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Abstract

:

Cellulosic substrates are known for their biocompatibility, non-cytotoxicity, hypoallergenicity and sterilizability. It is therefore desirable to have a bundle of methods to equip them with tailored properties such as affinity profiles for various applications. In the case of highly swelling materials such as cellulose sponges, “dry” functionalization using plasma activation is the method of choice. The purpose of the study was to adapt low-pressure plasma technology for targeted cellulose modification. Using plasma (pre-) treatment combined with gaseous reactants like O2, ethylene oxide or silane, three different cellulose modifications were obtained and characterized by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). Swelling measurements and bacterial adhesion tests revealed distinctive material properties compared to educt. The development of these non-aqueous methods demonstrated an effective procedural route towards modified cellulosic materials for usage in wound dressing, micro patterned assays or bacterial filtration.
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1. Introduction


Cellulose is the most abundant biopolymer in the world and occurs in all plants.



It is an important building block of the biosphere and could, as a sustainable material, replace non-renewable synthetic polymers [1]. Cellulose-based new materials have fascinating properties and have been frequently used in the life sciences and engineering. So it has long been used in a variety of medical applications ranging from cotton for hemostatic wound dressings to sutures and renal dialysis membranes [2]. The main target of this research was the non-aqueous modification of cellulose-based material consisting of a medical grade sponge made of natural cotton and regenerated cellulose. So the range of applications could be widened towards use in water and sewage treatment, wound dressings and areas where in general the control of bacterial attachments is desirable.



For highly swelling materials such as “cellulose sponges”, most reactions in aqueous solvents do not work properly due to the competition between water and cellulosic hydroxyl groups. Therefore, “dry” functionalization using plasma activation is the method of choice.



For example, plasma treatment of cellulose is used for improving adhesion properties of fibers forming a biocomposite with starch [3]. Ning et al. reported a complete hydrophobization of cotton fabric through reactions with hexamethyldisiloxane during plasma activation [4]. Recently, a plasma-assisted hydrophobization of a bacterial cellulose membrane using trichlorosilane was reported [5].



In order to preserve the structure and shape of the spongy material, the modification was achieved via plasma technology supported by the use of oxygen and nitrogen as process gases. The aim of the studies was the generation of three different fiber surfaces, hydrophilic but uncharged, slightly charged and a hydrophobic one. Therefore, N2 as a process gas was chosen for the first sample, and O2 for the latter ones.



The characterization of the structure and the surface properties of the modified material was performed by microscopy, attenuated total reflection-FTIR (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). The attained properties were demonstrated by bacterial absorption, contact angle measurement and swelling tests. The modification experiments were performed on small sponge discs characterized by a diameter of 12 mm and a grammage of 160 g/m2.



The cellulose surface modification was planned using low-pressure plasma in order to induce oxygen and nitrogen functionalization and reactive groups on the fiber surface. The experimental conditions were chosen using one set of parameters (except N2 usage for sample KB-1, see Table 1) tested successfully for other hydroxyl containing polymers.



The main aim was to explore plasma activation of spongy cellulose material to obtain new material properties via gas phase modification using silane and ethylene oxide with subsequent bacterial adsorption studies.




2. Materials and Methods


2.1. Sample Preparation


Sugi® cellulose sponges (by courtesy of the company QUESTALPHA GmbH & Co. KG, (Eschenburg, Germany) are made of regenerated cellulose and cotton. After washing and drying the native sponge material, discs with a diameter of 12 mm were die-cut and packed for further processing (e.g., plasma treatment). Sugi® sponge is biocompatible, lint-free and offers a high stability in a variety of chemicals and solutions. It has a very high and fast absorption capacity for water ranging from 1200–2100% depending on the material specification.



Plasma treatment was performed using a low-pressure plasma oven (Flecto 10, from Plasma Technology GmbH, Herrenberg-Gülstein, Germany; max. power 300 W at 40–100 kHz). Table 1 gives an overview of the three plasma treatments of the cellulose discs.



N2 was taken from a lab line and O2 from a 5 L O2 concentrator, Compact 525 from DeVilbiss Healthcare GmbH, Mannheim, Germany.



The ethylene oxide (EO) treatment system consisted of a 0.5 L steel autoclave connected on one side to a 0.3 L EO steel cylinder (purity 99.9%) purchased from Linde AG (Leuna, Germany) and on the other side to an outlet leading into two 500 mL gas-washing bottles filled with 2.5% aqueous sulfuric acid as a neutralizing agent. EO pressure was 1.2–1.3 bar, leading to a concentration of 2.5 mg/mL EO in the reactor (about 0.5 g in 200 mL volume).



