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1. Introduction 

1.1. Cellulose  

Cellulose is the most common organic polymer in nature. It is a high molecular weight 

homopolymer composed of (1→4) –D- anhydroglucopyranose chains linked by ß-glycosidic 

linkages. The geometry of cellulose parallel chains is determined by the intra-and inter-molecular 

hydrogen bonding (1-4). Cellulose has a wide range of sources such as marine animals, plants 

(e.g., cotton, wood) and bacterial sources (5). Bacterial nanocellulose is referred to in literature by 

different names, including bacterial cellulose (6, 7), microbial cellulose (8-10) and even 

biocellulose (11, 12). 

1.1.1. Biosynthesis of bacterial nanocellulose 

BNC has been extensively studied in the medical and pharmaceutical fields over the last three 

decades. In 1886 Adrian J. Brown described BNC for the first time as the formation of a white, 

mechanically stable, gelatinous material formed during the fermentation of vinegar (13). Several 

bacterial genera have been identified as BNC producers such as Agrobacterium, Alcaligenes, 

Pseudomonas and Rhizobium (14, 15). However, the most intensively investigated bacterial 

nanocellulose producer is the rod shaped, aerobic, non-pathogenic Gram-negative bacterium 

Komagataeibacter xylinus (K. xylinus), previously categorized as Actetobacter or 

Gluconacetobacter, which belong to the genera Acetobacteraceae (16, 17). 

The biosynthesis of cellulose by K. xylinus consumes a variety of sugars and carbohydrate sources. 

The most laboratory investigated sugar is glucose, which is provided in the fermentation medium 

(18, 19). For cultivation of bacteria during the biosynthesis of BNC, the well-established Hestrin-

Schramm medium is the most frequently used medium in lab-scale and commercial production 

(20, 21). Its main components are: 2% glucose as a carbon source, 0.5% peptone and 0.5% yeast 
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extract as nitrogen and vitamin source, and sodium phosphate and citric acid to maintain a stable 

pH of 6 (20). Glucose as a carbon source has proven to provide a high cellulose yield, as have 

other carbon sources, such as maltose, fructose, and sucrose (22, 23). A bacterium can convert up 

to 108 glucose molecules per hour into cellulose (24). This bioprocess includes several enzymatic 

reactions, among which is the phosphorylation of glucose into glucose-6-phosphate, which is then 

isomerized into glucose-1-phosphate. This intermediary will yield a uridine phosphate glucose, 

which is considered the building block of nanocellulose (18, 25, 26). The biosynthesis process 

takes place between the outer cell membrane and the cytoplasm membrane of the bacterial cell in 

a synthesizing complex or terminal complexes (TC), which have pores at the surface of the 

bacterium arranged in a lineal form (Figure 1) (24, 25). These linear chains are extracellularly 

secreted into the surrounding medium through the cell pores of the outer cell membrane. Those 

chains will subsequently assemble to form ribbon-shaped fibrils of twisted strands. This process 

is strongly influenced by the pores longitudinal positioning on the K. xylinus cell membrane (18, 

27). The cellulose fibers then aggregate to form a three dimensional (3D) network at the liquid air 

interphase of the culture medium. The formation of the 3D network pellicle is associated with the 

rotation and division of the bacterial cell (28). K. xylinus bacteria produce the cellulose pellicle as 

a survival and protection strategy, as BNC protects the bacteria from predators, UV radiation and 

drying. BNC also helps the bacteria to stay near the surface of the medium, where it can maintain 

a higher oxygen level (29). 

One of the earliest reported commercial products containing BNC is Nata de Coco, a traditional 

South-East Asian dish prepared under static cultivation conditions in coconut water (30, 31). 

Several cultivation types have been developed for scale-up production of BNC, such as agitated, 

static conditions, static conditions featured with fed-bed technology, and a combination of static 

and agitated conditions (32, 33). Moreover, the type of cultivation and the cultivation conditions 
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play a major role in defining the form and size of the produced BNC (15). 

