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Abstract

:

Bacterial cellulose is a unique biopolymer that has found numerous biomedical applications, such as being an excellent wound-dressing material or a carrier for delivering active compounds. The purpose of this study was to analyze the ability of modified bacterial cellulose (BC) using low-pressure Ar plasma to control the release of glycoside hydrolases with antibiofilm activity, namely PelAh and PslGh, from Pseudomonas aeruginosa. The chemical composition and morphology of the BC surfaces were characterized using photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The analyses revealed significant changes in the chemical composition of the BC surface due to the introduction of charged functional groups and the conversion of its well-ordered structure into a more amorphous form. The release profiles of enzymes from both forms of the carrier were different and depended on their structural properties. However, a significant impact of BC modification on protein release behavior from the carrier was observed only for PslGh. Both enzymes, when immobilized on pristine and argon plasma-modified BC, retained their ability to effectively reduce biofilm levels, similarly to their soluble form. Ar plasma-modified BC with immobilized specific hydrolases can be used as an effective tool for inhibiting P. aeruginosa biofilm development.
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1. Introduction


Extensive skin damage is a common health issue that has become a major problem in healthcare systems around the world. Damaged skin loses its natural protective mechanism and becomes a target for microorganisms, leading to severe wound infections, delaying the healing process, disfiguring, and even potentially threatening life [1]. Dynamically developing skin tissue engineering is leading to the development of modern dressing materials. Contrary to standard ones, modern ones are designed not only to cover the surface of the wound but also to support healing; therefore, more advanced materials that are classified as interactive and bioactive are being used [2]. Modern bioactive dressings should be highly hygroscopic to keep the wound bed moist and absorb exudate. In addition, they should ensure a free flow of oxygen and are characterized by a high mechanical strength and flexibility, thanks to which the dressing can adapt to various parts of the body. It should easily detach from the wound while changing the dressing, be biocompatible, and have homeostatic and antimicrobial action, preventing infection and bacterial biofilm formation [1,3]. One of the biomaterials that meets most of the above criteria is bacterial cellulose (BC) [4]. In addition, the advantage of BC used in biomedicine is also the ability to modify its structure via various in situ and ex situ modifications [5]. The in situ modification of BC can be achieved by supplementing the culture medium with various types of organic and inorganic substances. These modifications can lead to enhanced porosity, water-holding capacity, and rehydration rates, which are crucial properties for wound-dressing materials. However, a significant challenge in the use of biomaterials involving BC is their susceptibility to bacterial infections, which restricts their applications in biomedicine. As a result, there has been a growing interest in the development of methods to confer antibacterial and antibiofilm properties to natural polymeric materials, including bacterial cellulose [6,7,8].



One of the possible methods for the ex situ modification of BC is the use of plasma, which is a well-known approach for effectively modifying the surfaces of various polymers. Depending on the composition of the gas phase, plasma technology offers the possibility of targeted polymer modification by introducing different functional groups or converting existing ones on the polymer surface. Various gas plasma technologies for polymer modification can be classified into two types based on the temperature of the gas: “hot” plasma and “cold” plasma [9]. Earlier studies have demonstrated that the surface of BC can be improved for various applications through the use of different types of plasmas. The application of nitrogen plasma for BC modification has been found to improve the adhesion of eukaryotic cells to the BC surface and increase its porosity [10,11]. The modification of BC membranes’ surfaces using oxygen plasma can lead to a decrease in the effective pore area and water flux, while increasing the number of O-H groups. As a result, there is a significant change in the water contact angle, making the membrane surface more hydrophilic [12]. The modification of BC with argon plasma can confer bactericidal properties, making it suitable for use as antibacterial and antiviral filters based on BC [11]. Moreover, the introduction of new functional groups on the surfaces of polymer matrices through plasma exposure may affect the release process of active compounds, including enzymes, from the surfaces of polymeric materials, especially in applications related to biofilm eradication [13,14,15,16].



