dagen na implantatie. Een 
verhoging van de maximale belading en een verlenging van de afgiftetijd was echter gewenst 
om de effectiviteit van het antibacterieel afgiftesysteem te verhogen. Het inmengen van 
chondroitine sulfaat (ChS), een sterk anionisch polysaccharide, in de gelatine gelen wordt 
beschreven in hoofdstuk 7. Gelatine-ChS hydrogelen, die 0 tot 20 w% ChS bevatten, zijn 
gecross-linkt met een constante molaire verhouding tussen EDC en het aantal 
carboxylzuurgroepen. De maximale lysozym belading van deze gelen steeg sterk met 
toenemende hoeveelheid chondroitine sulfaat in de gel, met een maximale belading van 0.7 
mg lysozym per mg droge gel voor de gelatine-ChS gel met 20 w% chondroitine sulfaat. 
Vergeleken met gelatine gelen werd de afgiftesnelheid lager voor de gelen met 5 en 10 w% 
chondroitine sulfaat, en hoger voor de gelen met 20 w% chondroitine sulfaat. De effective 
diffusiecoefficient voor lysozym in de gelen is bepaald uit permeatie-experimenten. 
Daarnaast is de diffusie van lysozym in de gelen kwantitatief bestudeerd met behulp van 
fluorescentie recovery na fotobleken. Beide metingen gaven hetzelfde resultaat: de gelen met 
0 en 5 w% chondroitine sulfaat hadden de laagste effectieve diffusiecoefficient voor lysozym. 
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De bijdrage van zowel de interactie van lysozym met de polymeermatrix als de vrije diffusie 
van lysozym in de gelen, aan deze effectieve diffusiecoefficient is geëvalueerd door bepaling 
van Langmuir isothermen voor de lysozym adsorptie aan gelatine-ChS gelen en de 
permeabiliteit van deze gelen voor lysozym in de afwezigheid van elektrostatische interacties. 
Door het inmengen van chondroitine sulfaat in de gelen, neemt zowel de interactie als de vrije 
diffusie (door een grotere zwelling van de gelen) toe, wat uiteindelijk resulteert in een 
minimumwaarde voor de afgiftesnelheid van lysozym voor de gelen met 5 w% chondroitine 
sulfaat. De afgifteprofielen zijn geëvalueerd met een wiskundig model dat rekening houdt met 
interactie en diffusie van lysozym in de gelatine-ChS gelen. 

De gecross-linkte gelatine-ChS hydrogelen, die verbeterde afgiftekarakteristieken hebben 
ten opzichte van gecross-linkte gelatine gelen, zijn geïmpregneerd in Dacron. De afgifte-
eigenschappen, biocompatibiliteit, en in vivo degradatie van deze gelen wordt beschreven in 
hoofdstuk 8, om deze gelen te evalueren voor uiteindelijke toepassing als gecontroleerd 
afgiftesysteem voor antibacteriële eiwitten in de hechtring van een kunsthartklep. De 
gecontroleerde afgifte van lysozym en recombinant thrombocidine (rTC-1), een recombinant 
geproduceerd antibacterieel eiwit uit menselijke bloedplaatjes, uit de gelatine-ChS gelen 
geïmpregneerd in Dacron in PBS bij 37°C is bepaald, en vergeleken met de afgifte van deze 
eiwitten uit gelatine gelen geïmpregneerd in Dacron, en uit afzonderlijke gelatine-ChS gelen. 
Door het aanbrengen van de gelen in Dacron werd de afgiftesnelheid verhoogd ten opzichte 
van de gewone gelen. De relatieve afgifteprofielen voor rTC-1 en lysozym waren gelijk aan 
elkaar voor zowel afgifte uit gelatine gelen als uit gelatine-ChS gelen. Daarnaast was rTC-1 
na 1 week afgifte nog steeds actief. De biocompatibiliteit en degradatie van de Dacron 
matrices geïmpregneerd met gelatine-ChS gelen is bestudeerd na subcutane implantatie in 
ratten. Na 6 uur, 2, 5, en 10 dagen, 3, 6, 10, en 18 weken na implantatie zijn de 
weefselreacties bestudeerd met behulp van licht microscopie. De weefselreactie tegen 
chemisch gecross-linkte gelatine-ChS gelen was mild, na 18 weken implantatie waren de 
gelen bijna volledig gedegradeerd, wat weefselintegratie in de hechtring mogelijk maakt. 

Algemeen kunnen we concluderen dat carbodiimide gecross-linkte gelatine-ChS gelen 
voldoen aan alle eisen die van tevoren waren gedefinieerd voor een antibacterieel 
afgiftesysteem voor toepassing in een kunsthartklep. Zowel gelatine als chondroitine sulfaat 
zijn biocompatibel en degradeerbaar in vivo. Door variatie van de samenstelling en de cross-
link dichtheid van de hydrogelen kunnen de afgifte-eigenschappen, zoals afgiftesnelheid en 
maximale belading aangepast worden, en op deze manier kan de concentratie antibacterieel 
eiwit in het omringend weefsel in de tijd gecontroleerd worden. Deze gelatine-ChS gelen 
voor gecontroleerde afgifte van antibacteriële eiwitten uit de Dacron hechtring van een 
kunsthartklep, zouden verder onderzocht moeten worden om uiteindelijk toegepast te kunnen 
worden om kunsthartklep endocarditis te voorkomen. 
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