 

Figure 1. A simplified schematic diagram of: A) biosynthesis of BNC by the cultivation of 

K. xylinus in a Hestrin-Schramm medium. B) biosynthesis of cellulose fibrils in the terminal 

complexes located between the cytoplasm membrane and outer cell membrane. C) each cellulose 

fibril consists of multiple cellulose microfibrils which also consist of elementary nanofibrils 

(modified according to (34-36)) 

1.1.2. Properties of bacterial nanocellulose 

The disposition of cellulose synthesizing complexes and the nanometer dimensional fibers (20-

100 nm) form a 3D-network with an enormous surface area held together by hydrogen bonds (34, 

37). The enormous surface area (>150 m2/g) and the free hydroxyl groups will allow the binding 

of large amounts of water up to 99% in addition to high water absorption and water retention 

values. This gives the BNC a hydrophilic character where water is bound in and on the fibril 

network. (38, 39). Although BNC has the same chemical structure of ß-1,4-glucans as plant 

cellulose, BNC surpasses other cellulose sources in various aspects such as higher purity and 

macromolecular properties. The superiority of BNC is highlighted by its high purity, the absence 
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of lignin, hemicelluloses and pectin, a high degree of polymerization of up to 2000-8000, and a 

crystallinity between 73-95%. In contrast, plant cellulose has a polymerization degree of 300-1700 

and a purity <80% (40, 41). The highly crystalline structure combined with the nanometer network 

structure result in the high mechanical stability of BNC, highlighted by a Young’s modulus of 15 

GPa and a tensile strength of 200-300 MPa. This tensile strength is comparable to the strong 

synthesized fibers and heat resistant aramid fibers (Kevlar®) (26, 42). Moreover, BNC has a high 

thermal stability up to 300 °C which allows sterilization by autoclaving (25, 43). BNC can be 

purified from bacterial and medium residues with a simple purification step by boiling with sodium 

hydroxide followed by washing with purified water until reaching a neutral pH (23, 44).  

 

Figure 2. A) Schematic presentation of the typical multilayered BNC biosynthesized in static 

cultivation conditions. B) photography of a turned over native BNC. C) SEM image of the 

nanocellulose network  

The typical static cultivation conditions yield BNC fleeces produced on the liquid/air interphase 

and with a typical multilayered structure (Figure 2). Through scanning electron microscopy (SEM) 

investigations, the top BNC surface in direct contact with air is characterized as a compacted 

cellulose network structure, followed by a porous middle layer and an adjacent gelatinous loose 

prepolymer layer as a bottom layer. This 3-layer structure occurs due to the gradual synthesis of 

cellulose into the medium (25, 45). The properties of BNC are dependent not only on the 

cultivation conditions and the type of cellulose-producing bacteria, but also on the other cultivation 
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conditions such as pH, temperature, and the composition of the cultivation medium (46-52). 

BNC shows high biocompatibility along with other outstanding properties, which facilitates the 

utilization of BNC in the medical and pharmaceutical fields (26, 53), due to BNC’s 

biocompatibility and its 3D-nanostructure which supports cell proliferation (10). The 

biocompatibility of BNC has been proven by ex ovo test, where no irritative reaction has been 

reported (54). In addition, this has been proven by several in vitro cytotoxicity studies such as the 

cell viability assay using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) 

assay using several cell lines like the mouse embryo fibroblasts and Chinese hamster ovary cells 

(55-58). Moreover, in vivo studies have shown the absence of fibrotic capsules and giant cells as 

well as other macroscopic indications of inflammation after an implantation over one year in 

different host species such as mice, rats, Syrian golden hamsters, rabbits, sheep, pigs and humans 

(59-62). According to the American Society for Testing and Material standards (63), BNC can be 

classified as a highly hemocompatible and nonhemolytic material (64, 65). 

