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Abstract: Bacterial cellulose (BC) is a subject of interest for researchers due to its 

advantageous characteristics, including a straightforward manufacturing process, 

biocompatibility, and extensive modification potential. The hydrophilic nature of the 

material is beneficial in some applications, yet a limiting factor in others. This study aimed 

to develop BC-based materials with goFogureod moisture resistance. The modification of 

bacterial cellulose (BC) using apple powder, stearic acid, or a combination of these 

modifiers resulted in the formation of a range of materials, some of which had their 

surfaces additionally functionalised by coating with a mixture of apple powder and 

stearic acid (HSt). The nature and type of changes were confirmed by FTIR and theoretical 

analysis, which was conducted by modelling the interaction between cellulose and 

homogalacturonan or rhamnogalacturonan using SCIGRESS v.FJ 2.7 software. Changes 

in hydrogen bonding resulting in a weakening of the interactions between cellulose and 

water in the presence of pectin were demonstrated by both empirical data and modelling. 

The effectiveness of BC functionalisation was confirmed by material wettability. The 

water contact angle changed from 38° for the unmodified material to 125° for the material 

obtained by modification of the bacterial cellulose with glycerol followed by modification 

with a mixture of HSt at a concentration of 10% and AP at a concentration of 60%. The 

modifications produced a material with a robust hydrophobic surface. The results suggest 

that the surface roughness may not be the primary factor influencing the hydrophilicity 

or hydrophobicity of these materials but that it is more likely to be related to the 

interactions of components. None of the tested materials demonstrated antimicrobial 

activity against Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Aspergillus niger, or 

Candida albicans. 
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1. Introduction 

The currently outlined development directions involve the utilisation of waste 

materials in the creation of novel products. This is in response to the identified need for 

the development of biodegradable, non-petroleum-based, carbon-neutral products that 

originate from renewable and sustainable sources [1]. Among those type of sources, 

cellulose is of particular interest due to its ability to fulfil a considerable proportion of the 

aforementioned requirements. The natural occurrence of cellulose is not confined to a 

single origin. The most abundant and common used cellulose is that derived from plant 

sources, such as that obtained from wood, as well as from cotton and bamboo. 

Nevertheless, the capacity to produce this polysaccharide is not exclusive to the plant 

kingdom. A number of bacterial species are also capable of synthesizing cellulose as an 

extracellular biopolymer. The most well known of these are bacteria belonging to the 

Acetobacter, Achromobacter, Komagataeibacter, Agrobacterium, Bacillus, Azotobacter, Sarcinia, 

Lactobacillus, and Gluconacetobacter genera or microbial consortia such as those that form 

SCOBY (Symbiotic Colony of Bacteria and Yeasts) [2,3]. This symbiotic colony is 

characterised by biological stability, resistance to contamination, and its applicable by-

products: a probiotic brew and bacterial cellulose [3]. The biofilm of BC is a naturally 

occurring byproduct of the juice fermentation or kombucha beverage fermentation 

process, manifesting as a pellicle at the air–liquid interface. Sustainable and green 

economy requirements are perfectly met by cellulose produced by SCOBY, since this 

method of production does not require the availability of a specific bacterial strain(s); it is 

accessible, even under domestic conditions; and the fermentation process is eco-friendly 

and cost-effective. All these advantages are in line with the principles of green chemistry 

processes that reduce or eliminate the use or generation of hazardous substances, making 

the process safe for the human body [1]. In regard to its composition and structure, the 

bacterial biopolymer is analogous to plant cellulose. BC has the same chemical structure, 

(C6H10O5)n, but with a nano-sized polymer network structure, high purity (96–98%), high 

crystallinity (84–91%), and a high degree of polymerization (ranging from 2000 to 6000) 

[2,4,5]. In contrast to plant cellulose, BC does not contain lignin or hemicellulose. 

Consequently, the preparation process is relatively straightforward and can be 

accomplished with minimal effort through the use of mild treatment [6]. Additionally, BC 

possesses exceptional physicochemical properties, such as high crystallinity, high specific 

surface area, high elasticity, relatively high mechanical strength in the wet state, 

hydrophilicity, and excellent biocompatibility [7,8]. These distinctive characteristics 

render BC an appealing proposition from a technological, ecological, and financial 

standpoint. The substantial potential of this biopolymer has been successfully actualized 

in a multitude of applications [9–11]. Its properties, such as biocompatibility, flexibility, 

high water retention, and good cell adhesion, have led to the current commercialization 

of BC as a wound dressing material for tissue regeneration. [12–15]. The broadening of its 

range of applications requires modification and the incorporation of other molecules. The 

most straightforward and efficacious method and, therefore, the one most commonly 

employed, entails the introduction of drugs into BC membranes through immersion in a 

drug solution, which is typically followed by lyophilization [16,17]. The drugs most 

frequently incorporated into BC membranes by this by this method are anti-inflammatory 

agents such as ibuprofen and diclofenac, as well as antimicrobial drugs [16,18,19]. The 

mechanical properties of BC can be enhanced through the application of physical 

methods, such as rotating magnetic fields and ultrasound treatments, which have enabled 

the production of cellulose with enhanced water absorption and density [20] or stability 

[21]. Chemical modifications of BC are being developed extensively, with the latest trends 

including the oxidation of hydroxyl groups of cellulose (e.g., using 2,2,6,6-tetramethyl-1-

piperidinyloxyl [22], chemical grafting of aminoalkyl groups [23], and esterification [24]. 
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Additionally, there has been significant progress in the design of BC composite 

formulations. These can be obtained by combining BC with other polymers through in 

situ procedures (e.g., hyaluronic acid) [25] or by ex situ synthesis, as exemplified by 

chitosan [26]. Such methods were reviewed by Blanco Parte et al. [11]. 

A significant area of research within the field of cellulose modifications is dedicated 

to the development of materials with enhanced hydrophobic characteristics. By nature, 

BC is highly hydrophilic due to its porous structure (porosity of 83–86% [2]; fibrous 

polymer with a large surface area) and chemical composition (three highly polar hydroxyl 

groups in each glucose residue). To improve moisture resistance and barrier properties 

and to maintain these properties for expanded applications such as textiles or packaging, 

BC needs to be surface-functionalised. This objective can be attained with reasonable ease 

either by incorporating hydrophobic synthetic substances into the cellulose structure or 

by coating it with such substances. However, each time this type of substance is 

introduced to the biopolymer, there is a possibility of the alteration of its toxicity or bio-

utilisation capacity. Although more challenging, significant increases in the 

hydrophobicity and elasticity of bacterial cellulose have been achieved by incorporating 

natural and biodegradable components into the polymer, such as beeswax [27] or 

montmorillonite [28]. Beeswax is a natural polymer and, as a consequence, is deemed a 

biodegradable material, with its decomposition largely facilitated by waxworms in the 

natural environment [29]. Montmorillonite is a naturally occurring aluminosilicate 

mineral that is considered to have an environmentally safe profile. When incorporated 

into bio-composites, it has been demonstrated to enhance their mechanical properties [28]. 