Silanation required a desiccator with a 700 mL useable volume as well as a drying cabinet. Methyldimethoxysilane (MDMS, CAS-Nr.: 16881-77-9) was purchased from abcr GmbH Karlsruhe, Germany.




2.2. Cellulose Treatment


KB-1: After plasma activation with N2 (gas flow: 5 sccm for 2 min), the cellulose discs were treated in a steel autoclave with EO for 10 min.



KB-7: The plasma treatment of this series was a stand-alone trial where the process gas O2 directly affected the cellulose fibers.



KB-9: Prior to silanation, the treatment of the discs started with a plasma activation using O2 as a process gas. Silanation itself occurred by exposure of the discs to MDMS in a desiccator. MDMS was chosen for chemical vapor deposition (cvd), which was performed under slightly reduced pressure and mild temperatures due to its low boiling point of 61 °C. Typically, a small amount of MDMS (0.4 g) was poured in a crystallizing dish with a diameter of 4 cm. The discs were placed immediately after plasma activation in a Petri dish on the porcelain desiccator plate above the MDMS filled dish, leading to a concentration of about 0.6 g/L in the desiccator. After evacuation of the desiccator to about 400 mbar, the vapor deposition reaction took place in a drying cabinet held at 40 °C for 30 min.




2.3. Sample Characterization


The equipment for XPS was the Kratos Axis 165 XPS device from Kratos Analytical Ltd., Manchester, U.K. (Sampling depth < ~7 nm, sensitivity: 0.02–0.5 at %). This method enables the investigation of surfaces and delivers quantitative information on their elemental composition. Electrons are detached from the atomic shell are as they are exposed to roentgen radiation and the measured energy specifically characterizes elements and chemical bonding states.



ATR-FTIR was performed with an FT-IR Nexus® spectrometer from Thermo Scientific™ Nicolet™ (Berlin, Germany) equipped with Smart Endurance ATR accessory with a sapphire prism with a diameter of 1.64 mm. This infrared spectroscopy technique allows for surface analysis with a penetration depth in the micron range.



Contact angle (CA) analysis was performed with an OCA 15 from DataPhysics Instruments, Filderstadt, Germany. This method gives valuable insights into the hydrophilicity/hydrophobicity of samples by calculation of the angle built by interaction of a liquid—here, deionized water—with a solid surface. Hydrophobic materials exhibit high CA values; in contrast, liquid spreads on hydrophilic ones and the CA values are low.




2.4. Swelling Test


After accurate weighing of each disc, they were soaked in distilled water for 1 h and then weighed again. The average difference of at least 10 discs was taken as the swelling value.




2.5. Antibacterial Test


Cultivation of Escherichia coli:



An overnight culture of Escherichia coli (E. coli) (DSM 116, DSMZ, Braunschweig, Germany) in nutrient broth (Carl Roth, Karlsruhe, Germany) was used to inoculate fresh sterile nutrient broth with E. coli bacteria. The E. coli suspension was incubated on an orbital shaker at 110 rpm and 37 °C.



Filtration and quantification of E. coli:



A defined amount of E. coli suspension was filtrated using a manual vacuum syringe with filter (QUESTALPHA) and Stericup® equipment (Merck, Darmstadt, Germany). A quantification of E. coli before and after filtration was performed by plating out 100 µL of the suspension on nutrient agar (Carl Roth, Karlsruhe, Germany), overnight incubation at 37 °C and quantification of colony-forming units (CFUs).





3. Results


3.1. Chemical Modifications


The modification method leading to the introduction of polyethylene glycol (PEG)-moieties (labeled as KB-1) consisted of two steps. First, the plasma activation of the cellulose in an N2 atmosphere created a mixture of additional N-containing starting groups for covalent grafting of EO (see Table 2). The coupling of the EO molecules on its surface and the EO polymerization, as well as the chemical crosslinking, were promoted by a combination of radical formation, H-abstraction and nucleophilic attacks on EO carbon. Plasma treatment of cellulose with O2 only led to an increase in O-functional groups (such as carboxylic, aldehyde or peroxide due to post-plasma reactions [6]) on the fiber surface (labeled as KB-7). In an aqueous environment, this usually leads to negatively charged fibers [7].



Silanation was achieved via chemical cvd after activation by plasma [8,9].



As organosilanes possess a hydrolytically sensitive center, the silane molecules react efficiently with hydroxyl-containing substrates; this was exploited for the third modification (labeled as KB-9).