1.1.3. Application fields of bacterial nanocellulose 

According to the forecast of Decision Databases (66) the global market of BNC is expecting a 

growth in the period of 2020 until 2025 to reach a value of 539.3 million US dollar reflected in 

several application fields starting from a market value in 2019 of 333.9 million US dollar. This 

expectation is due to the previously mentioned diverse properties of the natural biopolymer BNC 

and the rising number of studies made about this material in several application fields (67). BNC 

has been used widely in the food industry as a desert, dietary supplement, and rheology 

modification agent, where it is also used in low cholesterol diets (30, 68-70). In the food packaging 

industry BNC is used in combination with sorbic acid to increase the safety and shelf-life of food 

products (71). BNC has been registered since 1992 by the FDA as generally recognized as safe 

(GRAS) (72). BNC is used in several other industries and industrial processes such as: filter 
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membrane synthesis (73, 74), the paper industry (75, 76), energy storage, fuel cell membranes and 

other technical applications (77-79). Furthermore, BNC is also used in ocular materials and in the 

cosmetics field in facial masks (80-83). Several cosmetics brands have entered the market with 

their products such as Bio Enzymes™ from the company Talika® (84), Leaders™ from the 

company Leaders Cosmetics® (85) and others such as Biocellulose mask from the American 

company Bel Mondo Beauty, Celmat from BOWIL Biotech in Poland. In Germany various 

companies have brought products to market such as: JeNaCell with Epi Nouvelle+ Basic, and 

MDM Cosmetics with the product Nanodermin. BNC was also introduced in several biomedical 

applications (Figure 3). 

 

Figure 3. Biomedical application fields of BNC 

1.1.3.1. BNC application in the wound dressing and regenerative medicine 

One of the more widely investigated applications is the utilization of BNC as a wet wound dressing 

for chronic wounds, wounds after burn injury, and diabetic foot (26, 86-89). Wound healing is a 
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complex process, which involves different type of cells and products such as collagen and growth 

factors to facilitate the cell proliferation process (90, 91). The warm and humid environment of a 

wound may motivate normal skin flora to enter the wound (92). When skin healing is delayed, 

more aggressive microbes could proliferate and colonize an open wound. The most common 

bacteria in wounds are the Gram-positive Staphylococcus aureus and the Gram-negative 

Escherichia coli and Pseudomonas aeruginosa (93, 94). Therefore, the isolation of wounds with a 

wound dressing to shield an open wound from external contamination is a recommended strategy 

(95). There is demand in the medical field for further development of traditional wound dressings. 

Sulaeva and colleagues (53) concluded that the properties of a modern wound dressing are as 

follows: a wound dressing which provides a moist wound environment, able to absorb exudate 

excess, has appropriate gas diffusion, is antimicrobially active, biocompatible, non-toxic, 

thermally and mechanically stable and painless in removal (53, 96). BNC with its high water 

content, flexibility, simple modification techniques, and other properties can fulfill these 

requirements (26, 97). BNC can build a mechanically stable protective layer between damaged 

skin and the outer atmosphere, which prevents contamination with bacterial and mechanical 

influences while still providing good permeability to gases and liquids (98, 99). Several BNC-

based products have been introduced to the market by various companies, summarized in Table 1. 

BNC-based wound dressings have demonstrated superior wound healing processes in comparison 

to conventional gauze and other traditional wound dressings as shown by Solway and colleagues 

(100, 101), where BNC samples were used in treating diabetic foot and skin tears in a population 

of frail elderly. Solway and colleagues reported painless removal, reduced infection, fast 

epithelialization and faster tissue regeneration rates in comparison to traditional wound dressings. 

Similar findings were also demonstrated in different in vitro and clinical studies (99, 102-105). 

The frequency of changing the wound dressing over the healing period is an important aspect 
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which plays a role in accelerating the wound healing process. In a study by Schmitz and colleagues 

(106), BNC-based wound dressings showed a lower exchange rate and costs savings of up to 70% 

in comparison with traditional wound dressings over an application period of three months (106). 

Several BNC modifications have been also initiated to improve BNC as wound dressing, such as 

the addition of antimicrobial drugs (87) and improving the transparency of BNC which could be 

achieved either by including additives or by the co-cultivation of two cellulose-productive bacteria 

(97, 107). These modifications would facilitate the long-term application of BNC as a wound 

dressing and potentially improve patient compliance. 