A second highly desirable and naturally absent property of BC-based materials is 

antimicrobial activity. Microbicidal cellulose can be produced by introducing the 

functional agent onto the surface by treatment methods such as spray coating followed by 

fixation of the agent, impregnation, or the introduction of the agent directly into the 

polymer matrix. Examples of effective modifications already described include 

enrichments of BC with nanosilver [28], benzalkonium chloride [28], and silver 

sulphadiazine [30]. 

In the previously presented work, the possibility of modifying the properties of BC 

by introducing apple powder and glycerol into the biopolymer structure was investigated 

[31]. A combination of pragmatic, economic, and structural considerations led to the 

selection of AP as a modifier of the properties of BC. AP represents a waste material 

generated by the fruit industry that is both accessible and cost-effective. The similarities 

in the chemical composition of pectin and cellulose bring about the possibility of chemical 

bonding between the biopolymers. A durable so-called apple leather material was 

obtained with satisfying mechanical properties. This work presents further modifications. 

Maintaining the key assumption that the developed material should be entirely natural, 

stearic acid was chosen as a potential hydrophobization component. This decision was 

based on observations in nature, where the wax coating of fruits forms a protective barrier 

against water loss and microbial attack. 

2. Results and Discussion 

2.1. Visual and Sensory Characteristics of Materials 

The digital images of the BC and its modifications are presented in Figure 1. The 

resulting biopolymer displays a yellowish colouration, which is attributable to the 

presence of polyphenols in the culture medium and a distinctive aroma of organic acids 

produced by the symbiotic culture during the tea fermentation process [3]. Pure bacterial 

cellulose (BC) is obtained by removing the residue of the culture medium during pre-
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treatment by washing and bleaching. This treatment produces a white, slightly 

transparent material with a parchment-like appearance. 

The modification of BC with glycerol (A0) as a plasticiser yields a white, non-

transparent, and plastic material. Sample A0 has a smooth texture and a slightly oily feel. 

The addition of glycerol increased the flexibility of the product compared to plain 

kombucha biofilm. 

Subsequent modification with HSt in concentrations ranging from 1 to 10% produced 

opaque white materials (A0[S1], A0[S3], A0[S5], and A0[S10]), which all provided a dry, 

nonslip feel upon touch. Moreover, all of these materials were prone to fracturing and 

crumbling, with the greatest degree of the latter being observed at the lowest HSt 

concentrations. 

 

     
A0 A0[S1] A0[S3] A0[S5] A0[S10] 

     

A40 A40[S1] A40[S3] A40[S5] A40[S10] 

     

A0[S1.A60] A0[S10.A60] A40[S1.A60] A40[S10.A60] BC 

Figure 1. Images of materials. Samples codes: BC—bacterial cellulose (biopolymer after 

fermentation process, pre-treatment); A0—bacterial cellulose modified with glycerol; A0[S1], 

A0[S3], A0[S5], and A0[S10]—bacterial cellulose modified with glycerol followed by HSt at a 
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concentration indicated by the bracketed numbers; A40—bacterial cellulose modified with a 

mixture of glycerol and AP at a concentration indicated by the number; A40[S1], A40[S3], A40[S5], 

and A40[S10]—bacterial cellulose modified with a mixture of glycerol and AP followed by 

modification with HSt at a concentration indicated by the bracketed numbers; A0[S1.A60] and 

A0[S10.A60]—bacterial cellulose modified with glycerol followed by modification with a blend of 

HSt at a concentration of 1% and 10%, respectively (indicated by the respective numbers), and AP 

at a concentration of 60%; A40[S1.A60] and A40[S10.A60] —bacterial cellulose modified with a 

mixture of glycerol and AP followed by modification with a mixture of HSt at a concentration of 1% 

and 10%, respectively (indicated by the respective numbers), and AP at a concentration of 60%. 

The modification of bacterial cellulose with apple powder (A40) resulted in material 

with a brown colour similar to that of dried apple pulp, with small areas of discolouration 

and a persistent apple aroma. The texture of the material was also improved, providing a 

pleasant and non-greasy sensation, as observed for A0, while still maintaining high 

pliability. Subsequent modification of A40 with a layer of stearic acid applied in varying 

concentrations resulted in A40[S1], A40[S3], A40[S5], and A40[S10], with the number in 

brackets indicating the concentration of HSt in the modifying solution. HSt modification 

is reflected by the colour change of the samples. As the concentration of HSt increases, the 

colour becomes slightly lighter. Modified samples gave the impression of being dry and 

rough. To illustrate this sensation, it could be compared to touching dried autumn leaves. 

Starting with a sample containing 3% HSt, the perception of dryness is diminished, and 

the perception of slippage is enhanced as the concentration of HSt rises, whereas for 

samples containing between 5% and 10% HSt, the difference is negligible. Furthermore, 

that group of materials demonstrated poor flexibility and was prone to cracking, a 

tendency that was heightened with higher concentrations of HSt. Interestingly, the 

material’s appearance underwent a significant transformation upon the application of a 

water droplet. The treated area exhibited a lighter and marginally translucent texture, 

with the changes remaining, even after drying. 

Materials created by modification with glycerol followed by treatment with a blend 

of HSt at a concentration of 1% or 10% (indicated by the respective numbers in the sample 

code) and AP at a concentration of 60% (A0[S1.A60] and A0[S10.A60]) exhibited an 

attractive brown hue, together with superior elasticity and fracture resilience when 

compared to the other materials. Lastly, materials obtained by modification of bacterial 

cellulose with glycerol, then with AP, followed by modification with a mixture of HSt at 

a concentration of 1% or 10% (as indicated by its number) and AP at a concentration of 

60% (A40[S1.A60] and A40[S10.A60]), also showed a definite colour but were very 

susceptible to cracking. Once the materials with unfavourable attributes such as brittle 

texture or unpleasant tactile properties had been discarded, the following samples were 

subjected to further testing: A0, A40, A0[S10], and A0[S10.A60]. A comparative summary 

of the visual and sensory characteristics of the materials is presented in Table 1. 

Table 1. Sensory characteristics of materials or groups of materials. 