Pseudomonas aeruginosa and Staphylococcus aureus are the most frequently isolated bacterial pathogens found in wounds of various origins. Unlike wounds infected by S. aureus, which can readily colonize the upper layers of the wound, P. aeruginosa tends to establish itself in the deeper regions of the wound bed, making eradication more challenging. P. aeruginosa is known for its high resistance to antimicrobial agents, resulting in a significant prolongation of the wound healing process or even complete stoppage of healing [17,18]. The main reason for the increased risk associated with P. aeruginosa infections is its ability to form biofilms, which are recognized as the most significant virulence factors of this bacterium. Biofilms exhibit a complex structure composed primarily of proteins, nucleic acids, lipids, biosurfactants, and exopolysaccharides. The presence of exopolysaccharides plays a crucial role due to their diverse functions, including bacterial adhesion to surfaces, protection against phagocytosis and the immune system, and restriction of antibiotic diffusion within the biofilm structure. P. aeruginosa is capable of synthesizing three of the polysaccharides involved in biofilm matrix formation: alginate, Pel, and Psl. However, the specific types and quantities of the polysaccharides produced can vary depending on the strain [19,20,21,22,23]. Psl is a neutral polysaccharide composed of repeating units of D—mannose, D—glucose, and D—rhamnose, while until recently, the exact structure of Pel remained unclear. In the latest research, Le Mauff et al. described the structure of Pel as a linear homopolymer of partially de-N-acetylated α-1,4-GalNAc comprised predominantly of dimeric repeats of galactosamine and N—acetylgalactosamine [24,25]. To prevent the development of these polysaccharide components of the biofilm matrix, it is possible to use an enzyme with specific activity against the P. aeruginosa matrix, such as PelAh and PslGh glycoside hydrolases [26,27,28,29,30]. In the field of medicine, it is crucial to develop suitable approaches for creating non-fouling biomaterials. Currently, there is a growing interest in the use of immobilized PelAh and PslGh on polymer surfaces in medical applications. These proteins have shown potential in limiting the development of P. aeruginosa biofilms, thereby aiding the effectiveness of antibiotics and the immune system. Asker et al. investigated the immobilization of PslGh on surfaces such as silica glass, polydimethylsiloxane, polystyrene, and indwelling catheters, confirming the ability of surface-attached enzymes to effectively inhibit P. aeruginosa biofilm formation. Similarly, Szymanska et al. conducted studies demonstrating that the adsorption of PelAh on BC surfaces could reduce the polysaccharide components of the P. aeruginosa matrix, thereby expanding the utility of BC as a wound-dressing material [26,27,30,31].



The aim of this study was to evaluate the effectiveness of combining surface modification of BC using low-pressure argon plasma (LPArP) with the immobilization of antibiofilm enzymes, namely PelAh and PslGh, on P. aeruginosa biofilm formations.




2. Materials and Methods


2.1. Cloning, Expression, and Purification of PelAh and PslGh


PelAh was purified as previously described [26]. To obtain the target gene sequence that encodes the protein construct fragment of pslG (GenBank ID AAG05625.1) from the genomic DNA of P. aeruginosa, PAO-1 and pET28a were used as a vector template and amplified separately through polymerase chain reactions using Phusion® High-Fidelity DNA Polymerase (New England Biolabs). For pslG gene amplification, primers were designed as follows: forward (5′-TGTTTAACTTTAAGAAGGAGATATACCATGGAGATCCAGGTACTGAAGGC-3′) and reverse (5′AGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCCCAGACCAGCATCTGCA-3′). For pET28a, primers were designed as follows: forward (5′-TGAGATCCGGCTGCTAACAAAGC-3′) and reverse (5′-CATATGGCTGCCGCGCGG-3′). Construct was prepared according to the FastCloning and SLiCE methods [26,32]. The expression and purification of recombinant PslGh was performed according to previous work [26,32]. To check the purity of the obtained protein, SDS-PAGE analysis was performed. The protein concentration was measured via UV absorbance at 280 nm using a Biotek Synergy HT plate reader (BioTek, Santa Clara, CA, USA) using a molar extinction coefficient equal to 44,920 M−1 cm−1, as calculated according to the amino acid sequence of PelAh (UniProt accession code: Q9HZE4), and 111,840 M−1 cm−1, calculated according to the amino acid sequence of PslGh (UniProt accession code: Q9I1N2).




2.2. Preparation of BC Membranes


The BC production was performed according to Charęza el al., with slight modifications [32]. A culture of Komagataeibacter xylinus ATCC® 53524 that was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) was set up in 9 cm petri dishes with liquid Hestrin–Schramm (HS) medium containing glucose at 20 g/L, yeast extract at 2.0 g/L, peptone at 2 g/L, citric acid at 1.15 g/L, Na2HPO4 at 2.7 g/L, and MgSO4x7H2O at 0.06 g/L with 1% ethanol and 0.01% of silicone polyether. Before pouring the cultivation medium on the petri dishes, the medium was inoculated with 1% of a 1-week-old culture of K. xylinus that was previously shaken vigorously for 5 min. The cultivation was carried out at 28 °C for 4 days. After this time, the formed BC membranes were collected and transferred to plastic containers with deionized water for 24 h at 4 °C. In the next step, the BC membranes were digested with 0.1 M of NaOH at 80 °C (3×) to remove bacterial cells and residual medium components. Following digestion, the BC membranes were transferred again to plastic containers with extensive amounts of deionized water. The water was changed periodically until the pH stabilized to a neutral range. Finally, the pure BC membranes were dried at 64 °C and sterilized by autoclaving at 121 °C for 15 min.




