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Abstract: Biofilm formation on implant materials causes a common problem: resistance to
aggressive pharmacological agents as well as host defenses. Therefore, to reduce bacterial
adhesion to implant surfaces we propose to use silver(I) coordination networks as it is
known that silver is the most powerful antimicrobial inorganic agent. As a model surface,
self-assembled monolayers (SAMs) on gold Au(l111) was used to permit permanent
attachment of our silver(I) coordination networks. The surface coatings showed typical
nano-structured surfaces with a good biocompatibility for soft-tissue integration with
fibroblast cells.
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1. Introduction

Foreign-body materials are used more and more frequently in our current life: joint implants (hips,
knees, fingers, etc.), catheters, pacemakers, dental and aesthetic implants, etc. Biofilm formation, a
well-developed bacterial survival strategy against pharmacological agents as well as host defenses,
causes serious implant-related infections [1-4]. Adhesion of bacteria to dental implant components and
restorative materials is a prerequisite for the formation of a biofilm that may lead to the development

of dental diseases like dental caries, periodontal diseases and peri-implantitis [5,6].
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One way to prevent, or at least diminish the bacterial adhesion to implants is to render their surface
bactericidal. The current revival of silver chemistry in this context initiated us to use this metal ion for
coating purposes. Indeed, silver is used in a wide range of applications for antimicrobial surfaces in the
field of medical surgery [7-11]. To prevent infections associated with indwelling and percutaneous
medical devices, manufacturers are increasingly looking to silver as the solution. Thus, the objective is
to modify the surfaces of devices in such a way that they become a safe, biocompatible, non-toxic
defense against bacteria and fungi (including antibiotic resistant bacteria). Experiments with classical
silver salts have lead to unsatisfactory properties. Coordination polymers containing silver cations are
promising candidates for surface modification as they exhibit i) high structural stability, ii) little
decomposition upon light exposure, and iii) low solubility in aqueous media [12-17].

Biocompatibility and biosafety are considered to imply that the clinical application of a biomaterial
should neither cause any adverse reaction nor endanger the life of the patient. The attachment of
anchorage cells is the first step in the process of cell-surface interactions which can affect cellular and
tissue responses. Cell-surface interactions remain complex and poorly understood, largely because of
the vast diversity of processes and parameters which control the adhesion. Both the microtopography
and the surface chemistry of the substrate are known to exert an influence on cell-surface interactions.
Surface chemistry is known to influence cellular adhesion.

In this work, we have studied the in vitro biocompatibility of silver-coated surfaces by analyzing
the influence of silver-treatments of gold implant surfaces on fibroblast growth. Cytotoxicity and cell
physiological aspects were evaluated and compared with the results obtained using the uncoated gold
surfaces normally used in dental practice.

2. Results and Discussion
2.1. Coating and Surface Characterization

As shown earlier [18], we are able to control the synthesis of different silver coordination polymer
compounds based on L = ethanediyl bis(isoniconate), such as the two polymorphs of [Ag(L)NOs],, 1
and 2 (Figure 1). These compounds exhibit a high structural stability but silver(I) compound 2 showed
the best light stability without degradation upon light exposure and a low solubility in aqueous media.

Figure 1. Structure of [Ag(L)NOs3],, (A) compound 1, (B) compound 2 [12-18]; Color
code: Ag: blue; O: red; N: green; C: grey; H: white.
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As a model substrate for the deposition of silver(I) compound 2, an oriented gold monolayer
Au(111) on glass, was used. The specimens were first cleaned and pre-treated with a disulfide
derivative of our ligand and then immersed into the mother liquor (EtOH-THF) of 2 mM solution of
silver(I) compound 2. To characterize the coating obtained, powder X-ray, topography and wettability
measurements were used as it is known that surface characterization is essential for correlating any
surface modification with changes in biological performance. Indeed, surface properties can have an
enormous effect on the success or failure of a biomaterial device.