Material 

Sensory Characteristics 

Colour Uniformity Tactile Sensation 
Flexibility and Fracture 

Resilience 

BC 
Darker, patchy discolouration, 

semitransparent 
Smooth, dry Flexible 

A0 Uniform, semitransparent Smooth, slightly oily Flexible 

A0[S1], A0[S3], A0[S5], 

A0[S10], 
Uniform, opaque Dry, nonslip feel upon touch Crumbling and cracking 
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A40 
Areas of discolouration, 

opaque 

Smooth, slightly slippery but 

pleasant to the touch 
Flexible 

A40[S1], A40[S3], 

A40[S5], A40[S10] 
Uniform, opaque Dry, rough Cracking when bent 

A0[S1.A60], 

A0[S10.A60]) 

Areas of discolouration, 

opaque 
Slightly slippery, smooth Flexible 

A40[S1.A60], 

A40[S10.A60] 

Darker, patchy discolouration, 

opaque 

Dry, rough, perceptible 

unevenness 

Flexible, susceptible to 

cracking 

Samples codes: BC—bacterial cellulose (biopolymer after fermentation process pre-treated); A0—

bacterial cellulose modified with glycerol; A0[S1], A0[S3], A0[S5], and A0[S10]—bacterial cellulose 

modified with glycerol followed by HSt at a concentration indicated by the bracketed numbers; 

A40—bacterial cellulose modified with a mixture of glycerol and AP at a concentration indicated by 

the number; A40[S1], A40[S3], A40[S5], and A40[S10]—bacterial cellulose modified with a mixture 

of glycerol and AP followed by modification with HSt at a concentration indicated by the bracketed 

numbers; A0[S1.A60] and A0[S10.A60]—bacterial cellulose modified with glycerol followed by 

modification with a blend of HSt at a concentration of 1% and 10%, respectively (indicated by the 

respective numbers), and AP at a concentration of 60%; A40[S1.A60] and A40[S10.A60]—bacterial 

cellulose modified with a mixture glycerol and AP followed by modification with a mixture of HSt 

at a concentration of 1% and 10%, respectively (indicated by the respective numbers), and AP at a 

concentration of 60%. 

2.2. Morphological Characterisation of the Materials (SEM) 

The observation of the surface of the materials by means on the scanning electron 

microscopy revealed changes in their structure. The surface morphology of the analysed 

samples can be observed in the images presented in Figure 2. The SEM images of BC 

(Figure 2(a.1)) demonstrated the presence of fine cellulose fibres, which form a porous 

three-dimensional network structure. The overall morphological picture can be defined 

as a set of fibres organised into regions, with each region displaying a similar arrangement 

of fibres. Nevertheless, it is possible that the manner of organisation may vary between 

different regions. The compact cellulose cross-linked net displays a lattice structure 

comprising fibres of an apparently uniform size. In the more detailed image (a.2 (BC)), it 

can be observed that the surface appears to be slightly wrinkled, but only to a slight extent, 

while maintaining a smooth appearance and uniformity. 

The introduction of glycerol to a BC sample resulted in a noticeable morphological 

alteration, as evidenced by a visible flattening of wrinkles and a corresponding smoothing 

of the material’s surface. This is illustrated by comparing Figures 2(b.1,b.2). Additionally, 

the three-dimensional porous network structure of the BC becomes less discernible in 

comparison to the unmodified sample. The image of the material prepared by the 

introduction of apple powder into the cellulose displays the cellulose bundles as more 

visibly distinct, appearing thickened (Figure 2(c.1)). A more detailed examination of the 

surface in the magnified image indicates that it is also coated with apple powder (Figure 

2(c.2)). Images of the material coated with a mixture of stearic acid and apple powder 

(Figure 2(d.1–d.4)) present an intriguing visual representation. The coating mixture forms 

a layer comprising interconnected flakes, which can be likened to wood chips in 

appearance. The flakes exhibit varying dimensions, yet they collectively cover the surface 

of the material with an even and uninterrupted coating. The cross-sectional images of 

A0[S10A60] (Figure 2(d.3,d.4)) permit the estimation of the thickness of the covering layer 

at an average of 17 µm. The samples used for imaging were first subjected to loads likely 

to be encountered during normal use, including pressure and friction. The images show 

that the coating formed by the HST and AP mixture remains stable under such mechanical 

stress. 
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Figure 2. SEM images of materials. Images: (a.1,a.2)—bacterial cellulose (BC); (b.1,b.2)—bacterial 

cellulose modified with glycerol (A0); (c.1,c.2)— pre-treated BC modified with glycerol, then with 

apple powder at a concentration of 40%; (A40); (d.1–d.4)—bacterial cellulose modified with glycerol 

followed by modification with a mixture of HSt at a concentration of 10% and AP at a concentration 

of 60 % (A0[S10A60]). Images (a.1–d.2) show views of the surface, whereas (d.3,d.4) show the cross-

section. 
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2.3. Structural Analysis (FT-IR) 

Information regarding the functional groups and chemical bonds present in the 

materials was derived from Fourier-transform infrared spectroscopy (FT-IR) analyses. 

The chemical composition and structural and conformational differences between 

bacterial cellulose and its modified variants were analysed. The FT-IR spectra of pre-

treated bacterial cellulose were compared with those of BC modified by glycerol and by 

entrapment in apple powder followed by coating in a combination of stearic acid and 

apple powder. The objective of gathering data regarding the structure of materials was to 

elucidate the nature of the alterations and to confirm the chemical modification of BC. The 

collected spectra are shown in Figure 3. 

In the spectra of the materials, bands characteristic of cellulose and the modifying 

agent are visible. However, the applied modifications affected the position, width, shape, 

and intensity of some of those signals and led to the appearance of new peaks. 

In the BC spectrum (Figure 3a), as well as in the AP spectrum (Figure 3b), 

carbohydrate-specific signals can be observed. Absorption bands characteristic of both the 

groups constituting the backbone of the molecule and the interactions between successive 

molecules in the structure were observed. In the functional group region, it is possible to 

observe the presence of O-H stretching vibrations, the absorption of hydroxyl groups of 

carbohydrate (a strong, broad band in the range of wave numbers 3600–2800 cm−1), C-H 

stretching of aliphatic CH2 groups (absorption bands at 2934–2882 cm−1), symmetric 

stretching and out-of-plane stretching of CH2 groups (1425 and 1314 cm−1) [32]. 

Furthermore, in the fingerprint region, detected signals include antisymmetric stretching 

of the C-O-C bridge of the β-1,4-glycosidic bond, C-C and C-O stretching vibrations, C-O-

H bending, and skeletal vibrations of the C-O pyranose ring. The presence of hydrogen 

bonding (as evidenced by a peak at 3341 cm−1) indicates the existence of intramolecular 

connections (Figure 3a). 

Changes in the structure of cellulose, a consequence of its modification during pre-

treatment procedures; plasticization with glycerol (A0); and fusion with AP (A40) can be 

observed in the spectra. An intense band with a peak at 1560 cm−1 (A0) corresponds to 

antisymmetric carboxylate stretching bands (COO−) and resulted from cellulose oxidation 

with hydrogen peroxide. Further modification of this group, a change in band intensity, 

and a new peak (1585 cm−1) are evident in samples of AP-modified cellulose (A40). The 

change is probably due to the involvement of this group in the binding of the modifying 

component of the material. 