2.3. Modification of BC with Low-Pressure Argon Plasma (LPArP)


LPArP treatment of the BC membranes was performed using an HPT-100 Benchtop Plasma Treater (Henniker Scientific, Runcorn, UK). The process was carried out with argon as the process gas in the gas chamber, at a power of 100 W and flow rate of 10 standard cubic centimeters per minute (SCCM) that was constant in all experiments. To determine the optimal time for BC modification, the samples were treated with LPArP for various durations of 120, 240, 480, and 960 s from both sides.




2.4. Characterization of BC Surfaces after LPArP Treatment


2.4.1. Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR–FTIR)


After the Ar plasma modification of the BC, the chemical structure of the surfaces of BC was analyzed using ATR-FTIR. The analysis was carried out using an ALPHA II FTIR spectrophotometer (Bruker Daltonic, Bremen Germany) with a diamond ATR adapter. The spectra were collected in the wavenumber range of 3800–400 cm−1 with a resolution of 2 cm−1 (32 scans). The processing of collected ATR-FTIR spectra was performed using SpectraGryph 1.2 and OriginPro2021 software. The IR indices of the BC crystallinity, such as the total crystallinity index (TCI), lateral order index (LOI), and hydrogen bond intensity (HBI), were calculated from the band’s absorbance ratios of A1371 cm−1/A2900 cm−1, A1429 cm−1/A897 cm−1, and A3400 cm−1/A1320 cm−1, respectively. The allomorph Iα content was calculated using Equation (1):


   I α  α = 2.55 −     A 750     A 710 + A 750       − 0.32  



(1)




where A750 is a band intensity of 750 cm−1 for Iα, and A710 is a band intensity of 710 cm−1 for Iβ.




2.4.2. X-ray Photoelectron Spectroscopy (XPS)


X-ray photoelectron spectra were obtained using Mg Ka (hν = 1253.6 eV) radiation with a Prevac system equipped with a Scienta SES 2002 electron energy analyzer operating at a constant transmission energy (Ep = 50 eV). The samples were attached to a stainless steel holder with the use of carbon conductive double-sided adhesive discs. Charging effects were corrected by assuming that the maximum of the C 1s peak corresponded to the aliphatic carbon bindings of C-OH in cellulose, and its location was set to 286.7 eV [33]. The XPS lines of the other observed elements were shifted correspondingly. The reproducibility of the peak positions thus obtained was ±0.1 eV. The surface compositions of the samples were obtained on the basis of the peak area intensities using the sensitivity factor approach and assuming homogeneous composition of the surface layers.




2.4.3. Scanning Electron Microscopy (SEM)


Prior to SEM analysis, samples of BC membranes, both LPArP-modified and nonmodified, were immersed in 2% glutaraldehyde for 16 h. Then the samples were flushed with 50 mM of phosphate buffer at pH 7.4. Following, BC samples were immersed in increasing concentrations of ethanol (20%, 40%, 60%, 80%, 95% v/v) for 10 min and finally immersed two times in absolute ethanol for 15 min. Then samples were sputtered with Cr using a SEM Quorum Q150T ES, a turbomolecular-pumped coater, and analyzed with using a Hitachi SU3500 (Hitachi, Tokyo, Japan) scanning electron microscope [7,34].





2.5. PelAh and PslGh Stability—Differential Scanning Fluorimetry (DSF)


Differential scanning fluorimetry employing the Prometheus NT.48 apparatus (NanoTemper Technologies GmbH, München, Germany) was used to investigate the thermal stability of PelAh and PslGh at given time points during storage at 4 °C as protein solutions or lyophilisates. The lyophilisates of PelAh and PslGh were resuspended in distilled water at concentrations of 0.3 mg/mL. The PelAh and PslGh in the solutions were used at concentrations of 0.3 mg/mL. The samples were then loaded into nanoDSF standard-grade capillaries and then heated from 20 °C to 95 °C at a rate of 1 °C per min. Protein unfolding was monitored by measuring the fluorescence intensity at two emission wavelengths of 330 nm and 350 nm. Analysis of the obtained data was performed using PRThermControl software (NanoTemper Technologies GmbH, München, Germany), which allowed calculation of the proteins’ melting temperatures (Tm) based on the first derivative of the ratio of fluorescence intensity measured at 350 and 330 nm. Four independent measurements of Tm were performed for each time point.




2.6. Analysis of the Cytotoxicity of PslGh Hydrolase


The potential cytotoxicity of the recombinant enzyme was analyzed using an L929 mouse fibroblast (ATCC® no. CCL-1TM). In vitro dose–response experiments were conducted using the CCK-8 Cell Counting Kit-8 (Sigma-Aldrich, St. Louis, MO, USA). Firstly, cells (passages 20–25) were maintained in standard cell culture conditions at 37 °C, 5% CO2, and 95% humidity in T25 flasks (Sarstedt, Nümbrecht, Germany) in complete DMEM culture medium that was supplemented with 10% heat-inactivated fetal bovine serum (FBS) (PAA Laboratories GmbH, Pasching, Austria), 2 mM L-glutamine, 50 IU/mL penicillin, and 50 µg/mL streptomycin (Corning Inc., Corning, NY, USA). For the CCK-8 assay, cells were plated into the wells of 96-well plates (at 5 × 103 cells per well for a 24 h observation and 10 × 103 cells per well for a 48 h observation). Secondly, twenty-four hours after cell seeding, 6 different final concentrations (5.0, 10.0, 25.0, 50.0, 100.0, 250.0 µg/mL; 5 replicates of each dose) of the enzyme were prepared in DMEM medium and added to the cells. The effect of the recombinant enzyme on cell viability was calculated using Equation (2), as described elsewhere [35]:


   Relative   viability   from   CCK - 8   assay   ( % ) =         sample   A     450 – 650   nm           control   A     450 – 650   nm           ×   100   



(2)




where A is an absorbance at 450 nm and 650 nm.



The morphologies of the L929 cell line exposed to the recombinant enzyme at different concentrations and the control samples were analyzed using a Nikon TS-100 phase-contrast inverted microscope (NIS Elements F Package, camera Nikon DS-Fi1, Nikon, Melville, NY, USA) at 100× magnification [35].




2.7. The Loading of PelAh and PslGh on BC and Ar_BC


The solutions of PelAh and PslGh proteins (0.5, 0.25, and 1.25 and mg/mL) were prepared in 50 mM phosphate buffer at pH 7.4, which corresponded to 2.5, 1.25, and 0.62 µg of protein in 5 µL. The 5 µL of protein was loaded onto Ar treatment and non-treatment BC samples with a diameter of around 6 mm. Next, the samples with loaded protein were frozen using dry ice until the samples were completely frozen. Finally, the samples were freeze dried (Alpha 1–2 LDplus, Christ, Germany) at −60 °C and 0.1 mBar.




2.8. Analysis of In Vitro Release of PelAh and PslGh from Ar_BC and BC


The samples of immobilized proteins on LPArP-modified and pristine BC were transferred to Eppendorf tubes with 500 µL of 50 mM phosphate buffer, pH 7.4, and equilibrated to 25 °C in thermoblock. Next, in one-minute intervals, 2 µL of solution was transferred to a Take3 microvolume plate for the determination of the proteins’ concentrations according to protocol described in Section 2.1.




2.9. Antibiofilm Activity


The antibiofilm activity of BC membranes with immobilized PelAh and PslGh was conducted according to Amborgi et al., with modifications [36]. The strain of P. aeruginosa PAO-1 was grown in TSB medium supplemented overnight at 37 °C. For biofilm analysis, the overnight culture of P. aeruginosa PAO-1 was adjusted to 0.5 on the McFarland scale and then diluted to 1:1000 in TSB medium supplemented with 1% glucose. A total of 100 µL of bacterial suspension was transferred to 96-well flat plates and incubated at 37 °C for 24 h with the presence or in absence of LPArP-modified BC membranes or nonmodified BC. After incubation, the biofilm as washed with 200 µL of distilled water and then dried at 37 °C for 1 h. Next, 100 µL of 0.1% crystal violet was added to each well and incubated for 15 min. Following incubation, the wells were washed with 200 µL of dH2O until unbound dye was removed. Finally, 100 µL of 96% ethanol was added to each well, incubated for 15 min, and the absorbance of crystal violet was measured at 595 nm using a Tecan Infinite 200 Pro microplate reader.




2.10. Statistical Analysis


Statistical analysis was conducted using OriginPro2021. The statistical significance differences of means were tested by Tukey’s multiple comparison test, and statistical significance was considered with p < 0.05.





3. Results and Discussion


3.1. Influence of LPArP Treatment on BC Membrane Surface Properties


To analyze the changes in the chemical structure of the BC surfaces after treatment with LPArP, the ATR-FTIR and XPS methods were used. Figure 1 presents the regions of 1800–800 cm−1 of the ATR—FTIR spectra of the untreated BC and the BC treated with LPArP, depending on the treatment time. The obtained spectra from all tested BC samples showed the characteristic absorption band profile for BC, with bands at 897 cm−1 assigned to C-O-C bending vibration of (1–4) β linkage, ~1060–1030 cm−1 corresponding to C-O stretching, 1111 cm−1 assigned to the C-C stretching ring in polysaccharides, ~1160 cm−1 indicating C-O-C stretching of the glycosylic bond of the crystalline cellulose, 1370 cm−1 assigned to C-H stretching vibrations, and 1430 cm−1 indicating the symmetric CH2 bending vibration and referred to as a “crystallinity band”. The next band at 1640 cm−1 marks the H-O-H bending of absorbed water molecules [37,38,39,40,41]. The time-dependent BC surface treatment with LPArP was evident in the spectra through a gradual increase in the intensity of absorption in the band at 1720 cm−1, which is attributed to the carbonyl group (C=O stretching vibrations) [42]. The intensity of this band increased with time and reached a plateau after 480 s of treatment with the LPArP. The appearance of this band can indicate the oxidation of the -OH group of anhydrous D-glucose units in the BC microfibrils or the formation of a carbonyl group after pyranose ring cleavage between C1 and C2 and further oxidation [43]. It is also in accordance with the observed reduction in band intensity at a wavelength range of ≈ 1050 cm−1—≈ 950 cm−1 that can be associated with conformational changes in the pyranose ring and the primary alcohols at the C6 carbon typical for more amorphous bacterial cellulose.