2.1.1. Powder X-ray diffraction

Powder X-ray diffraction is the most reliable method to identify silver(I) compounds coated on gold
Au(111) surfaces. An X-ray powder diffraction of the compounds scraped off from the modified gold
Au(111) surfaces (Figure 2, shown in red) was measured and compared to the simulated spectra from
the single crystal data of silver(I) compounds 1 and 2. Figure 2 shows together a spectrum of the
silver(I) compound 2 (in green) and the scraped coating (in red).

Figure 2. X-ray powder diffraction spectra of silver(I) compound onto the modified gold
surface. The scraped coating (in red) was compared with the silver(I) compound 2 from the
literature (in green).
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2.1.2. Topography

The success of using microscopic methods to characterize biomaterial surfaces is well
established [19,20]. Atomic Force Microscopy (AFM) investigations of gold Au(111) coated with
silver(I) compound revealed a peak-like structure on the surface, a pattern that corresponds to Ostwald
ripening motif with a main interpeak distance of 20-30 nm (Figure 3 left). From the mean peak height
of 11-14 nm, the average polymer chain length supposed to be standing upright on the surface
indicates octameric chains of [Agsl7], while the width correspond to 200-400 chains linked together



Materials 2011, 4 358

within one peak for silver(I) compound 2. This was confirmed by scanning electron microscopy
measurements (Figure 4). Short treating times favor formation of a robust nano-structure, while longer
treating times result in a denser and thicker coverage of the surface with formation of brittle
aggregates. It is therefore recommended to have a good nano-structured coating rather than large
crystals on the surface. The concentration dependency is evident, as at low concentrations, the time to
reach a regular nano-structured coating takes longer than at higher concentrations [21-22].

Figure 3. Atomic Force Microscopy (AFM) picture and profile of the deposit of compound
2on Au(111) [21].
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Figure 4. AFM (left) and scanning electron microscopy (SEM; right) pictures of the
deposit of compound 2 on Au(111) [21].
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2.1.3. Surface wettability

For our purposes, one of the critical factors influencing adhesion of cells onto a substratum is the
wettability of the biomimetic materials. The wettability (generally referred to as
hydrophobicity/hydrophilicity) can be estimated by determining the contact angle of liquid droplets. A
drop of fluid is placed on the biomaterial surface of interest at an equilibrium position and the contact
angle (0) is determined from the tangent associated with the drop/surface. Typically, in the
biomaterials literature, contact angles are measured in air, utilizing a goniometer, using the sessile
drop method with water as the test fluid. Contact angle analysis of control and modified materials can
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quickly provide valuable information about the relative hydrophilicity/hydrophobicity of the surfaces.
By definition, a surface can be considered hydrophilic when the angle 6 < 90°, whereas for a
hydrophobic surface angle 6 > 90°.

To determine if our newly silver coated surfaces were hydrophobic or hydrophilic surfaces, we
measured the contact angle for water sessile drops on gold Au(111) surfaces. Uncoated gold (that
serves as a control) and surfaces coated with silver(I) compound were analyzed. Mean contact angles
for silver(I) compound coatings was 66.1° when tested with distilled water. A mean contact angle of
65° was observed for the gold uncoated surface.

Wettability depends on the roughness of the surface [23] and contributes to the cellular
response [24]. Moreover, wettability seems to play a dominant role especially in the initial period of
cell-material interaction [25-27]. In the literature, hydrophobic non-wettable surfaces are undesirable
due to adherence of bacteria and adsorption of protein. Generally, hydrophobic surfaces are considered
to be more protein-adsorbent than hydrophilic surfaces because of the strong hydrophobic interactions
occurring at these surfaces [28-30], in direct contrast to the repulsive solvation forces arising from
strongly bound water at the hydrophilic surface [31]. Protein adsorption on the implant surfaces
initiates the biofouling response leading to the failure of implanted medical devices within one month
of implantation. Therefore, wettable surfaces are required for many biomaterials. Indeed, as shown in
[32-35], cells have been observed to adhere, spread and grow more on moderately wettable surfaces
with water contact angles of 50-70°.

In our case, all coated-surfaces were hydrophilic. These coatings showed promising effects in
antimicrobial studies [36] and can be suitable surfaces for biocompatibility, as discussed later.

