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The initial step in preventing biomaterial-associated infections consists of preventing bacterial adhesion to the device surface. One possible approach is the design of antibiotic-releasing biomaterials. Cellulose triacetate (CTA) membranes with the antibiotic imipenem (IPM) entrapped (CTA-IPM) were prepared. The material was characterised in terms of surface morphology by scanning electron microscopy, surface free energy of interaction and X-ray photoelectron spectroscopy (XPS). Antibiotic release studies were also performed. In vitro adhesion of Staphylococcus epidermidis RP62A to CTA-IPM was investigated using a modified microtitre plate assay, and the antibacterial activity of the CTA-IPM membrane was assessed by a modified Kirby-Bauer test, which showed effective entrapment of the antibiotic as confirmed by XPS and hydrophilicity assays. Release studies showed that this drug-polymer conjugate serves as an adequate reservoir for sustained release of IPM over a period of 71 h at an effective bacteriostatic concentration. Moreover, bacterial adhesion tests showed a statistically significant decrease in the adhesion of S. epidermidis RP62A to CTA-IPM compared with its adhesion to CTA alone. The present innovative approach is capable of providing a membrane with antiadhesive and antiproliferative properties, thus encouraging in vivo studies to provide a better simulation of the clinical situation.

A c c e p t e d M a n u s c r i p t 1. Introduction

There has been an increase in the use of biomedical materials in modern medicine, however a major drawback is biomaterial-centred infections (BCIs) that are difficult to eradicate with antibiotics [START_REF] Darouiche | Treatment of infections associated with surgical implants[END_REF]. Treatment of BCIs is complicated as the resistance of microorganisms to antibiotics is higher in the biofilm phenotype than in their planktonic counterparts [START_REF] Darouiche | Treatment of infections associated with surgical implants[END_REF][START_REF] Fonseca | Effect of subinhibitory concentration of piperacillin/tazobactam on Pseudomonas aeruginosa[END_REF]. As a consequence, and when possible, the only solution is to remove the infected implant resulting in a considerable increase in cost and patient suffering [START_REF] Donelli | New polymerantibiotic systems to inhibit bacterial biofilm formation: a suitable approach to prevent central venous catheter-associated infections[END_REF]. It is thus important to prevent BCI by avoiding bacterial adhesion and biofilm formation, which can be achieved by application of antimicrobial agents near the biomaterial surface. A possible means is the design of antibiotic-releasing biomaterials. Examples are gentamicin-loaded bone cements and silver-loaded catheters [START_REF] Akiyama | Prophylaxis of indwelling urethral catheter infection: clinical experience with a modified Foley catheter and drainage system[END_REF]. The device surface must be a matrix that serves as a reservoir for a large amount of drug and that should be capable of releasing the drug over time in appropriate quantities. Cellulose is a renewable and biodegradable natural polymer that presents excellent properties for use as a biomedical material, namely its nontoxicity, high hydrophilicity and some stability to temperature and pH variation [START_REF] Granja | Cellulose-based biomaterials for bone regeneration: hemi-synthesis and characterisation[END_REF]. Elam et al. [START_REF] Elam | Pre-adsorption of cellulose ether onto polymer surfaces: adsorption of adhesins and platelet activation[END_REF] described the use of cellulose derivatives as possible coatings for polytetrafluoroethylene (PTFE), and Fonseca et al. [START_REF] Fonseca | Staphylococcus epidermidis RP62A adhesion to chemically modified cellulose derivatives[END_REF] reported a chemical modification of cellulose acetate by both deacetylation and phosphorylation that decreased bacterial adhesion. Tienam (imipenem and cilastatin sodium) is a broad-spectrum -lactam antibiotic that is very soluble in water and methanol [START_REF]Performance standards for antimicrobial susceptibility testing[END_REF] and is effective against Staphylococcus epidermidis, a microorganism responsible for a large number of 

Materials and methods

Bacteria storage and growth

The strains S. epidermidis RP62A (ATCC 35984) and M187-Sn3, an isogenic mutant of M187, were a generous gift from Gerald B. Pier (Harvard Medical School, Boston, MA). Bacteria were stored at -70 C in brain-heart infusion medium (Merck, Darmstadt, Germany) containing 20% glycerol.

Staphylococcus epidermidis was routinely grown at 37 C on tryptic soy agar (TSA) (Difco, Sparks, MD) or in tryptic soy broth (TSB) (Difco) [START_REF] Vacheethasanee | Bacterial surface properties of clinically isolated Staphylococcus epidermidis strains determine adhesion on polyethylene[END_REF].

Antibiotic

A stock solution of the antibiotic imipenem (IPM) (Tienam; Merck Sharp & Dohme, Darmstadt, Germany) was prepared in accordance with the recommendations of the Clinical and Laboratory Standards Institute [START_REF]Performance standards for antimicrobial susceptibility testing[END_REF].