In the spectra of BC and A0, an additional peak was identified at 3344 cm−1 in the 

broadband range of 3600–3000 cm−1. This peak can be assigned to the strength of the 

intramolecular O(3)H⋯O(5′) hydrogen bond [33]. However, this peak was not observed 

in A40 or in A40 [S10.A60]. Moreover, this is not the only notable change observed in the 

FTIR spectra in this wavenumber region of materials with AP as a component. Upon the 

introduction of AP to the material, the shape of the entire O-H bond-stretching band was 

observed to undergo a transformation, becoming more curved and indicating changes in 

the intensity value. The aforementioned observation is consistent with the findings of 

previous studies and may be associated with the interconnection of pectin and BC fibres 

through hydrogen bonding. [34]. Concurrently, in the range of 2930–2850 cm−1, the C-H 

bending bond demonstrates the presence of intramolecular bonds between cellulose and 

other components of the material [31]. The observed alterations in the BC spectra suggest 

that both modifiers were incorporated into the BC structure as a consequence of 

interactions between all material components, namely cellulose, glycerol, and pectin. 

Hydrophobic APHSt coating prepared as a fusion of stearic acid and apple powder 

(Figure 3b) exhibits the presence of characteristic bands that can be attributed to the 

presence of the acid. In the stearic acid spectrum, the peaks observed at 2915 cm−1 and 
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2848 cm−1 can be attributed to symmetric and asymmetric stretching vibrations of -CH3, -

CH2, and –CH. Furthermore, the carboxylic acid (C = O) stretching vibration is observed 

as strong bands near at 1700 cm−1. The peaks at 932 cm−1 and 1296 cm−1 correspond to -OH 

bending. The vibration in the region of 1258 cm−1 to 118 cm−1 represents CH2 wagging [35] 

[36]. 

 

 

Figure 3. FTIR spectra of materials based on bacterial cellulose, apple powder, and stearic acid as 

their constituents. (a) shows material FTIR spectra, (b) shows coating layer component spectra. 

Samples codes : BC-pre-treated bacterial cellulose; A0 -BC modified with glycerol; A40 -pre-treated 

BC modified with glycerol, then with apple powder at a concentration of 40%; A0[S10.A60]- pre-

treated BC modified with glycerol and covered with a mixture of stearic acid and apple powder; 

AP-apple powder; APHSt-the mixture of stearic acid and apple powder used as a hydrophobic 

coating. 

In the spectrum associated with APHSt (stearic acid and AP) and A0[S10.A60] (the 

material to which the coating layer was applied) a similar pattern was also observed. 



Int. J. Mol. Sci. 2024, 25, 13746 10 of 24 
 

 

Comparing the spectrum of stearic acid with the spectra of the cover and materials 

changes such as signal weakening can be observed. The intensity of molecular vibration 

was markedly reduced in two regions. The first change concerns the broad band in the 

region from 3560 cm−1 to 3145 cm−1 assigned to O-H bond stretching (APHSt and 

A0[S10.A60]). The further affected bands were at 932 cm−1 and 1296 cm−1 (Figure 3b), 

suggesting interactions with AP influencing -OH bending vibrations. In the spectrum of 

A0[S10.A60], the introduction of the coating resulted in a weakened signal in the region 

from 1080 cm−1 to 980 cm−1, with the absorption peak at 1030 cm−1, which is attribute to the 

bending of C–O–H bonds of carbohydrates [37–39] or C–O–C pyranose ring skeletal 

vibration [37,40,41]. 

2.4. Wettability 

The surface wettability of the materials was studied based on the observation of 

changes of deionized water and diiodomethane droplet geometry. Table 2 shows the 

values of the measured contact angles for samples BC, A0, A40, and A0[S10.A60]. The 

unmodified bacterial cellulose has the strongest hydrophilic character. The addition of a 

modifier in the form of glycerol in the A0 sample leads to only a slight increase in the 

water contact angle. In turn, in sample A40, the nature of the surface changes—in this case 

the modification led to its hydrophobization. The value of the contact angle increased by 

almost twice, and the difference was statistically significant. The value of the contact angle 

reached the commonly considered limit value for hydrophilic surfaces. Modification with 

the mixture of stearic acid and apple powder, A0[S10.A60], significantly enhanced the 

contact angle of the material and reached 124.5°. This phenomenon can be explained by 

the large amount of introduced -CH2- and -CH3 groups originating from the long 

hydrocarbon chain of stearic acid. The hydrophobicity obtained in material A0[S10.A60] 

is identical to that obtained by modification of BC with carboxymethyl cellulose and 

beeswax at a concentration of 40%, modifiers that also belong to the group of natural and 

biodegradable raw materials [27]. The physical entrapment of soy protein isolate and 

glycerol or fungal protein and glycerol in BC is another example of the hydrophobization 

of BC in combination with natural raw materials. The water resistance of these materials 

was found to be approximately 110° [42]. It should be noted that the provided examples 

are not representative of the majority of BC modifications that utilise plant-based raw 

materials. In the general case, these modifications achieve water contact-angle values of 

approximately 80° [43]. 

The values of the surface free energy and its disperse and polar components are also 

shown in Table 1. The polar-component SEP is the sum of the forces of hydrogen, acid—

base, and inductive interactions, while the dispersion component determines the size of 

intermolecular interactions called London forces. Dispersion interactions always occur, 

while polar interactions occur only when polarization of chemical bonds takes place [44]. 

The share of polar interactions is the highest in the unmodified cellulose sample and in 

the A0 sample. Samples modified with stearic acid had an extremely low value of 0.1 

mJ/m2 of the polar component. In this case, the SEP value is also the lowest, which means 

that for this sample, the surface has the lowest adhesion potential. In turn, samples BC 

and A0 achieved the highest SEP values of 95.2 and 54.8 mJ/m2, respectively, and sample 

A40 reached an intermediate value between BC and A0[S10A60]. 

The surface of the materials displays a range of roughness, from a very low level (Ra 

0.3 µm) to a high level (Ra 4.6 µm). The BC roughness values indicate that the surface is 

smooth, which is consistent with expectations, given the high degree of ordering of the 

cellulose fibres. The introduction of glycerol and AP to BC led to an observable elevation 

in the surface’s irregularity, resulting in a notable increase in its overall roughness. This 

effect manifested similarly across both materials A0 and A40 and was statistically 
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significant when compared to BC. The coating layer in the material significantly reduced 

the roughness (A40 vs. A0[S10A60]). Surface roughness does not appear to be the most 

significant factor in the hydrophilicity or hydrophobicity of these materials (Pearson 

coefficient of -0.1). 

Table 2. Water and diiodomethane contact angle, surface free energy with dispersive and polar 

components, and Roughness, where: Ra is average roughness, Rz is average maximum surface 

height, RMax is maximum of all per-sampling-length peak-to-valley heights. 