Table 1. Examples of BNC-based wound dressing marketed products 

Product name  Company  

BioFill® 

BioProcess® 

NexFill® 

Gengiflex® 

Fibrocel Productos Biotecnologicos LTDA 

(Brazil) 

Membracel® Vuelo Pharma (Brazil) 

BioNext® BioNext (Brazil) 

Suprasorb®X Lohmann & Rauscher GmbH (Germany) 

Cuticell Epigraft® BSN Medical GmbH (Germany) 

Epicite Hydro JeNaCell GmbH (Germany) 

Celmat® Wound Bowil Biotech (Poland) 

DermaFill™ Cellulose Solutions LLC (USA) 

 

Native or modified BNC has been used in several biomedical applications (5, 83, 108-111). For 

example as a replacement membrane for the Dura mater (112, 113), in artificial cornea (114-116), 

cartilage (117, 118), and eardrum (119) and as scaffold for bone regeneration (120-123). 

Furthermore, BNC-based products (BASYC®, BActerial SYnthesized Cellulose) developed by 

Klemm and colleagues (25) demonstrated good suitability as a blood vessel replacement material 
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as shown by other works (65, 124-128). All these application areas rely on the fact that the human 

body does not produce ß-glucosidase enzymes which are responsible for hydrolyzing glycosidic 

bonds in BNC, thus making BNC in general not biodegradable in the human body (129). However, 

several studies have modified the degradability of BNC either by loading the BNC with the enzyme 

cellulase (130), or by chemical modifications such as oxidation by (2,2,6,6-Tetramethylpiperidin-

1-yl)oxyl (TEMPO) or sodium periodate (131, 132).  

1.1.3.2. BNC as drug delivery system 

The unique 3D-nanostructure along with the enormous available surface area and hydrogen bonds 

offer the prospect of using BNC as a drug delivery system (35, 133). This is also enabled by several 

modification approaches on two different levels, during biosynthesis which is called in situ 

modifications and after biosynthesis which is called post-modifications (83, 134, 135). The in situ 

modifications by the addition of additives into the cultivation medium yield modified BNC with 

new properties such as porosity, crystallinity, and density of the inner-structure (136, 137). These 

types of modifications facilitate novel BNC applications as a drug delivery system. For example 

the addition of carboxymethylcellulose lead to denser nanostructure and less elastic BNC with a 

prolonged release behavior of loaded methotrexate (138). The addition of poly(ethylene glycol) 

resulted in a denser structure but with higher transparency of the BNC, which could be useful in 

wound dressing applications (97, 139). Furthermore, Abdelraof and colleagues (140) demonstrated 

in their research an increase in biocompatibility and antimicrobial activity by the addition of glass 

nanocomposites (140). However, the in situ modifications are limited to additives and drugs which 

show compatibility with the cultivation medium and do not impact the viability of the cellulose-

producing bacteria. Furthermore, modifying BNC by the in situ modifications limits the use of 

simple standard purification method (alkaline treatment at high temperature) due to the possible 

heat-sensitivity of the incorporated drug and loading efficiency. (133, 141). Therefore, several 
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post-modifications techniques were developed to modify properties of BNC or to facilitate BNC 

with a bioactivity (83, 133). For example, the addition of ß-cyclodextrin, chitosan, polyvinyl 

alcohol, and sodium alginate improved the mechanical stability of BNC (142-144). These post-

modification techniques could be categorized depending on the type of BNC (wet native, semi 

dried, or dried BNC). Wet native BNC could be loaded with active ingredients by the standard 

sorption method under submerse condition (145, 146), vortexing of native BNC with loading 

medium (147), injection of drug into the core of native BNC (54), perforation of the BNC using a 

laser (118), boiling (148), vacuuming, and spraying of the drug solution (97, 133). Furthermore, 

the drying of BNC promoted the use of other loading techniques like re-swelling of air-dried, semi-

dried, freeze-dried, and critical point dried BNC (54, 149, 150) with respect to the effect of drying 

process on the BNC structure (151, 152).  