The values of the IR crystallinity indices LOI and TCI decreased with the modification time, while the value of the HBI increased (Table 1). The most significant changes in the IR crystallinity indices were noted until 480 s of treatment. The changes in values of TCI and LOI clearly indicated that the structure of LPArP-treated BC is characterized by lower crystallinity and ordered structure as a result of the destructive action of the argon plasma [38,44].




3.2. X-ray Photoelectron Spectroscopy (XPS)


X-ray photoelectron spectroscopy was applied to evaluate the surface composition of the LPArP-treated BC. Analysis of the XPS spectra indicated only the presence of oxygen and carbon on the surfaces of the samples. The ratio of oxygen atoms to carbon atoms on the surfaces of the studied materials was determined from the atomic concentration of these elements, which was calculated from the intensity of the XPS signals: O 1s and C 1s (Table 2). The calculations assumed a homogeneous distribution of oxygen and carbon atoms in the surface layer. Considering the formula of cellulose as (C6H10O5)n, the theoretical ratio of oxygen atoms to carbon atoms in this material is 0.83. According to the study of the surface composition, it was lower than the theoretical value for all tested materials and ranged from 0.56 to 0.73, with the lowest value of the O/C ratio observed for the sample obtained after 480 s of plasma exposure. The highest O/C ratio was observed not for a pure cellulose sample, but for a sample exposed to plasma for only 120 s. Such relative enrichment of the surface with oxygen atoms can be attributed to the partial etching of the cellulose surface from “adventitious carbon” caused by argon ions.



The high-resolution spectra of the XPS C 1s lines acquired for all examined samples are presented Figure 2. A deconvolution model which consists of four basic components of C 1s transition was applied. The component denoted as Comp (1), having a binding energy of 285.0 ± 0.1 eV, essentially corresponds to nonfunctionalized carbon atoms. The component Comp (2), having a binding energy of 286.7 eV, is ascribed to a group of differently bonded carbon atoms linked to one atom of oxygen, as in hydroxyl group C-OH. Comp (3), located at a binding energy of 288.2 ± 0.1 eV, is ascribed to O-C-O bonding. The component Comp (4), having a binding energy of 289.6 ± 0.1 eV, corresponds to O-C=O bonding. The values of the binding energies used in the present model are based on the deconvolution models applied elsewhere [33]. The percentage of Comp (1)–Comp (4) components in the total signal of the XPS C 1s line is presented in Table 2.



Highly purified bacterial cellulose should contain only carbon–oxygen bonds corresponding to Comp (2) and Comp (3) of the model used to analyze the XPS C 1s spectra. The theoretical ratio of these components should be 80:20, respectively. It is common for real cellulose samples to have Comp (2) accounting for about 60% of the signal from carbon atoms and Comp (3) about 20% of this signal. In actual samples, even of pure cellulose, a component corresponding to Comp (1) is also identified, which accounts for less than 20% of the C 1s signal [43]. The XPS C 1s spectrum of the reference material (BC) used in this study was very close to those reported. Exposure of this material to plasma results in several characteristic changes in the composition of its surface. As the exposure to plasma increases, the concentration of Comp (2) decreases and the concentration of Comp (1) unequivocally increases. The decrease in Comp (2) is most likely due to the removal of hydroxyl groups from the cellulose surface. The removal of such bonds is accompanied by a simultaneous increase in the concentration of C-C- or C-H-type bonds, i.e., Comp (1). The concentration of Comp (3) is essentially independent of the plasma exposure. This component corresponds to the presence of an O-C-O bond at the C1 carbon in the pyranose ring. This suggests the stability of the pyranose ring during the plasma action on the cellulose surface. The exposure to argon plasma also induces the appearance of Comp (4), which is directed to the oxidation of D-glucose alcoholic group C-OH without significant effect on the integrity of the pyranose ring. The changes in the BC surface composition demonstrated by the XPS analysis are in good agreement with the ATR-FTIR and showed that BC surfaces can be more negatively charged as a result of the presence of the carboxyl group.