Preparation of cellulose triacetate (CTA) membranes

CTA (Eastman Chemical Company, Capelle aan den IJssel, The Netherlands) was dissolved in chloroform/methanol (9:1 vol./%) to form a 2% solution [START_REF] Bhat | Preparation of cellulose triacetate pervaporation membrane by ammonia plasma treatment[END_REF].

Films were cast onto glass dishes. A 7 mL polymer solution was poured into A c c e p t e d M a n u s c r i p t 6 each dish (diameter 90 mm) and the dish was then heated in an incubator at 20 C. Following evaporation of the solvent, thin films were obtained and used for further investigation after 24 h.

Entrapment of imipenem on cellulose triacetate membranes

CTA and IPM powders were mixed and then dissolved in chloroform/methanol to form a 2% solution of CTA [START_REF] Bhat | Preparation of cellulose triacetate pervaporation membrane by ammonia plasma treatment[END_REF] with a concentration of IPM of 512 g/mL.

The membranes were then prepared according to Section 2.3.

Characterisation of the material surfaces 2.5.1. Structural characterisation: X-ray photoelectron spectroscopy (XPS)

Survey spectra and high-resolution spectra for the C 1s, O 1s and N 1s regions were obtained with a VG Scientific ESCALAB200 A spectrometer (Thermo VG Scientific, East Grinstead, UK) using Mg K X-ray radiation as the excitation source. The emitted photoelectrons were analysed at a 55 take-off angle from the horizontal surface plane for all analyses. Element atomic percentages were calculated from the integrated intensities of the XPS peaks, taking into account the atomic sensitivity factors of the instrument data system.

Surface free energy determination

Contact angle measurements were performed as previously described by Amaral et al. [START_REF] Amaral | Functionalization of chitosan membranes through phosphorylation: atomic force microscopy, wettability, and cytotoxicity studies[END_REF] using water, diiodomethane and glycerol (4 L) [START_REF] Fonseca | Staphylococcus epidermidis RP62A adhesion to chemically modified cellulose derivatives[END_REF]. The timedependent measurements were taken for a period of 100 s and the 

Surface morphology by scanning electron microscopy (SEM)

The surface morphology of the disks was examined by SEM with a scanning electron microscope JEOL model JSM-6301F (JEOL Ltd., Tokyo, Japan) equipped with a Noran-Voyager energy dispersive spectroscope (Noran Instruments Inc., Middleton, WI) in CEMUP (Porto, Portugal). The samples were sputtered-coated with gold (JEOL JFC 1100 ion sputting device).

Imipenem release studies

The CTA-IPM membranes were immersed in a saline solution for 4260 min (71 h) to release the antibiotic adsorbed. Each assay was performed in triplicate. Samples were collected throughout the time of study and measured using ultraviolet (UV) spectroscopy at 298 nm. A calibration curve was first obtained and its use was restricted to the linear part, which followed Beer's law (A = acl), where A is the absorbance, c is the concentration, a is a proportionality constant related to the solution being tested (known as absorptivity) and l is the path length, which is constant and in this case equal to 1 [START_REF] Thomas | Ultraviolet and visible spectroscopy: analytical chemistry by open learning[END_REF], so that the concentration of IPM in solution could be determined. The adsorption of IPM was studied in saline solution. A UV spectrum of this solution was drawn from A c c e p t e d M a n u s c r i p t 8 200 nm to 1100 nm to determine the absorbance peak. For each concentration, three samples were collected.

Bacterial adhesion assay

In the adhesion assay, the strains RP62A and M187-Sn3 were incubated in 10 mL of TSB inoculated with bacteria grown on TSA plates not older than 2 days and were grown for 18 ± 2 h at 37 C at 150 rpm. Afterwards, 1 mL of each cell suspension was transferred to 150 mL of fresh TSB, which was incubated for 18 ± 2 h at 37 C at 150 rpm. The protocol developed by Fonseca et al. [START_REF] Fonseca | Effect of subinhibitory concentration of piperacillin/tazobactam on Pseudomonas aeruginosa[END_REF] for the adhesion assay was modified and adapted. Bacteria were washed twice in saline solution (0.9% NaCl prepared in distilled water), centrifuged for 15 min at 1000 g and re-suspended in phosphate-buffered saline at a standard inoculum corresponding to ca. 10 8 colony-forming units (CFU)/mL.