The combination of BNC with an active pharmaceutical ingredient via the different modification 

techniques facilitates the usage of BNC as drug delivery system for different therapeutic fields, 

summarized in Table 2. This started with the combination of antimicrobial drugs into BNC to act 

as a modern wound dressing. This type of combination is currently available on the market. The 

German company Lohmann & Rauscher GmbH combined the antimicrobial 

Polyhexanide (polyhexamethylene biguanide, PHMB) with BNC in the product 

Suprasorb® X + PHMB (153). Moreover, the activation of BNC by loading it with plasmid 

facilitates a systemic application as implants (54, 154), and for oral and dental applications by 

loading berberin (148, 155), doxycyclin (132), and paracetamol (156). The packaging industry 

uses BNC as a packaging material. The addition of an active ingredient like antiseptics or natural 

materials to BNC facilitates longer food conservation periods as shown by the addition of nisin 

(157, 158) and vanillin (159). 
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Table 2. An overview of research utilized BNC as drug delivery system for wound management 

and various other applications (modified according to (87, 110))  

Therapeutic group Active pharmaceutical ingredient  

Antibiotics amoxicillin (160), ampicillin (161), ceftriaxone (162), ciprofloxacin 

(163), doxycyclin (132), fusidic acid (164), gentamycin (161, 165), 

nisin (157, 158), tetracycline (166, 167) 

Anticoagulants  heparin (168) 

Anti-inflammatories 

and analgesics  

ibuprofen (149, 169-171), diclofenac (97, 149, 169, 172, 173), 

beclomethasone dipropionate (174), paracetamol (156) 

Antiseptics  benzalkonium chloride (150, 175), PHMB (57, 176, 177), povidone-

iodine (177, 178), octenidine (146, 178), silver sulfadiazine (179) 

Cardiovascular propranolol (180) 

Cytostatic  doxorubicin (181, 182) 

Enzymes  lipase (183) 

Histamine antagonist famotidine (184) 

Local anesthetic  lidocaine (149, 169, 185) 

Metallic particles copper (143, 186), silver (145, 187-191), titanium dioxide (192, 

193), zinc oxide (96) 

Natural substances Brazilian propolis (194), berberin (148, 155), caffeine (169, 195), 

scrophularia striata-extract (142), vanillin (159) 

Protein bovine serum albumin (147, 152, 196), insulin (197), laccase (198), 

sericin (57, 199) 

Relaxants tizanidine (184) 

Vitamins  retinol (200), vitamin B (201) 

 

Drugs loaded into BNC with an n-octanol-water partition coefficient (log P) value below 4 

represent more than 80% of the portfolio of drugs used in combination with BNC (110). This is 

because the hydrophilic nature of BNC presents a major challenge for the incorporation of 

lipophilic drugs. However, the number of the lipophilic preclinical drugs under development has 
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significantly increased over the last 30 years, driven by the relationship between potency and 

ADMET (absorption, distribution, metabolism, excretion, and toxicity) of a drug and its 

lipophilicity (202, 203). Interest in lipophilic drug applications has driven several trials which 

attempt mitigate the hydrophilicity of BNC. These approaches can be categorized into three main 

groups: i) by chemical modifications of the BNC fibers, ii) by enhancing drug solubility, and iii) 

by incorporation of disperse multiphase systems into BNC (110). Several approaches to chemical 

modifications aiming to substitute the hydroxyl groups with reactive functional groups were 

reported in the literature. Examples include: acetylation, amidation, carbamation, esterification, 

etherification, and oxidation (52). Hu and colleagues (204) reported a successful, economical and 

environmentally friendly, solvent-free acetylation trial for BNC using acetic anhydride in the 

presence of iodine as a catalyst. However, hydrophobic characteristics were limited to the BNC 

surface and showed a decrease in the wettability of the BNC. Surface modification yields 

inhomogeneous drug distribution across the BNC structure and will limit it only to the surface. 

Another study by Avila Ramirez and colleagues (205) reported hydrophobization of BNC by 

acetylation with citric acid in a solvent-free medium under fixed reaction conditions. This method 

showed a successful hydrophobization of the BNC surface but caused a decrease in the crystallinity 

and thermal stability of BNC. However, these types of modifications were also limited to 

hydrophobization of the surface of BNC, which led to uncontrolled loading efficiency due to the 

high density of the hydrophobized surface and changes in the BNC structure, such as decrease in 

the BNC pore sizes (184). Another strategy described in the literature is oxidation of BNC with 