3.3. Influence of LPArP on the BC Surface Morphology


In order to check the morphological changes in the BC structure after LPArP modification, scanning electron microscopy was used. Figure 3 shows the SEM micrograph of BC surface morphology (a) and the Ar_BC after modification with LPArP for 480 s (b). The unmodified BC sample shows a typical reticulated surface of pristine BC with a well-visible ultra-fine network of microfibrils and pores [45,46]. After modification with LPArP, the surface morphology of the BC changed significantly and presented a heterogeneous structure typical for amorphous BC. These results are consistent with the studies by Tang et al. and Vasil’kov et al., where they reported that the oxygen plasma treatment of BC can cause a burn of the surface which results in an increase in the surface roughness and heterogeneity due to the destruction of the BC fibril structure [47,48].




3.4. Differential Scanning Fluorimetry


In recent years, the importance of protein preparations in medicine has increased significantly; however, most of the preparations available on the market are in liquid form, which requires storage at low temperatures. This is associated with difficulties with high transport costs, among others. Moreover, during long-term storage of proteins in solutions, the activity of proteases shortens their activity time and also causes reactions such as oxidation, leading to protein unfolding that may also occur [49,50]. One method to overcome these obstacles is to store proteins in lyophilized form. In order to determine the usefulness of the PelAh and PslGh enzymes in freeze-dried and soluble form, their stability was tested after 30 days using the DSF method, which is a biophysical technique widely used to study the thermal stability of a protein [51]. Figure 4 shows the plot of the first derivative of the fluorescence melting curves of PelAh and PslGh in freeze-dried and soluble form at the beginning and after 30 days of storage at 4 °C. The Tm values of the PelAh in the soluble form were 52.7 °C and 52.8 °C at days 0 and 30 of storage, respectively, while upshifting of the freeze-dried form by ~1.3 °C was observed after 30 days, suggesting the acquisition of a slight thermal structural stability. In the case of the soluble form of PslGh, there was no significant difference in the Tm value during the storage conditions (Tm equal to ~53.1 °C), and the same observations were made with the freeze-dried form (Tm equal to ~53.7 °C).




3.5. Cytotoxicity of the PslGh


To enable the use of recombinant enzymes in biomedicine, among other things, as elements of wound-dressing materials, it is important to assess their cytotoxicity against eukaryotic cells. The cytotoxicity of PelAh was investigated in our previous research, and we concluded that there is no cytotoxicity effect of the enzyme on murine fibroblast (L929) cultures [26].Therefore, the PslGh enzyme obtained in this study was also tested to determine its potential cytotoxicity towards murine fibroblast (L929) cultures. Six different enzyme concentrations (5.0, 10.0, 25.0, 50.0, 100.0, and 250.0 µg/mL) were used for 24 h and 48 h observations of cell viability and morphology. After 24 h, no reduction in cell viability (Figure 5a) and cell morphology (Figure 6) was observed. After 48 h, the cell morphology for the experimental cultures did not demonstrate changes in comparison to the control culture. In the case of cell viability, a ~29% reduction was found for the 250.0 µg/mL enzyme concentration (Figure 5b). These results are consistent with earlier studies on the cytotoxicity of PelAh and PslGh against eukaryotic cells from line IMR-90 of human lung fibroblasts and red blood cells [27,28].




3.6. In Vitro Release Study of PelAh and PslGh from Pristine and LPArP-Modified BC


The immobilization of proteins on different kinds of surfaces is used in many areas of industry, including the biomedical and pharmaceutical industries in drug delivery systems [49]. To evaluate the PelAh and PslGh from the BC and LPArP-modified BC, the release behavior was monitored in 50 mM of phosphate buffer at pH 7.4. The release profiles of PelAh and PslGh are shown in Figure 7. The release profiles of PelAh from the BC and Ar_BC membranes did not differ and were characterized by sustained diffusion. The same release profile was observed for the PslGh from nonmodified BC, while the PslGh released from Ar_BC was characterized by an initial burst release for 2 min. In both cases, higher amounts of enzyme were retained on the BC matrix, and the maximum releases of PslGh were 58% and 63% after 10 min for BC and Ar_BC, respectively. For PelAh, the % of release from the carrier was faster compared to PslGh, and the maximum release at the same time was around 80% for both unmodified and modified BC. The observed PelAh release profile did not differ between the unmodified and LPArP-modified BC, but it showed a significantly faster release of this protein compared to PslGh. The charge distributions on the molecular surfaces of the analyzed enzymes at pH 7.4 showed the occurrence of large negatively charged patches. The calculated charges of the protein molecules did not differ significantly between PelAh and PslGh and were −8.24 and −6.94, respectively (Figure 8). In contrast to PelAh the structure of PslGh consist of large catalytic N- terminal domain and significantly smaller C-terminal domain recognized as possible carbohydrate binding domain (Figure 8). Occurrence of this domain in PslG structure was reported as reason of higher binding to dextran and may be reason of different releasing profile. Furthermore, the differences in release profile of PslGh from native and LPArP-modified BC suggest that the CBM occur in PslGh molecular structure belongs to Type B CBMs, which has affinity to amorphous form of BC.