The CTA and CTA-IPM disks were placed in 24-well polystyrene microtitre plates. One millilitre of the bacteria inoculum was added to the wells of sterile microtitre plates with or without disks. Negative controls were obtained by placing the disks in saline solution without bacterial cells, and sterile controls were obtained by placing the disks in fresh TSB medium without bacterial suspension. The plates were incubated for 2 h at 37 C. Following incubation, the microtitre plates were rinsed and adhesion was quantified according to a method previously described by Fonseca et al. [START_REF] Fonseca | Effect of subinhibitory concentration of piperacillin/tazobactam on Pseudomonas aeruginosa[END_REF]. Each assay was performed in triplicate and repeated three times.
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Kirby-Bauer test

The antibacterial activity of CTA and CTA-IPM was assessed in vitro by a modified Kirby-Bauer test. To this aim, the disks were placed in Petri plates containing Mueller-Hinton agar (Difco) and seeded with 10 8 CFU/mL (0.5

McFarland) of S. epidermidis RP62A. Following incubation at 37 C for 18 h, the bacterial growth inhibition zone around the disks was analysed [START_REF] Donelli | New polymerantibiotic systems to inhibit bacterial biofilm formation: a suitable approach to prevent central venous catheter-associated infections[END_REF].

Statistical analyses

All the assays were compared using one-way analysis of variance (ANOVA) by applying Levene's test of homogeneity of variances, Tukey multiplecomparisons test and the paired samples t-test using SPSS software (SPSS Inc., Chicago, IL). Differences were considered statistically significant at P ≤ 0.05.

Results

X-ray photoelectron spectroscopy

No detectable changes were observed by attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) between CTA and CTA-IPM, thus the membranes were analysed by XPS. The survey spectrum of CTA showed that carbon (C) and oxygen (O) were present in the film and that there was no contamination. The spectrum is similar to typical XPS spectra obtained for CTA [START_REF] Beamson | High resolution XPS of organic polymers: the Scienta ESCA300 database[END_REF] (Table 1A).
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In the case of CTA-IPM membranes, the atomic percentages of C, O and nitrogen (N) obtained by high-resolution XPS spectra were 66.8%, 32.7% and 0.4%, respectively (Table 1A). The components of the C 1s spectrum and O 1s spectrum are available in the literature [START_REF] Beamson | High resolution XPS of organic polymers: the Scienta ESCA300 database[END_REF].

The peaks found in the literature for the components of N spectrum correspond to NH 2 (peak 2) and NH (peak 1) [START_REF] Beamson | High resolution XPS of organic polymers: the Scienta ESCA300 database[END_REF].

Surface free energy determination

Table 1B shows the contact angle values reported in the literature [START_REF] Fonseca | Staphylococcus epidermidis RP62A adhesion to chemically modified cellulose derivatives[END_REF] for the different strains assayed with three different liquids, two polar (water and glycerol) and one apolar (diiodomethane).

Table 1B shows that the non-capsulated strain M187-Sn3 showed a TOT bw G value more positive than the capsulated strain RP62A, which indicates higher hydrophilicity [START_REF] Vacheethasanee | Bacterial surface properties of clinically isolated Staphylococcus epidermidis strains determine adhesion on polyethylene[END_REF]. Our data revealed that the presence of IPM on CTA membranes increased the 

Imipenem release studies

The results fit the linear part of the curve, which is described by the equation A = 0.0162c, and a correlation factor of 0.9087 was found. All the concentration 

Bacterial adhesion assay

As a consequence of previous results [START_REF] Fonseca | Staphylococcus epidermidis RP62A adhesion to chemically modified cellulose derivatives[END_REF], we selected the strain with higher adhesion abilities (RP62A) for further studies. There was a significant decrease in the adhesion of S. epidermidis RP62A to CTA-IPM (0.075 ± 0.016) compared with its adhesion to CTA (0.132 ± 0.037). Adhesion of S. epidermidis RP62A to CTA and CTA-IPM is not thermodynamically favoured, since the total free energy of interaction between the bacteria, material and water is positive.

Nevertheless, the free energy of interaction

TOT bws G is more positive for CTA-IPM.

Kirby-Bauer test

Fig. 2A shows the inhibition zones of S. epidermidis RP62A after growth in the presence of CTA or CTA-IPM membranes. No inhibition zone was caused by the CTA disk. On the other hand, the inhibition zone caused by the CTA-IPM disk was 3.9 cm. 

Scanning electron microscopy

Discussion

The anti-adhesive and antiproliferative properties of a CTA membrane impregnated with IPM were assessed.

ATR-FTIR was initially used for surface characterisation, but low efficacy was observed in detecting surface modifications between CTA and CTA-IPM. XPS was therefore used to detect nitrogen compounds. Since no significant shifts occurred in the positions of the peaks, there is no evidence of any chemical interaction between CTA and IPM. The hydrophobicity of the materials was also The presence of a significant amount of antibiotic released from the material during the 2 h of the adhesion assay (Fig. 1) may kill or affect the adhesion and biofilm formation abilities of the S. epidermidis strain, as can be seen by SEM comparing the bacterial adhesion patterns on the CTA and CTA-IMP surfaces (Fig. 2B,C). Adhered bacteria are probably not viable or have altered morphophysiological properties and thus are not capable of forming biofilm.