3.2. Analyses


The surface analysis by XPS revealed remarkable differences in atom distribution, as shown in Scheme 1. Untreated and clean cellulose typically exhibits two peaks in C1s XPS originating from alcohols, ethers (C-O, 286.7 eV) and acetal groups (O-C-O, 288.3 eV). However, as this complex fibrous structure is often altered by in situ degradation, a signal at 285.0 eV corresponding to a C-C bond peak is mostly present, due to air exposure and, hence, contamination of the fiber surface.



The XPS spectrum of untreated cellulose material, KB-0, reflected these features with a major C-O peak and a significant C-C peak. It further exhibited smaller peaks due to C-N (C-N: 285.7 eV), N-C-O and C-O (288.1, 288.4 eV) bonds probably also due to residues and contaminations.



XPS of KB-1 and KB-7 again exhibited the strong C-O signals at 286.7 eV together with the N-C-O and O-C=O peaks whose intensity increased. A closer examination of KB-1 via N1s XPS attested the increase in C-N bonds on the sample surface.



Interestingly, the C-C peak after plasma treatment was absent in all samples. This showed the substitution of C-C bonds by new functional groups.



The C1s XPS of KB-9 showed a completely different surface from the original cellulose outer shell: at a depth of about 7 nm, it seemed to be totally covered by the silane coating (C-Si: 284.7 eV).



The elemental composition results are listed in Table 2. The quantitative analysis of the layer compounds was achieved by measurements of the peak areas and calculation with the use of standard samples, the method applied in the Kratos spectrometers to determine the atomic sensitivity factors. The detection limits for XPS range from 0.02 to 0.5 atomic percent (at %).



The N percentage in KB-1 was due to N2-plasma activation, C was reduced as expected. In KB-7, a significant increase in O percentage after O2-plasma was detected. KB-9 surface was strongly enriched with silicon.



This was also confirmed by ATR-FTIR spectra of treated samples compared to blank KB-0 (Figure 1).



Silanized KB-9 samples exhibited particular changes in their spectra by the emergence of Si-C and Si-O-Si stretching vibrations and symmetric and asymmetric Si-CH3 rocking vibrations, as well as deformation vibrations: 767 (νs Si-CH3), 835 (γs Si-CH3), 893 (γas Si-CH3), 1028 (νs Si-O-Si), 1259 (δ Si-CH3), 2966 (νas Si-CH3) cm−1.



The contact angle of the KB-9 sample amounted to 132.5° (stable for more than an hour) on average (see Figure 2), providing very good evidence of the hydrophobization of the material. All other samples absorbed the water immediately; no contact angle could be detected.



Swelling tests were performed in water with the treated cellulose discs and compared to the pristine material KB-0. The water intake of the material significantly reflected the changes of the fiber surface properties (Table 3).



The water absorption indicated the modification grade of the discs, as it gradually decreased from KB-0, KB-1 and KB-7. The silanized disc KB-9 only absorbed a very small fraction of water compared to the untreated cellulose material, showing strong water repellence due to the remarkable hydrophobization. The swelling capacity therefore was an adequate criterion of the material transformation that enabled a brief insight into the property alterations.




3.3. Test of E. coli Adsorption


In order to explore the potential of these modifications for specific filtration purposes, a suspension of E. coli in nutrient growing medium was percolated through a vacuum filtration unit using pristine and modified cellulose discs as filter membranes. Passing through the modified cellulose sponge discs KB-7 and KB-9 was followed by the analysis of colony-forming units (CFUs). A reduction of E. coli in the filtrate of modified compared to the untreated material KB-0 was observed. The reduction of CFUs using KB-7 amounted to 51.1% (CFU value reduction from 14.3 ± 1.0 × 109 to 7.0 ± 1.0 × 109) and to 22.5% with KB-9 (CFU value reduction from 12.0 ± 1.0 × 109 to 9.3 ± 2.5 × 109).



In contrast, the use of the KB-1 disc as a filter for an E. coli suspension did not show any effect (CFU value reduction from 8.0 ± 1.1 × 109 to 7.3 ± 1.0 × 109) so KB-1 was similar to the unmodified KB-0 (Figure 3).