2.2. Antimicrobial Properties

Our new surfaces modified by silver(I) compound 2 were tested for their bactericidal activity as it is
known that silver compounds possess antimicrobial properties. The antimicrobial activity was first
assessed by micro- and nano-calorimetry, showing that bacterial growth is strongly delayed in the
presence of our silver compounds [36]. The in vitro Live/Dead Assay investigations in a flow
chamber, imitating the oral environment [21], showed that bacteria (S. epidermidis) are killed upon
contact with our substrate. The antimicrobial activity was also investigated by the well known
Kirby-Bauer test. Both tested Gram-positive strains, S. aureus and S. epidermidis, mainly responsible
for the implant related infection, and Gram-negative bacteria E. coli and P. aeruginosa were
susceptible against our silver coated surfaces [36]. The inhibition zones reached up to 1.5 cm in
diameter, which is a signature of a very efficient antimicrobial agent. We assumed that the biofilm is
rather not protective against silver. Furthermore, we demonstrated that the compound has a curative
effect upon S. epidermidis infection in a murine implant infection model [36].

2.3. Cell Growth and Viability Evaluation

Fibroblasts are strongly involved in the wound healing process at the implant’s soft tissue interface.
Therefore, it is crucial that these cells arrive prior to the bacteria at the implant surface where they can
cover the surface and make it less vulnerable to bacterial colonization.
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Mouse fibroblast cells were used as a cell model to investigate the effects of surface and material
variations on soft tissue response. Our silver(I) compound 2 coated on gold surfaces showed a good
antimicrobial activity, and to address the biocompatibility an MTT assay was performed for the cell
proliferation and by implication cell cytoxicity. MTT results, assayed after 24, 48 and 72 hours of
culture, are shown in Figure 5. As a control, cells were grown on plastic and gold Au(111) uncoated
surfaces. Each assay was carried out in triplicate for statistical evaluation.

Figure 5. Effect of compound 2 on oriented gold surfaces. Cell viability was assessed at
24,48, and 72 h of culture.
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Cells grew well on uncoated gold oriented Au(111) surface coated with silver(I) compound 2 as
compared to plastic surfaces after three days of culture (Figure 5). Gold surfaces coated with a thin
layer of our silver(I) compound 2 showed a lower cell response with up to 45% cell survival.
Fibroblast cells still slowly increased after three days of culture (Figure 5). Moreover, in vivo
investigations in a murine implant infection model showed that our silver-coated surfaces allowed a
slow and controlled silver release, which limited leukocyte cytotoxicity and caused minimal host cell
damage [36]. Our new silver-coated surfaces were biocompatible and were promising for further in
Vitro experiments.

2.4. Morphological Examination

When cultured on surfaces, the total area that the fibroblasts spread on their surface correlates with
the amount of cell adhesion on that surface, and promotes cell proliferation and colonization [37,38]
Hence, cell spreading and adhesion give an indication of the cytocompatibility of different
experimental substrates in vitro. Fibroblast morphology on the oriented gold surfaces was evaluated
in vitro. The cytotoxicity assays gave us an idea of the biocompatibility of our new silver(I)-coated
surfaces. The same gold Au(111) surfaces coated with silver(I) compound 2 was tested for cell
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morphology using DAPI staining and SEM techniques (Figure 6 and 7, respectively). When DAPI
binds to DNA, its fluorescence is strongly enhanced, which has been interpreted as a highly energetic
and intercalative type of interaction. Because of this property, DAPI is a useful tool in various
cytochemical investigations for observing if there are adherent cells or not.

Fibroblast cells were observed on non-treated gold Au(111) surfaces, that served as control
(Figure 6, left). Among the modified gold surfaces, cells could be observed on gold surfaces treated
with compound 2 (Figure 6, right).

Figure 6. Effect of silver(I) compound coated-surfaces on fibroblast cells. DAPI staining
was assessed at day 3. Cells were fixed onto surfaces, permeabilized, stained with DAPI
and examined using a fluorescent microscope. (A): gold Au(111) uncoated; (B) gold
Au(111) coated with silver(I) compound 2.