 Material  

 BC  A0 A40 A0[S10.A60] 

Water contact angle 

[°] 

38.0 ± 3.4 c 44.0 ± 7.5 c 83.1 ± 5.0 b 124.5 ± 2.4 a 

    

Diiodomethane contact 

angle 

[°] 

69.9 ± 2.0 b 74.3 ± 8.5 b 76.0 ± 2.2 b 101.1 ± 3.7 a 

    
Polar component 

[mJ/m2] 
47.5 ± 1.3 44.7 ± 1.7 10.3 ± 1.9 0.1 ± 0.9 

Dispersive component 

[mJ/m2] 
11.6 ± 0.7 10.1 ± 1.7 14.7 ± 0.8 8.3 ± 1.4 

Surface Free Energy 

[mJ/m2] 
59.2 ± 0.9 a 52.7 ± 1.7 b 25.0 ± 1.4 c 8.4 ± 1.2 d 

Roughness     

Ra 

[µm] 
0.3 ± 0.0 b 4.6 ± 1.7 a 4.6. ± 0.9 a 1.2 ± 0.2 b 

Rmax 

[µm] 
2.3 ± 0.2 b 37.7 ± 11.5 a 32.1 ± 8.3 a 8.5 ± 1.7 b 

Rz 

[µm] 
1.8 ± 0.2 b 21.9 ± 7.6 a 21.7 ± 6.9 a 6.4 ± 1.4 b 

Values with the same superscript letter (a, b, c, d) are not significantly different (p > 0.05) according 

a one-way ANOVA (p < 0.05) followed by multiple comparisons using Tukey’s test. The results are 

presented as an average (n = 5) ± standard deviation. Sample codes: BC—pre-treated bacterial 

cellulose; A0—BC modified with glycerol; A40—BC pre-treated modified with glycerol and then 

with apple powder at a concentration of 40%; A0[S10.A60] - BC pre-treated followed then modified 

with glycerol and covered with the mixture of stearic acid and apple powder. Ra—average 

roughness, Rz—average maximum surface height, RMax maximum of all per-sampling-length 

peak-to-valley heights. 

2.5. Antimicrobial Activity 

The antimicrobial activity of BC, A0, A40, and A0[S10.A60] was tested against strains 

of microorganisms belonging to a Gram-negative bacterium (Escherichia coli) and Gram-

positive bacteria (Bacillus subtilis and Staphylococcus aureus), mould (Aspergillus niger), and 

yeast (Candida albicans). Selected microorganisms belong to different taxonomic groups 

and are characterised by different growth physiologies and sensitivities to disinfectants. 

Table 3 provides a summary of the findings from the evaluation of the antimicrobial 

properties of the selected materials in relation to specific microorganisms. 

It was found that the materials, bacterial cellulose modified with glycerol, glycerol 

and AP or glycerol, and AP followed by covering with a mixture of HSt and AP, exhibited 
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antibacterial properties comparable to those of BC when tested on cultures of 

microorganisms, including E. coli, S. aureus, and B. subtilis. No adverse effects on the 

growth of bacteria were observed when any of the tested materials were employed. No 

inhibition zone was identified, and bacteria continued to proliferate beneath the samples. 

Similarly, fungal growth did not indicate the presence of an inhibition zone in any of the 

samples. The formation of a zone of growth inhibition was not observed for any of the test 

materials, nor was increased microbial growth observed in this zone around the materials. 

This can be interpreted as the absence of migration of material modifiers into the culture 

medium. Antimicrobial activity was observed in tests with fungal strains; the growth was 

limited underneath two of the four materials: A0 and A40. Both of those materials were 

obtained as a consequence of modifications conducted using either glycerol alone (A0) or 

a combination of glycerol and AP (A40). This observation is consistent with the literature 

data; in the work of M. Rouhi et. all., the authors observed intense activity against S. 

aureus, E. coli, and C. albicans and a weak antimicrobial effect on Pseudomonas aeruginosa 

for films made using either glycerol or polyvinyl alcohol reinforced with glycerol, 

bacterial cellulose nanocrystals [45]. 

Table 3. The antibacterial effects of materials on E. coli (Ec), B. subtilis (Bs), S. aureus (Sa), C. albicans 

(Ca), and A. niger (An). 

 Material 

Strain BC A0 A40 A0[S10A60] 

 

    

 

    
E. coli (Ec) - - - - 

S. aureus (Sa) - - - - 

B. subtilis (Bs) - - - - 

C. albicans (Ca) - + + - 

A. niger (An) - + + - 

Materials: BC—pre-treated bacterial cellulose; A0—BC modified with glycerol; A40—pre-treated 

BC modified with glycerol, then with apple powder at a concentration of 40%; A0[S10.A60]—pre-

treated BC modified with glycerol and covered with the mixture of stearic acid and apple powder; 

Ec—E. coli; Sa—S. aureus; Bs—B. subtilis; Ca—C. albicans; An—A. niger. 

The antimicrobial effect of A0[S10A60] was different from what was expected. Stearic 

acid was chosen as a coating agent to give the materials additional antimicrobial 

properties. This was based on observations in nature and research results. It is well known 

fact that fatty acids are produced by plants and algae to defend themselves against 

pathogens, including multidrug-resistant bacteria (MDRB) [46]. The literature contains a 
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substantial number of experimental studies that confirm the antibacterial effect of fatty 

acids (both saturated and unsaturated), such as lauric acid, capric acid, palmitic acid, and 

stearic acid [47]. Moreover, some researchers consider them to be a promising option for 

the development of next-generation antibacterial agents to treat a broad spectrum of 

bacterial infections. The most probable explanation for the absence of the considered 

antimicrobial characteristics is the insufficient concentration of HSt to manifest these 

properties concurrently with a substantial quantity of AP in the coating. 

The tested materials were found to have no adverse impact on or demonstrate a low 

level of activity with respect to the growth of the selected strains of microorganisms. 

Consequently, their use in certain contexts, such as in food protection, is not currently 

limited. However, the fundamental assumption of biodegradability has been presented, 

and it can be assumed that the materials will not pose a burden on the environment after 

use. 

2.6. Binding Bacterial Cellulose and Pectin—Modelling Interactions 

In this study, the AP was selected as a main BC modifier. Fruit pomace is mainly 

composed of cell wall polysaccharides, i.e., fibre components such as cellulose, pectin, and 

hemicelluloses [48]. The predominant component of fruit pomace is cellulose, with an  

average content of about 43%, followed by hemicellulose, whose content varies from 

about 20% to 32% [49]. The content of pectin also varies and is influenced by the source 

and the conditions used during the preparation process. In AP, it was found to be 10.91 

%. Pectin is a structural heteropolysaccharide composed of two basic structures: a linear 

homopolymer, homogalacturonan I (HG), and a side-chained polymer [49]. HG is a chain 

of galacturonic acid residues with α-(1–4) linkages, some of which are methyl-esterified. 