4. Discussion


Spongy cellulose material is widely used in medical applications as, for example, absorber pads, diagnostic tools and wound care applications. The improvement and tailoring of its set of properties is challenging due to the special morphology, which affords “dry” modification. Therefore, three basic plasma-assisted methods were developed to implement different fiber properties. In order to get insight regarding the principles of interaction with bacteria such as E. coli, three generally different modifications were chosen. In detail, uncharged or charged hydrophilic, as well as hydrophobic, material was synthesized. Hydroxyethylation of cellulose is normally carried out as a “wet” method using alkaline conditions [10]. Plasma treatment in a nitrogen atmosphere with the subsequent addition of ethylene oxide led to a nonionic fiber modification with (oligo) ether moieties and some additional nitrogen-containing groups on the surface (N-content 4.4%, see Table 2). This kind of modification is known to display smooth and somewhat inert surfaces with low bacterial adhesion. The hydrophilicity and affinity towards E. coli was similar to unmodified sponge. An increase in oxygen-rich groups (e.g., carboxylic) was generated using an oxygen atmosphere during plasma treatment. The slightly charged modification displayed a high affinity in the E. coli filtration test (Figure 3). This complies with Iwata et al., who stated support for oxygenated groups for improved cell adherence [11]. Therefore, this could be an important feature in the development of special units for bacterial filtration purposes. Finally, silanation using MDMS with plasma pre-treatment resulted in a very hydrophobic material under the chosen conditions. This method separated the activation from vapor deposition on one hand (compare [4]) and avoided the usage of a toxic trichlorosilane (compare [5]) on the other. XPS and FTIR measurement proved the high proportion of silicon on the fiber surface (Table 2, Figure 1). While the water absorption of the species KB-0, -1, and -7 was more than 10 times their own weight, here, only a doubling took place (Table 3). The retention of bacteria (~20%) with this uncharged material was remarkable. Hence, a modulation of the hydrophobic properties could advance this cellulose modification to a suitable candidate for special filtration applications.




5. Conclusions


The aim of this investigation was the modification of regenerated cellulose-based discs by non-aqueous methods. In order to study the interaction of differently modified (regarding charge and hydrophilicity) cellulose fibers with E. coli, three materials were developed. Both the oxidized (charged, hydrophilic) and the silanized (strongly hydrophobic) ones led to a stronger attachment of E. coli, providing an enormous potential for applications in water and sewage treatment, for example. This points to the fact that the parameters of charge and hydrophobicity play an important role in designing appropriate surfaces for bacterial interaction devices.



In order to prove the broad use of this material, further studies regarding detailed material analysis, cytotoxicity and compatibility with cells are currently underway.
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Scheme 1. X-ray photoelectron spectroscopy (XPS) imaging of C 1s spectra of KB-0, -1, -7 and -9. 
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Figure 1. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra of KB-0, -1, -7 and -9 with an enlarged segment (rectangle: 750–1300 cm−1) of spectra of KB-0 and -9. 
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Figure 2. Left: dry Sugi® sponge (KB-0), middle: water-swollen KB-0 with highest water uptake, right: water drop on KB-9. 
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Figure 3. Reduction of CFU/mL after filtration through three different cellulose modifications compared to pristine cellulose KB-0 (= 0%). 
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Table 1. Low-pressure plasma parameters using Flecto 10 plasma device.






Table 1. Low-pressure plasma parameters using Flecto 10 plasma device.





	Sample
	Process Gas
	Gas Flow/Flow Time
	Pressure (bar)
	Chamber Vacuum (mbar)
	Plasma Power (W)





	KB-1
	N2
	5 sccm

2 min
	max. 1.5
	0.20
	150



	KB-7
	O2
	5 sccm

2 min
	max. 1.5
	0.20
	150



	KB-9
	O2
	5 sccm

2 min
	max. 1.5
	0.20
	150
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Table 2. Surface atom distributions by XPS analysis.
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	Sample
	C (at %)
	N (at %)
	O (at %)
	Si (at %)





	KB-0
	65.2 ± 0.3
	
	34.8 ± 0.2
	



	KB-1
	55.9 ± 0.3
	4.4 ± 0.02
	39.5 ± 0.2
	



	KB-7
	56.7 ± 0.3
	
	42.6 ± 0.2
	



	KB-9
	34.6 ± 0.2
	
	34.0 ± 0.2
	31.3 ± 0.2
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Table 3. Swelling data of samples KB-0, -1, -7 and -9 (average dry weight: 0.02 g).






Table 3. Swelling data of samples KB-0, -1, -7 and -9 (average dry weight: 0.02 g).





	Sample
	Weight after Swelling (g)
	Number of Samples





	KB-0
	0.26 ± 0.02
	16



	KB-1
	0.23 ± 0.05
	10



	KB-7
	0.24 ± 0.03
	10



	KB-9
	0.040 ± 0.002
	61
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