The results obtained with DAPI staining were confirmed by scanning electron microscopy
(Figure 7). Fibroblasts were observed on the treated gold surfaces with silver(I) compound 2.
Fibroblasts were generally well spread on both coated surfaces. These results confirmed what we

previously observed with the cytotoxcity test.

Figure 7. Effect of silver(I) compound coated-surfaces on fibroblast cells. Cell
proliferation was assessed at day 3. Cells were fixed onto surfaces, dehydrated, thinly
sputted with gold and examined using a Scanning Electron Microscope. (A): gold Au(111)
uncoated; (B) gold Au(111) coated with compound 2.
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3. Experimental Section
3.1. Surfaces

The gold surface has a size of about 11 x 11 mm. The gold monolayer on glass was flame annealed
to obtained the Au(111) terraces. The flame annealing was made with a Bunsen burner. As the flame
annealing removes all impurities, there is no need for further cleaning. We used a disulfide derivative
of our ligand to graft our silver(I) polymer and our antibiotic derivative. Since it is know that the
S—S bond of the disulfide is broken when a bond forms between the S atoms and the Au, the SAM was
formed by placing the gold surface into a solution of ethanol and dichloromethane (1:1) that contained
5 mM disulfide for 7 days. The SAM modified surfaces were thoroughly rinsed with ethanol upon
removal from the disulfide deposition solutions and then placed onto a mixture of our targets. After
removal from the disulfide solution and the wash step, the SAM modified surfaces were placed into a
mixture solution containing our ligand L1 and silver nitrate at 2 mM concentration dissolved in
THF/EtOH (1/1) each. After 3 hours incubation time, our test specimens were rinsed three times with
pure ethanol and dried over P,Os until their use.

3.2. Characterization of Surface Topography
3.2.1. X-Ray Powder Diffraction (XRPD)

Powder diffraction for all samples was measured on a STOE STADI P automated diffractometer,
with CuK source, graphite monochromator, by using quartz sample holders; for the pure reagent,
10-25 mg of substance was used. The program PowderCell 2.2 was used for calculation of X-ray
powder patterns on the basis of single crystal structure determinations. Experimental and calculated
patterns were then compared.

3.2.2. Microscopy techniques

Scanning Electron Microcopy (SEM) images were measured in two different modes namely:
contrast or back-scattering modus depending on the sample. Some EDS measurement were done using
the same device. For Atomic Force Microscopy (AFM), all experiments were performed on a dry
sample at room temperature using a semi-contact (or Tapping mode) AFM.

3.2.3. Wettability

To characterize surface wettability, contact angle analysis was performed on all surface
modifications. The sessile drop method was used for contact angle measurement with a commercial
contact angle meter. For every surface modification, three measurements (each with at least five drops
of distilled water) were made at room temperature to provide adequate replications for
statistical analysis.
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3.3. Fibroblast Cell Culture

3T3 fibroblast murine cell lines (ATCC) were used as a cell model to investigate the effects of
surface and material variations on soft tissue response. The fibroblast cultures were maintained in
DMEM  supplemented with 10% fetal bovine serum, 2% of L-Glutamate and 0.5%
penicillin/streptomycin at 37 °C in humidified air and 5% CO,. Cultures were subdivided by
trypsination using Trypsin-EDTA solution. The modified gold surfaces were placed in standard
24-well tissue culture plates (Nunc), and cells were then seeded. As a control substrate for cell
attachment and growth, fibroblasts were plated directly onto tissue culture polystyrene plastic. The
culture medium was changed every 3 days and cells were incubated for 3 days at 37 °C in humidified
air and 5% CO,.

3.4. MTT Assay of Fibroblast Cells

A quantitative colorimetric MTT test was performed after 1, 2 and 3 days of culture to characterize
cellular metabolism (vitality) and, by implication, proliferation. The test specimens were
pre-incubated in DMEM/10% fetal bovine serum for 20 hours at 37 °C, then washed with PBS and
placed in new 24-wells plates. Cells were seeded at the right density onto the tests specimens. At day
1, 2 and 3, the tests specimens were placed in new wells and 150 pL of fresh medium was added.
50 pL of MTT solution [5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide in
PBS] was added to each well, and the cells were incubated at 37 °C for 4 h. The reaction was stopped
at 4 °C for hours. The medium was then removed and 500 pL of dimethylsulfoxide was added to each
well, followed by 30 min incubation at room temperature on a shaker. One hundred and fifty
microliters of each solution was transferred in a 96-well plate. The optical density (OD) was measured
at 540 nm with an ELISA Reader. The mean absorbance values were corrected for a blank (medium
only) and results were reported as optical density.