TEMPO followed by coupling BNC with lipophilic primary amines or amino acids (tryptophan or 

phenylalanine) (86). However, the modified BNC showed a decrease in the water binding capacity 

and fast release of the loaded lipophilic drugs (indomethacin and diclofenac) within 24 hours. This 

is because the drugs are not homogenously distributed in the BNC and are instead concentrated on 
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the surface of the BNC. Lee and colleagues (206) reported an esterification of the BNC with acetic 

acid, hexanoic acid or dodecanoic acid. This modification reduced the thermal stability of BNC, 

which can potentially limit the use of heat-reliant purification process of the modified BNC. Thus, 

several essential properties of BNC as a drug delivery system are impacted by chemical 

modifications. This results in issues such as low biocompatibility with the tissues of target organ 

as well as uncontrolled drug release due to inhomogeneous loading and drug distribution. 

The second alternative strategy to overcome the hydrophilicity of BNC is by enhancing the drug 

solubility, which is described by several reports in the literature. For example, Xiao and colleagues 

(155) presented an oral application of BNC incorporating the lipophilic berberine hydrochloride. 

They enhanced the solubility of berberine hydrochloride by forming an inclusion complex of 

berberine hydrochloride and cyclodextrin. This method was also demonstrated for other drugs like 

curcumin (207). Cyclodextrin formed nano-sized macrocycles, which are characterized by a 

hydrophilic outer surface surrounded by hydroxyl groups and an internal lipophilic cavity covered 

with glycosidic oxygens and hydrogen bonds (208). Although this method would facilitate the use 

of BNC as drug delivery system for lipophilic drugs, it is limited to the size of the lipophilic cavity 

of cyclodextrin. Thus making the cavity size of cyclodextrin the determinant factor when choosing 

drugs to be incorporated within BNC. Moreover, the formation of cholinium-based ionic liquids 

with lipophilic drugs demonstrated an effective method to incorporate lipophilic drugs as shown 

by Chantereau and colleagues in two different studies (201, 209), where they demonstrated a 

successful incorporation of vitamin B, ibuprofen, ketoprofen and naproxen to the hydrophilic 

BNC. Alternatively, the modification of the drug itself by forming highly-water soluble salts was 

presented as an efficient method by Huang and colleagues (148), where they used the higher- 

solubility berberine sulfate and compared it with the low-solubility berberine hydrochloride form. 

The modification of the drugs to form better soluble salts is an effective method, but it is limited 
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to a handful of drugs which have active charged moieties. Moreover, a recent study by Silva and 

colleagues (169) demonstrated the use of ethanolic drug solutions such as by dissolving ibuprofen 

in ethanol or the addition of a cosolvent such as glycerol to enhance the solubility of the lipophilic 

drugs ibuprofen and diclofenac (149, 173). The addition of a cosolvent demonstrates an effective 

alternative method to incorporate lipophilic drugs, although the presence of cosolvents could 

negatively influence some of the properties of BNC such as its moisturizing properties and high 

biocompatibility (210, 211). 

Recently, the BNC scientific community explored an alternative strategy to incorporate lipophilic 

drugs into BNC by formulating drugs into a disperse multiphase systems. In 2015, Numata and 

colleagues (200) reported the incorporation of retinol into BNC by the utilization of poly(ethylene 

oxide)-b-poly(caprolactone) PEO-b-PCL solid nanoparticles. However, the triblock copolymer 

PEO-b-PCL nanoparticles showed a high affinity to BNC (212). Additionally, an incomplete 

release of retinol from the BNC was reported due to the lack of stability of the solid nanoparticles 

and an early release of the retinol within the BNC structure. This led to a low total release of retinol 

from the BNC and the maximum release occurred after only 4 hours (200). In another study, an 

incorporation of the flavonoid natural product silymarin in BNC, which has a poor bioavailability 

due to its low water solubility, has been reported. Tsai and colleagues (213), formulated silymarin 

and zein to form spherical nanoparticles which were able to adsorb on the BNC nanofibers. This 

addition of silymarin/zein nanoparticles enabled BNC to have an antioxidant and antibacterial 

effect, which could facilitate the use of BNC in the packaging industry. However, the addition of 

the silymarin/zein nanoparticles decreased the water binding capacity of BNC (213). In addition, 

Marquele-Oliveira and colleagues (6) incorporated the lipophilic Brazilian propolis into BNC by 

employing a liquid self-microemulsifying formulation. This method required an isotropic mixture 

of oil, surfactant, and cosurfactant to yield a microemulsion upon mixing with water. The loading 
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process into BNC was performed after a solvent exchange of BNC, where the water was removed 

by pressure and replaced with 96% alcohol. The BNC/propolis film showed a sustained release 

and a high level of antimicrobial activity against both Gram-negative and Gram-positive bacteria.  