The second region is a complex structure composed of a backbone in which the main chain 

includes repeats of α-(1-4)-L-galacturonic acid and α-(1-2)-L-rhamnopyranose residues, 

which are highly substituted by polysaccharides such as arabinan, galactan, or 

arabinogalactan [50]. 

The physicochemical properties of the BC and its modifiers, including 

homogalacturonan and rhamnogalacturonan (RG), were verified, and the mechanisms of 

their mutual interaction were determined. This was achieved through the implementation 

of quantum chemistry and physics tools. A detailed analysis of the systems containing 

isolated BC, HG, and RG was conducted, and the corresponding energies were 

determined to be -338 kcal/mol, -1364 kcal/mol, and -2804 kcal/mol, respectively (see Table 

4). For the combined systems, comprising BC and one modifier, the respective energies 

were found to be --710 kcal/mol (BC with HG) and -7158 kcal/mol (BC with RG). 

The reduction in energy observed in cellulose–polysaccharide composite systems 

with HG and RG polymers is indicative of their thermodynamic stabilization following 

the formation of the mixed biopolymer system. This outcome is observed to arise as a 

consequence of the operation of two distinct synergistic mechanisms. The first mechanism 

is associated with the mutual polarity of cellulose and the pectin fraction to which it is 

being applied. This can be described as the interaction of dipole systems, with mutual 

orientation observed (Figure 4d,e). The contribution of dispersive forces [51] and 

electrostatic interactions, in addition to hydrogen bonding between OH…O groups [52–

54], to the maintenance of the internal cohesion of cellulose microfibrils and the sorption 

of non-cellulosic substances was highlighted as being of significant importance [55]. 

Table 4. The energy of cellulose and polysaccharide components of pectin and combined systems. 

Compound 
Chemical 

Composition 

Energy, E 

[kcal/mol] 

Number of 

Hydrogen Bonds 
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C O H 

Cellulose 80 92 152 −4338 48 

Homogalakturonan 35 30 56 −1364 4 

Ramnogalakturonan 75 62 126 −2804 12 

Cellulose with 

Homogalakturonan 
115 122 208 −5710 97 

Cellulose with 

Ramnogalakturonan 
155 154 278 −7158 82 

The second interaction mechanism is related to the generation of additional 

hydrogen interactions at the phase boundary. This causes the systems to exhibit high 

adhesion and flexibility. The system does not stiffen because no chemical bonds are 

formed; however, physical bonds are observed, which can be broken and regenerated 

relatively easily. The formation of additional hydrogen bonds occurs between groups that 

can readily alter their conformation and fit into the spatial arrangement of cellulose due 

to their low energy requirements. These groups are situated at the extremities of the chains 

(Figure 4d,e). These substructures do not necessitate a conformational alteration of the 

macromolecules; rather, it is sufficient for the fragments of these macromolecules, 

comprising one to two carbon atoms with oxygen and hydrogen atoms, to undergo such 

a change. Furthermore, the modelling demonstrated that the generation of physical 

interactions at the interface (dipole–dipole interactions and hydrogen bond formation) 

resulted in the removal of some water molecules from the macromolecules. These findings 

support the observations derived from the experimental determination of the 

hydrophobicity of materials. The measured water contact angle of A40, the material with 

AP, was 83.1, whereas without the modifying agent (A0) it was 44.0, confirming the 

change in the material’s character to become much more hydrophobic. 

The presence of water molecules adsorbed from the air was observed to interfere 

with the process of maximizing the interaction between cellulose and the corresponding 

pectin (Figure 4e). The empirical data obtained from FTIR analysis also demonstrates 

alterations in hydrogen bonding, which resulted in a weakening of the interactions 

between cellulose and water in the presence of pectin. Hydrogen bonding from cellulose 

with pectin carbonyls as acceptors was suggested in [56]. The thermodynamic parameters 

of hydrogen bonds between cellulose and water indicate competition with hydrogen 

bonds between cellulose and cellulose or between cellulose and another polymer [57,58]. 

 Column I Column II 

(a) Bacterial cellulose 

 

  
(b) Homogalakturonan. 
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(c) Rhamnogalacturonan. 

 

  
(d) Bacterial cellulose with homogalacturonan. 

 

  
(e) Bacterial cellulose with rhamnogalacturonan. 

 

 

 

 

Figure 4. Hydrogen bond map (column I) with an example electron distribution (column II) of the 

modelled structures.of polysaccharides (a–c) and composite systems of bacterial cellulose–

polysaccharide (d,e). 

3. Materials and Methods 

3.1. Reagents 

In the experimental work, hydrogen peroxide (H2O2 30.0 ± 1.0%, Chempur, Piekary 

Śląskie, Poland), sodium hydroxide, (NaOH pellets Merck Sp. z o.o., Warszawa, Poland), 

acetic acid (CH3COOH 99.5–99.9%, Avantor Performance Materials, Poland), glycerol 

(Chempur, Poland), Ethanol (96%, StanLab, Lublin, Poland), stearic acid (Merck Life 

Science Sp.z.o.o. Poznan; Poland), and diiodomethane (CH2I2 99%, CAS Number 75-11-6, 

SigmaAldrich, Saint Louis, MO , USA) were used. All the reagents were used without 
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further purification. The pellicle was provided by Kameleon Kulinarny Joanna 

Grzybowska Łódź (Poland). Powder of apple fibre (100% micronized apple fibre, food 

grade) was purchased from Aura Herbals sp. z o.o., Gdansk, Poland. Bacterial media, 

Tryptic Soy Agar (TSA) with pH ranging from 7.1 to 7.5, were obtained from Merck KGaA 

(Darmstadt, Germany). The medium used in the yeast and mould experiments was Malt 

Extract Agar (MEA, from Merck KGaA). The pH of the medium ranged from 5.4 to 5.6. 

3.2. Production of Materials 

3.2.1. Production of Biopolymer 

The biopolymer was obtained in a bioconversion process using SCOBY. A detailed 

account of the procedure has already been provided. [31]. The symbiotic culture was 

cultivated in a sweetened infusion of black tea for approximately three weeks. Static 

experimental conditions with minimal illumination were maintained throughout this 

period. Once the pellicle of the bacterial cellulose reached a thickness of approximately 1–

2 cm, the process was terminated. The resulting biopolymer layer formed on the surface 

of the solution was then gently removed from the growth medium. 

3.2.2. Bacterial Cellulose Preparation 

The biopolymer obtained from the fermentation process was pre-treated to prepare 

bacterial cellulose and its further modifications. The detailed procedure has been 

presented previously [31]. The main steps of the pre-treatment included washing, 

bleaching, and swelling. Washing aimed to rinse out the remaining growing solution, as 

well as to remove the microorganisms, and was achieved by washing the pellicle in NaOH 

solution (3%), followed by washing in acidic solution (acetic acid, pH 3.0) and bleaching 

with H2O2 solution (5%). After removal of the hydrogen peroxide solution, the biopolymer 

was swollen with an NaOH solution (8%) in an ultrasonic bath (Sono Swiss Sw12H; 

Switzerland). At the end of the pre-treatment procedure, the BC was subjected to a 

washing process with tap water until a neutral pH was attained. 