3.5. Cell Spreading and Morphology
3.5.1. Fluorescence microscopy of fibroblast cells (DAPI staining)

The test specimens were pre-incubated in DMEM/10% fetal bovine serum for 20 hours at 37 °C,
then washed with PBS and placed in new 24-well plates. Cells were seeding at the right density onto
the tests specimens. At day 3, the tests specimens were placed in new wells. Fibroblasts were rinsed
with PBS 0.1 M at pH 7.0 to remove the non-adherent cells and then fixed with 2% formaldehyde
solution (in PBS) for 10 min. The specimens were washed with PBST three times for 10 min at room
temperature and DAPI dye diluted in PBST (1:1000) was added for 20 min staining. After a final rinse
with PBST, cells were examined and photographed using a fluorescence microscope. Fibroblasts on
gold and tissue culture polystyrene plastic served as controls.

3.5.2. Scanning electron microscopy (SEM)

The test specimens were pre-incubated in DMEM/10% fetal bovine serum for 20 hours at 37 °C,
then washed with PBS and placed in new 24-well plates. Cells were seeded at the right density onto
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the tests specimens. At day 3, fibroblasts were rinsed with phosphate-buffered saline (PBS) to remove
the non-adherent cells and then fixed with 2% formaldehyde solution for 10 min. After a final rinse
with PBS and water, cells were dehydrated through a graded series of ethanol from 30%, 50%, 70%,
90% and 100%. After air drying, surfaces were thinly sputter coated with platinum. Fibroblasts on
gold and tissue culture polystyrene plastic served as controls.

4. Conclusions

We have presented here a silver(I) compound coated on a metallic gold surface showing a robust
nano-structured coating, which it is therefore recommended for the biocompatibility. These
silver-coated surfaces were hydrophilic with a good antimicrobial effect on bacterial biofilm formation
in vitro as well as in vivo. The materials were tested for their biocompatibility with fibroblast cells and
turned out to be the ideal candidates for such antimicrobial coatings. Indeed, we could show via SEM,
MTT and DAPI staining tests that fibroblasts are i) alive on our substrates and ii) proliferate as well.
Our silver(I) compound coated surface is a promising candidate for further analysis in vitro for
hard-tissue integration experiments.

Acknowledgements

The authors thank the Swiss National Foundation, FriMAT and the University of Fribourg for
supporting this project. Marco Celio, University of Fribourg is thanked for providing us with fibroblast
cells and for his helpful discussions. Finally, we also thank Bernard Grobéty, University of Fribourg
and Biozentrum, Basel for SEM measurements.

References and Notes

1. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilm: A common cause of persistent
infectious. Science 1999, 284, 1318-1322.

2.  Hoyle, B.D.; Costerton, J.W. Bacterial resistance to antibiotics: The role of biofilms. Prog. Drug
Res. 1991, 37, 91-107.

3. Campoccia, D.; Montanaro, L.; Arciola, C.R. The significance of infection related to orthopedic
devices and issues of antibiotic resistance. Biomaterials 2006, 27 (11), 2331-2339.

4. Katsikogianni M.; Missirlis, Y.F. Concise review of mechanisms of bacterial adhesion to
biomaterials and of techniques used in estimating bacteria-material interactions. Eur. Cells Mater.
2004, 8, 37-57.

5. Liljemark, W.F.; Bloomquist, C. Human oral microbial ecology and dental caries and periodontal
diseases. Crit. Rev. Oral. Med. 1996, 7, 180-198.

6. Ten Cate, J.M. Biofilms, a new approach to the microbiology of dental plaque. Odontology 2006,
94, 1-9.

7. Illingworth, B.L.; Tweden, K.; Schroeder, R.F.; Cameron, J.D. In vivo efficacy of silver-coated
(Silzone) infection-resistant polyester fabric against a biofilm-producing bacteria, Staphylococcus
epidermidis. J. Heart Valve Dis. 1998, 7, 524-530.