Martínez-Martínez et al. [START_REF] Martínez-Martínez | Effect of subinhibitory concentrations of -lactams on the production of slime, surface[END_REF] found that subinhibitory concentrations oflactams affect the production of slime, the surface hydrophobicity and the adhesion of S. epidermidis. These findings may also explain the reduction in adhesion ability of the strain studied in the presence of IPM released from CTA membranes.

Staphylococcus epidermidis RP62A is less hydrophilic than M187-Sn3 (Table 1B) and as a consequence it is expected to present lower adhesion values to more hydrophilic surfaces, which is the case for the CTA-IPM membrane. From the thermodynamic approach, it was observed that CTA is a hydrophobic surface, therefore promoting higher adhesion of a less hydrophilic strain. The 

  devices. The aim of this research was to develop biomaterial surfaces with anti-adhesive and antiproliferative surface properties through the entrapment and subsequent sustained release of an antimicrobial agent.

  were extrapolated to time zero. A minimum of five drops were made per sample type in at least three different samples. The contact angle values were used to calculate the surface free energy of interaction between surface and water ( TOT sws G ) and the surface free energy of interaction between the bacteria and the material ( TOT bws G ).

  .63 for CTA and 22.33 for CTA-IPM). There were no significant differences between strains with different phenotypes (TOT bws G = 11.63 for RP62A and 8.86 for M187-Sn3).

A

  c c e p t e d M a n u s c r i p t 11 results were based on this calibration curve. Fig. 1 illustrates the amount of IPM released by CTA-IPM measured at 298 nm and shows a gradual decrease in the IPM released from CTA until 1365 min, after which there was stabilisation in the release values until 4260 min.

Fig

  Fig. 2B,C shows SEM images of the membranes with S. epidermidis RP62A

  decrease in the available energy for adhesion and this occurs when the bacteria adhere to CTA or CTA-IPM disks. The concentration of IPM during whole the release assay was supraminimum inhibitory concentration (MIC), which is in accordance with results described previously by Yigong et al.[START_REF] Ge | In vitro antimicrobial activity of doripenem, a new carbapenem[END_REF]. In fact, the IPM concentration near the surface is probably bactericidal and the results of the Kirby-Bauer test confirm that IPM is functional after entrapment on the CTA membrane, thus confirming the antiproliferative character of the CTA-IPM membranes. These data confirm CTA as an adequate reservoir for IPM entrapment and its A c c e p t e d M a n u s c r i p t 13 subsequent sustained release over an appropriate period of time at an effective concentration.

Fig. 1 .

 1 Fig. 1. Concentration of imipenem (IMP) incorporated by cellulose triacetate.

Fig. 2 .

 2 Fig. 2. (A) Bacterial inhibition zone performed by Kirby-Bauer test for cellulose
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  triacetate; CTA-IPM, CTA with the antibiotic imipenem entrapped; C, carbon; O, oxygen; N, nitrogen. a Data published in Fonseca et al. [7].

  

Table 1 (

 1 A) Positions and atomic percentage of species present, obtained by

	Edited				
	deconvolution of high-resolution X-ray photoelectron spectroscopy (XPS)
	spectra and (B) contact angle values, polar and apolar surface tension
	parameters and surface free energy of interaction
	(A)				
		Peak CTA (binding energy)	CTA-IPM (binding
						energy)
			Position observed	Position	Position observed
			(atomic %)		expected	(atomic %)
	C	1	284.95 (32.08%)		285.40	285.02 (39.40%)
	1s	2	286.28 (30.84%)		286.63	286.43 (28.32%)
		3	287.31 (16.42%)		287.98	287.54 (15.28%)
		4	288.93 (20.66%)		289.22	289.13 (17.01%)
	O	1	533.76 (34.06%)		533.68	533.68 (32.45%)
	1s	2	532.21 (48.64%)		532.27	532.08 (34.17%)
		3	532.99 (17.29%)		533.08	533.02 (33.38%)
	N	1	---			400.3	400.84 (47.49%)
		2	---			399.8	399.37 (52.51%)
	(B)				
	Strain	Contact angles ( )		Surface tension (mJ/m 2 )	Free
						γ LW γ + γ -	γ AB γ TOT	energy
		Water	Diiodomethane Glycerol	(mJ/m 2 )
						G	TOT bw
	RP62A 23.1	64.5 ± 2.4	24.2 ±	25.8 6.1 42.8 32.3 58.1 15.1
		±		a	2.8 a
		2.1		
		a			
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The main purpose of the present work was to develop strategies to entrap antibiotics on medical device surfaces, providing release while maintaining the bulk properties of the material. By using the present approach, it seems possible to obtain an adequate medical device surface with CTA-IPM with antiadhesive and antiproliferative properties.
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