3.2.3. Bacterial Cellulose Modification with the Apple Powder 

BC modification by entrapping apple powder in the polymer was performed 

following the procedure described previously [31], an adaptation of a modification 

method presented by Kim et al. [42]. The modifying mixtures were prepared by 

combining the apple powder suspension with glycerol as a plasticizer. The concentration 

of AP in the subsequent mixture variants ranged from 10 to 60% by weight of BC, each of 

which was prepared by suspension of the powder in water (the weight of water was 10 

times the weight of BC) and standardisation by homogenisation. After the addition of 

glycerol (30 wt %), the mixtures were first homogenised for a further 2 min, then 

ultrasonicated for 30 min at 25 °C. After adjusting the pH to 10.0 (±0.5) with 1M NaOH 

solution, the mixtures were incubated at 80 °C in a water bath with shaking at 70 rpm for 

20 min. The BC was then immersed in the modifying mixture to ensure that it was 

completely covered and ultrasonicated for 30 min at 25 °C. The modification was 

continued for 1 h in a water bath (35 °C), shaking at 80 rpm. Finally, BC modified at 

different concentrations of AP was dried for 4 days under mild conditions at 35 °C in a 

laboratory oven. 

3.3. Surface Modifications 

The surface of BC or the materials was coated with either stearic acid or a mixture of 

HSt and AP. Four ethanolic solutions of HSt were prepared using 99.9% ethanol to reach 

final concentrations of 1%, 3%, 5 %, and 10 %. Solutions of extreme concentrations, i.e., 1% 
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and 10%, were divided into two bottles with the same concentration, and AP was added 

to one half to obtain a concentration of 60%. Samples of materials were immersed in an 

ethanolic solution or suspension of AP and HSt, and the bottles were closed to avoid 

evaporation. After 24 h of incubation in the water bath at 60 °C, samples of materials were 

removed and transferred to an oven. All the materials were dried for 24 h at 30 °C, and 

the extra powder of the dry samples was removed. The variants of the modifications are 

summarized in Table 5. 

Table 5. The materials prepared by bacterial cellulose modifications. 

 
Material 

Code 

Sample Composition 

Core Coating 

Glycerol 

[%] 

Apple Powder 

[%] 

Stearic Acid 

[%] 

Apple Powder 

[%] 

1 BC 0 0 0 0 

2 A0 30 0 0 0 

3 A0[S1] 30 0 1 0 

4 A0[S3] 30 0 3 0 

5 A0[S5] 30 0 5 0 

6 A0[S10] 30 0 10 0 

7 A40 30 40 0 0 

8 A40[S1] 30 40 1 0 

9 A40[S3] 30 40 3 0 

10 A40[S5] 30 40 5 0 

11 A40[S10] 30 40 10 0 

12 A0[S1.A60] 30 0 1 60 

13 A0[S10.A60] 30 0 10 60 

14 A40[S1.A60] 30 40 1 60 

15 A40[S10.A60] 30 40 10 60 

Samples codes: BC—bacterial cellulose (pre-treated biopolymer after fermentation process); A0—

bacterial cellulose modified with glycerol; A0[S1], A0[S3], A0[S5], and A0[S10]—bacterial cellulose 

modified with glycerol followed by HSt at a concentration indicated by the bracketed numbers; 

A40—bacterial cellulose modified with a mixture of glycerol and AP at a concentration indicated by 

the number; A40[S1], A40[S3], A40[S5], and A40[S10]—bacterial cellulose modified with a mixture 

of glycerol and AP followed by modification with HSt at a concentration indicated by the bracketed 

numbers; A0[S1A60] and A0[S10.A60]—bacterial cellulose modified with glycerol followed by 

modification with a mixture of HSt at a concentration of 1% and 10%, respectively (indicated by the 

respective numbers), and AP at a concentration of 60%; A40[S1.A60] and A40[S10.A60]—bacterial 

cellulose modified with a mixture glycerol and AP followed by modification with a mixture of HSt 

at a concentration of 1% and 10%, respectively (indicated by the respective numbers), and AP at a 

concentration of 60%. 

3.4. Fourier Transform-Infrared Spectroscopy (FT-IR) 

The analyses were conducted using a Nicolet 6700 (Thermo Scientific, Waltham, MA, 

USA) Fourier transform infrared (FT-IR) spectrometer. The measurement region spanned 

4000 to 600 cm⁻1, with a spectral resolution of 2 cm⁻1 and 64 scans per sample. Background 

spectra were obtained prior to each measurement. Spectral data were processed using 

OMNIC ver. 8.0 (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

3.5. Surface Wettability 

The measurement was carried out using an EasyDrop FM40 contact-angle measuring 

system (Krüss GmbH, Germany). The detailed droplet geometry was analysed by means 
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of specialized EasyDrop software (Drop Shape Analysis 1.90.0.14 software (Krüss GmbH, 

Hamburg, Germany). Wetting measurement was conducted in an ambient environment 

(22 ± 1 °C air humidity: 50 ± 5%). The study used the sessile drop method (volume: 0.8 

µL). Measurements were repeated in at least 5 randomly selected locations. 

The wettability of the materials was measured using the sessile drop technique for 

two liquids of different polarity and known surface tension, i.e., distilled water and 

diiodomethane. The wettability measurements were subsequently complemented by an 

assessment of the surface free energy (SFE) based on the Owens–Wendt theoretical model. 

The Owens–Wendt (also Kaelble–Owens–Wendt) method involves determining the 

dispersive and polar components of the SFE based on the Bethelot hypothesis. In order to 

ascertain the SFE, it is necessary to utilise two distinct liquids, namely water (which is 

polar in nature) and diiodomethane (which is dispersive in character), both of which have 

been previously characterised in terms of their surface tension and the polar and 

dispersive components thereof. As a highly polar liquid, distilled water has been 

employed due to the fact that its polar component is 51 mN/m and the dispersive 

component is 21.8 mN/m. The second liquid was diiodomethane, which exhibited the 

following SFE components: polar—2.4 mN/m; dispersive—48.6 mN/m [59]. 

γL = γL
d + γL

p
 

γS = γS
d + γS

p
 

1 + cos Θ =
2

γL
[(γL

dγS
d)

1
2 + (γL

p
γS
p
)
1
2] 

 

where: γL is the free surface energy of the liquid in equilibrium with the saturated water 

vapour of the liquid; γS is the free surface energy of the solid in equilibrium with the 

saturated vapour; γdL and γpL are the dispersive and polar components of measuring 

liquid’s surface energy, respectively; γdS and γpS are the dispersive and polar 

components of SFE of the examined materials, respectively [60]. 