Materials 2011, 4 365

10.

1.

12.

13

14.

15.

16.

17.

18.

19.

20.

21.

Bosetti, M.; Massé, A.; Tobin, E.; Cannas, M. Silver coated materials for external fixation
devices: In vitro biocompatibility and genotoxicity. Biomaterials 2002, 23, 887-892.

Chen, W.; Liu, Y.; Courtney, H.S.; Bettenga, M.; Agrawal, C.M.; Bumgardner, J.D. In vitro
anti-bacterial and Dbiological properties of magnetron co-sputtered silver-containing
hydroxyapatite coating. Biomaterials 2006, 27, 5512-5517.

Kramer, S.J.; Spadaro, J.A.; Webster, D.A. Antibacterial and osteoinductive properties of
demeralized bone matrix treated with silver. Clin. Orthop. Relat. Res. 1981, 161, 154-162.
Pissiotis, E.; Spangberg, L. Reaction of bony tissue too implanted silver glass ionomer and a
reinforced zinc oxide-eugenol cement. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod.
2000, 89 (5), 623-629.

Robin, A.Y.; Fromm, K.M. Coordination polymer networks with O-and N-donors: What they are,
why and how they are made. Coord. Chem. Rev. 2006, 250, 2127-2157.

. Robin, A.Y.; Meuwly, M.; Fromm, K.M.; Goesmann, H.; Bernardinelli, G. Structural Diversity of

coordination polymers with the ligand ethanediyl bis(isonicotinate): Part 4. Coordination
compounds of Ag(I) and dependency of the co-crystallizing water molecules. Cryst. Eng. Comm.
2004, 6 (60), 336-343.

Sagué, J.L.; Robin, A.Y.; Fromm, K.M. Concomitant crystallization of two polymorphs—A ring
and a helix: Concentration effect on supramolecular polymorphism. Chem. Commun. 2005, 36,
4548-4550.

Robin, A.Y.; Sagué, J.L.; Fromm, K.M. On the formation of coordination polymer networks
between AgNO; and L (L = ethanediyl bis(isonicotinate) as a function of solvent. Cryst. Eng.
Comm. 2006, 8, 403-416.

Sagué, J.L.; Fromm, K.M. The First Two-Dimensional Polycatenane: A New Type of Robust
Network Obtained by Ag-Connected One-Dimensional Polycatenanes. Cryst. Growth Des. 2006,
6 (7), 1566-1568.

Robin, A.Y.; Sagué, J.L.; Neels, A.; Vig Slenters, T.; Fromm, K.M. Structure—property
relationships: Polymorphism, solvates, and clay behavior in the one-dimensional coordination
polymer chains [Ag(L)(NO3)](H20),, L = ethanediyl bis(isonicotinate), n = 0, and 2. Inorg. Chim.
Acta 2007, 360 (1), 212-220.

Slenters, T.V.; Sagué, J.L.; Brunetto, P.S.; Zuber, S.; Fleury, A.; Mirolo, L.; Robin, A.Y;
Meuwly, M.; Gordon, O.; Landmann, R.; Daniels, A.U.; Fromm, K.M. Of Chains and Rings:
Synthetic Strategies and Theoretical Investigations for Tuning the Structure of Silver
Coordination Compounds and Their Applications. Materials 2010, 3, 3407-3429.

Sodhi, R.N.S. Application of surface analytical and modification techniques to biomaterial
research. J. Electron Spectros. Relat. Phenom. 1996, 81, 269-284.

Werner, C.; Jacobasch, H.J. Surface characterization of polymers for medical devices. Int. J. Artif.
Organs 1999, 22, 160-176.

Vig Slenters, T.; Hauser-Gerspach, I.; Daniels, A.U.; Fromm, K.M. Silver coordination
compounds as light stable, nano-structured and anti-bacterial coatings for dental implant and
restorative materials. J. Mater. Chem. 2008, 18, 5359-5362.