To explain the enzymes’ release mechanisms from the BC and Ar_BC, pharmacokinetic models were used, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. The fitting results are summarized in Table 3. For the PslGh loaded on the nonmodified BC, the release of the protein was fitted to the Higuchi and Korsmeyer-Peppas models for both types of BC, which indicated that the release of PslGh is controlled by diffusion. The n exponents of the Korsmayer-Peppas model were around 0.25 and 0.22 for the LPArP-modified and native BC, respectively. This demonstrated that PslGh was released through Fickan diffusion. In the case of PelAh, it was observed that the release profile for the Ar_BC fit well with the first order, with a correlation coefficient of R2 equal to 0.98, which indicates that the PelAh release is dependent on the differential concentration [54]. Moreover, the PelAh release mechanism also fit the Higuchi and Korsmayer-Peppas models, with a correlation coefficient of R2 > 0.9. The value of exponent n for the PelAh release was >0.5 and followed non-Fickan diffusion [54,55].




3.7. Influence of the Immobilization of PelAh and PslGh on P. aeruginosa PAO-1 Biofilm Eradication


The effect of PelAh and PslGh in soluble and immobilized forms on the ability of P. aeruginosa PAO-1 to form biofilm was measured in a microplate model using crystal violet staining. The results for the biofilm inhibition assay are presented in Figure 9. For the soluble form of PslGh, around 70% of the biofilm inhibition was observed when 2.5 and 1.25 µg of enzyme were applied, while for 0.62 µg, the inhibition was slightly lower, amounting to around 50% (Figure 9a). When PelAh in the same concentration was added to the culture medium, the biofilm inhibition rate was lower compared to PslGh and was around 50% for 2.5 and 1.25 µg of enzyme and 30% for 0.62 µg (Figure 9d). The composition of the P. aeruginosa biofilm matrix is strain dependent. The tested strain of P. aeruginosa PAO-1 produces mainly Psl as a dominant exopolysaccharide of the biofilm matrix, which may be the reason for the more effective inhibition of biofilm formation after the use of the PslGh enzyme [56,57]. In the case of the immobilized enzymes on native BC, it was observed that the biofilm inhibition rate was slightly lower compared to the soluble forms of PelAh and PslGh due to lowering release rate of the proteins into the culture medium (Figure 9b,e). The biofilm inhibition rate for the PelAh released from the Ar_BC (Figure 9f) was similar to the native enzyme released from the BC. The PslGh released from the Ar_BC exhibited significantly higher inhibiting activity against biofilm development compared to the enzyme released from the unmodified BC, which is consistent with the obtained protein release results. As shown in Figure 9b, for 2.5 µg and 1.25 µg of PslGh loaded on Ar_BC, the biofilm inhibition rates were 63% and 55%, whereas for protein released from the nonmodified BC, the biofilm inhibition rates were 57% and 53%, respectively. The highest influence of BC modification by LPArP was observed for the concentration of PslGh equal to 0.62 µg, whereas for nonmodified CB, the biofilm inhibition rate was 12%, while for Ar_BC it was 43%.





4. Conclusions


Bacterial cellulose (BC) is a highly promising biopolymer with a wide range of applications in biomedicine. In this study, we investigated the modification of bacterial cellulose using low-pressure argon plasma to assess its suitability as a carrier for delivering PelAh and PslGh proteins, aiming to inhibit the formation of Pseudomonas aeruginosa PAO-1 biofilms. Exposure to LPArP strongly influences the structure of bacterial cellulose, converting the surface into a more amorphous form. XPS and ATR-FTIR analyses revealed a significant change in the chemical composition of the BC surfaces, with a reduction in oxygen content and an increase in carbon components. The introduction of a significant number of charged carboxyl groups did not affect the analyzed enzyme’s ability to destabilize biofilms. However, the observed structural differences between PelAh and PslGh were assumed to be the main reason for the different profiles of their release from modified and nonmodified BC, although the observed differences did not have a significant effect on their antibiofilm activity. Bacterial cellulose modified through exposure to LPArP shows potential for further development as a versatile carrier for delivery systems based on BC. It possesses varying crystallinity and can accommodate proteins with diverse molecular structures, allowing for effective combat against infections caused by biofilm-forming bacteria.
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Figure 1. The ATR—FTIR spectra of the control BC (C) and the BC modified with LPArP for various times (120 s, 240 s, 480 s, and 960 s). The red arrow marking the changes in the intensity of the band at 1720 cm−1 is assigned to the C=O group. The spectra were normalized to band area at 1161 cm−1. 
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Figure 2. High-resolution XPS C 1s spectra of non-modified BC and bacterial cellulose (Ar_BC) modified by different exposure times to LPArP. 
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Figure 3. SEM images of the surface morphology the BC (a) and Ar_BC after 480 s LPArP treatment (b). 
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Figure 4. The thermal stability profile of soluble and freeze-dried forms of PelAh and PslGh stored at 4 °C on day 0 (a,c) and after 30 days of storage (b,d). 
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Figure 5. L929 cell viability after 24 h (a) and 48 h (b) incubation with the recombinant PslGh. 
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Figure 6. Morphology of L929 cells of 24 h (a) and 48 h controls (c) and exposed to the recombinant PslGh (250 μg/mL) for 24 h (b) and 48 h (d). 
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Figure 7. Experimental in vitro PelAh (a) and PslGh (b) release profiles from BC and Ar_BC (in 50 mM phosphate buffer at pH 7.4. 
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Figure 8. The 3D crystal structure models of PelAh (PDB:5TCB) and PslGh (PDB:5BX9) proteins with highlighted elements of secondary structure and distribution of the electrostatic potential of their molecular surfaces. The electrostatic potential of the protein molecules’ molecular surfaces at pH 7.4 was computed according to predictions of the pKa value by the PROPKA server and the APBS solver via the PDB2PQR server. The final analysis was performed with UCSF Chimera 1.17.1rc package [52,53]. 
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Figure 9. The antibiofilm activity of PelAh and PslGh against P. aeruginosa PAO-1 biofilm in soluble form (a,d), immobilized on BC (b,e), and immobilized on Ar_BC (c,f). The means with the same superscript are not significantly different, with p > 0.05. Error bars represent standard deviation. 
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Table 1. The values of the IR crystallinity indices (LOI, TCI), the hydrogen bond index (HBI), and the mass fraction of the crystalline allomorph Iα of pristine BC and BC modified by LPArP.
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Sample