3.6. Scanning Electron Microscopy (SEM) 

The structure and morphology of the of BC and materials were examined by a JEOL 

JSM-6610LV scanning electron microscope working in both high- and low-vacuum 

modes. Prior to the examination, samples were covered with 5 nm-thick layer of gold 

deposited by means of the magnetron sputtering method. 

3.7. Antimicrobial Activity Tests 

The antimicrobial activity of the materials was tested against Staphylococcus aureus 

(ATCC 6538), Escherichia coli (ATCC 8739), Bacillus subtilis (ATCC 6633), Candida albicans 

(ATCC 10231), and Aspergillus niger (ATCC 16404) microorganisms. The microorganisms 

used in the study were obtained from the American Type Culture Collection via 

Microbiologics (Grenoble Cedex, France). The strains were stored on TSA (bacteria) and 

MEA (yeast and moulds) slants at 4 °C. Prior to each experiment, the bacterial and fungal 

strains were activated on TSA and MEA medium, respectively. The cultures were 

incubated at 37 °C for 24–48 h (bacteria and yeast) and 30 °C for 24–48 h (B. subtilis) or 5 

days (moulds); then, an inoculation suspension was prepared. 

The antimicrobial activity of materials was assessed using a qualitative agar diffusion 

plate method according to the modified methodology described in PN-EN ISO 

20645:2006). Two parallel rows of inoculum of the test microorganisms were applied to 

plates containing the respective media at a density of 1 –2 × 106 cfu/cm3 (for fungi) or 1-

2×108 cfu/cm3 (for bacteria). Material samples were then placed perpendicular to the 

growth lines using sterile tweezers and incubated. Microorganisms were cultured on a 
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dedicated medium under specific temperature and time conditions (bacteria were 

cultured on TSA medium at 37 ± 2 °C for 24–48 h, except B. subtilis, which incubated at 30 

± 2 °C; yeasts were cultured on MEA medium at 37 ± 2 °C for 48 h; and moulds were 

cultured on MEA medium at 30 °C for 5–7 days). The nature of growth was observed, and 

zones of growth inhibition were measured. Microbial control samples were also 

inoculated. The method determined zones of growth inhibition under and around the 

textile sample according to the scale shown in Table 6. 

Table 6. Descriptive scale of growth characteristics. 

Growth Inhibition 

Zone 

[mm] 

Growth Characteristics IMPACT 

>1 
Inhibition of growth around and 

under the sample. 

Very good 

activity 
+++ 

0–1 
Inhibition of growth around and 

under the sample. 

Good activity ++ 

0 

The sample did not produce a zone 

of inhibition and did not inhibit 

growth. 

0 
No zone of growth inhibition, slight 

growth under the sample. 
Low activity + 

0 

There was no zone of growth. 

inhibition observed, but growth was 

detected under the sample. 

Lack of 

activity 
- 

3.8. Pectin Content Determination 

The pectin content of the apple pomace was determined using a method originally 

proposed by V. Chandel et al. [61]. The extraction of pectin was conducted using an 

autoclave at a temperature of 121° for a period of 60 min, followed by precipitation using 

ethanol. 

3.9. A Model System of Binding Bacterial Cellulose and Pectin 

The mechanisms of chemical interactions between bacterial cellulose and selected 

components of apple powder, as well as their potential influence on the physico-chemical 

properties of the materials, were determined using tools from chemistry and quantum 

physics. A model system for the interaction between cellulose and homogalacturonan or 

rhamnogalacturonan was created using SCIGRESS v.FJ 2.7 software. The theoretical 

analyses were conducted with the assumption that the compounds under investigation 

had been isolated from their natural environment, which allowed for the exclusion of any 

additional external interactions. The exception to this was the consideration of potential 

interactions with water molecules. The presence of these molecules was accounted by the 

well-established capacity of cellulose to absorb water, including that contained in air. As 

the molecules comprise only three types of atoms (O, H, and C), a semi-empirical method 

was employed, which permitted relatively rapid calculations. 

The application of semi-empirical techniques enabled the determination of changes 

in FTIR spectra, both for pure substances and their mixtures. Subsequently, changes in the 

energy values of the systems were characterised. Furthermore, quantitative alterations in 

hydrogen bonds were mapped out. Based on the modelled structures, analyses of the 

electron distribution on their surface were conducted to illustrate the potential for the 

formation of dipole systems as a means of interaction for the biopolymers under 

investigation. 
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3.10. Surface Roughness 

An analysis of the surface roughness of the samples was performed with a Hommel-

Etamic T1000 profilometer (Jenaoptik Industrial Metrology, Jena, Germany) and EVOVIS 

software (Jenaoptik Industrial Metrology, Jena, Germany) (version 2.00.1.00). The surface 

roughness was determined as average roughness (Ra) [µm], average maximum surface 

height (Rz) [µm], and the maximum of all per-sampling-length peak-to-valley heights 

(RMax) [µm] according to the evaluation procedure defined in ISO 4288: 1997 [62]. 

3.11. Statistical Analysis 

Statistical analysis of the data was performed using R computational language [63]. 

(R Core Team (2022). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL). For post hoc tests, the 

package called Agricolae: Statistical Procedures for Agricultural Research (version 1.3-5) 

was used [64]. The data were analysed using a one-way ANOVA (p < 0.05) followed by 

multiple comparisons using Tukey’s test, with significance set at p < 0.05. 

4. Conclusions 

Bacterial cellulose (BC) is a promising biopolymer with significant potential for the 

development of innovative products and applications. Its properties align well with 

current research trends. Numerous studies have demonstrated that BC can be modified 

in a wide range of ways, imparting desired functionalities and properties while 

maintaining an appropriate quality profile. New research findings continue to 

demonstrate its versatility in various technological applications. The primary objective of 

this study was to develop a material exhibiting hydrophobic characteristics that are 

contrary to the intrinsic properties of bacterial cellulose. Such a material would align with 

the current trends and market demand for biodegradable, naturally derived materials, 

offering a potential alternative to the fabrication of superhydrophobic surfaces using toxic 

and/or expensive materials. The proposed modifications will allow BC to exhibit these 

desired properties. The modification involved the use of waste material derived from the 

juice production process, specifically, apple powder and natural waxes such as stearic 

acid. This objective was successfully achieved. The incorporation of natural wax is likely 

to enhance the resistance of material containing it to microbial attack due to the inherent 

antimicrobial properties of waxes. Traditionally, wax barrier coatings are a natura defence 

mechanism that also protects the fruit from microbial attack, which is what nature uses it 

for. The proposed modification does not have such an antimicrobial effect, presumably 

due to the high AP content of the whole material. In the future, such properties could also 

be obtained by soaking the whole material in a suitable agent whose properties are 

tailored to the intended purpose. 
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