Materials 2011, 4 366

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vig Slenters, T. Novel silver containing antimicrobial coatings for implant materials: New
applications of Ag(I) coordination networks. Ph.D. Thesis, University of Basel, Basel,
Switzerland, 2009.

Marmur, A. Equilibrium contact angles: Theory and measurement. Colloids Surf. 1996, 116,
55-61.

Carman, M.L.; Estes, T.G.; Feinberg, A.W.; Schumacher, J.F.; Wilkerson, W.; Wilson, L.H.;
Callow, M.E.; Callow, J.A.; Brennan, A.B. Engineered antifouling microtopographies—
Correlating wettability with cell attachment. Biofouling 2006, 22 (1), 11-21.

Jonsson, U.; Ivarsson, B.; Lundstrom, I.; Berghem, L. Adsorption behaviour of fibronectin on
well characterized silica surfaces. J. Colloid. Interface Sci. 1982, 90, 148-163.

Absolom, D.R.; Zingg, W.; Neumann, A.W. Protein adsorption to polymer poarticles: Role of
surface properties. J. Biomed. Mater. Res. 1987, 21, 161-171.

MacDonald, D.E.; Deo, N.; Markovic, B.; Stranick, M.; Somasundaran, P. Adsorption and
dissolution behaviour of human plasma fibronectin on thermally and chemically modified
titanium dioxide particles. Biomaterials 2002, 23, 1269-1279.

Noh, H.; Vogler, E.A. Volumetric interpretation of protein adsorption: Mass and energy balance
for albumin adsorption to particulate adsorbents with incrementally increasing hydrophilicity.
Biomaterials 2006, 27 (34), 5801-5812.

Israelachvili, J.; Wennerstrom, H. Role of hydration and water structure in biological and
colloidal interactions. Nature 1996, 379, 219-225.

Ostuni, E.; Chapman, R.G.; Holmlin, R.E.; Takayama, S.; Whitesides, G.M. A survey of
structure—property relationships of surfaces that resist the adsorption of protein. Langmuir 2001,
17 (18), 5605-5620.

Hanein, D.; Geiger, B.; Addadi, L. Fibronectin adsorption to surfaces of hydrated crystals: An
analysis of the importance of bound water in protein substrate interactions. Langmuir 1993, 9,
1058-1065.

Harnett, E.M.; Aldermann, J.; Wood, T. The surface energy of various biomaterials coated with
adhesion molecules used in cell culture. Colloid. Surface. B 2007, 55, 90-97.

Tamada, Y.; Ikada, Y. Effect of preadsorbed proteins on cell adhesion to polymer surfaces. J.
Colloid Interface Sci. 1993, 155, 334-339.

Lee, J.H.; Khang G.; Lee, J.W.; Lee, H.B. Interaction of different types of cells on polymer
surfaces with wettability gradient. J. Colloid Interface Sci. 1998, 205, 323-330.

Ruardy, T.G.; Schakenraad, J.M.; van der Mei, H.C.; Busscher, H.J. Adhesion and spreading of
human skin fibroblasts on physicochemically characterized gradient surfaces. J. Biomed. Mater.
Res. 1995, 29, 1415-1423.

Gordon, O.; Vig Slenters, T.; Brunetto, P.S.; Villaruz, A.E.; Sturdevant, D.E.; Otto, M.;
Landmann, R.; Fromm, K.M. Silver Coordination Polymers for Prevention of Implant Infection:
Thiol Interaction, Impact on Respiratory Chain Enzymes, and Hydroxal Radical Induction.
Antimicrob. Agents Chemother. 2010, 54 (10), 4208-4218.

Sinha, R.K.; Morris, F.; Shah, S.A.; Tuun, R.S. Surface composition of othopaedic implant metals
regulates cell attachment, spreading and cytoskeletal organisation of primary human osteoblasts in
vitro. Clin. Orthop. 1994, 305, 258-272.



Materials 2011, 4 367

38. Hunter, A.; Archer, C.W.; Walker, P.S. Blunn, G.W. Attachement and proliferation of osteoblasts
and fibroblasts on biomaterials for orthopaedic use. Biomaterials 1995, 16, 287-295.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