	
IR Crystallinity

	
HBI

	
Cellulose Iα

Index




	
A1372/A2900

(TCI)

	
A1429/A897

(LOI)

	
A3400/A1320






	
BC

	
1.683 ± 0.20 a

	
0.993 ± 0.17 a

	
0.801 ± 0.08 a

	
0.683 ± 0.02 a




	
120 s Ar_BC

	
1.685 ± 0.04 a

	
0.877 ± 0.10 ab

	
0.751 ± 0.03 a

	
0.667 ± 0.01 ab




	
240 s Ar_BC

	
1.673 ± 0.08 a

	
0.849 ± 0.04 ab

	
0.899 ± 0.10 a

	
0.650 ± 0.02 bc




	
480 s Ar_BC

	
1.492 ± 0.10 b

	
0.818 ± 0.09 b

	
1.266 ± 0.15 b

	
0.637 ± 0.02 c




	
960 s Ar_BC

	
1.351 ± 0.07 b

	
0.766 ± 0.04 b

	
1.468 ± 0.16 c

	
0.611 ± 0.006 d








The results are presented as means ± S.D. The means with the same superscript are not significantly different, with p > 0.05.
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Table 2. The percentage of Comp (1)–Comp (4) components in the total signal of the XPC C 1s line and the ratio of oxygen atoms to carbon atoms on the surfaces of bacterial cellulose exposed to LPArP depending on the treatment time (s).
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Sample

	
Components of XPS C 1s Signal (Total C 1s Intensity = 100)

	




	
C-C/C-H (Comp (1))

	
C-OH (Comp (2))

	
COC (Comp (3))

	
O=C-O (Comp (4))

	
O/C

Ratio






	
BC

	
14

	
61

	
25

	
0

	
0.69




	
120 s Ar_BC

	
19

	
53

	
20

	
7

	
0.73




	
240 s Ar_BC

	
26

	
49

	
17

	
7

	
0.62




	
480 s Ar_BC

	
34

	
39

	
18

	
8

	
0.56




	
960 s Ar_BC

	
38

	
33

	
21

	
6

	
0.64
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Table 3. Release constants and correlation coefficients of the model equation applied to PelAh and PslGh release from native BC and LPArP-modified BC.






Table 3. Release constants and correlation coefficients of the model equation applied to PelAh and PslGh release from native BC and LPArP-modified BC.





	
Sample

	
Mathematical Model




	
Zero-Order

	
First-Order

	
Higuchi

	
Korsmeyer-Peppas




	
K0

	
R02

	
K1

	
R12

	
KH

	
RH2

	
KK-P

	
RK-P2

	
n






	
PelAh—Ar_BC

	
1.24 × 10−3

	
0.92

	
−2.7 × 10−3

	
0.98

	
0.034

	
0.97

	
0.016

	
0.93

	
0.63




	
PelAh—BC

	
1.13 × 10−3

	
0.94

	
−2.7 × 10−3

	
0.98

	
0.031

	
0.98

	
0.033

	
0.98

	
0.51




	
PslGh—Ar_BC

	
5.1 × 10−4

	
0.60

	
−9.8 × 10−4

	
0.71

	
0.016

	
0.85

	
0.15

	
0.90

	
0.25




	
PslGh—BC

	
4.9 × 10−4

	
0.88

	
−9.1 × 10−4

	
0.92

	
0.014

	
0.98

	
0.14

	
0.98

	
0.22
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