1.2. Dermal applications 

While the topical application of a drug can target conventional dermal diseases, wound injuries, 

and cosmetics, dermal application could be an alternative application route to the oral route when 

treating acute and chronic diseases by so called “transdermal applications” (214). Both dermal and 

transdermal application routes offer many advantages such direct targeting of injured areas of the 

skin, increased bioavailability by avoiding gastrointestinal absorption, bypassing the first-pass 

metabolism, reducing the frequency of dosing, avoiding drug-drug interactions by combined 

therapy, and reducing side effects (215). However, the efficiency of topical and transdermal route 

is dependent on properties of the chemical compounds, where compounds with a molecular weight 

below 500 Dalton and a log P value between 1 and 3 best can penetrate the stratum corneum and 

are generally accepted candidates for transdermal applications (216, 217).  

A number of approaches has been developed to increase the penetration and permeation of drugs. 

Physical methods such as microneedles and magnetophoresis (218-220), chemical methods such 

as alcohols, fatty alcohols, and glycols (221, 222) and carrier and vehicle methods like micelles, 

liposomes, nanoemulsions and gels (Figure 4) (223-227).  

1.2.1. Liposomes 

In 1965, Alec Bangham described liposomes as spherical vesicles composed of a phospholipid 

bilayer containing an aqueous core with the ability to encapsulate hydrophilic and lipophilic drugs 

(228). In general, liposomes provide a suitable platform for lipophilic drugs to increase their 

solubility, stability and half-life to achieve higher bioavailability as well as reduced toxicity and 

widen the therapeutic index for different application routes including the oral, dermal and 
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parenteral routes (229, 230). Liposomes provide a drug delivery system to transport drugs into 

deeper layers of the skin. In 1980 Mezei and colleagues (231) reported the transdermal delivery of 

triamcinolone acetonide five times higher than that of conventional ointment into the skin. 

Liposomes can be formulated from a single phospholipid or from a combination of different types 

of phospholipids. Phosphatidylcholine is one of the most common used phospholipids (232). The 

first liposomal product was introduced into the US market in 1995 with the name Doxil® for the 

treatment of ovarian cancer and AIDS-related Kaposi’s sarcoma (233). Several other liposomal 

formulations are undergoing clinical trials, and over 20 products have entered the US and European 

markets from different therapeutic groups such as cytostatics, antimicrobials, opioids, local 

anesthetics, photosensitizers, immunostimulants, or vaccines (225, 234). 

 

Figure 4. Schematic overview of different carrier systems including Poloxamer micelles 

(6 – 10 nm), liposome, O/W and W/O/W nanoemulsions (90 - 150 nm) and Poloxamer gels.  

1.2.2. Nanoemulsions 

Nanoemulsions are described as a heterogeneous system where two immiscible liquids are 
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dispersed, the dispersed phase (droplets) and the outer continuous phase (the liquid surrounding 

the droplets). The system is stabilized by an interfacial layer of emulsifiers and co-emulsifiers 

(235, 236). Generally, nanoemulsions have a droplet size range between 20 and 500 nm. Due to 

the small droplet size they can be optically transparent to opalescent (237). Nanoemulsions have a 

higher solubilization capacity in comparison to simple micellar dispersions and a high kinetic 

stability (238). Based on the components and the type of emulsifiers, nanoemulsions could be 

categorized into three types: water in oil (W/O) where water is the dispersed liquid in the 

continuous oil phase, oil in water (O/W), and water in oil in water (W/O/W) multiple 

nanoemulsions (239). Nanoemulsions formulations have been used in different application routes 

such as oral, ocular, pulmonary, parenteral, and dermal routes (238). Shakeel and colleagues (240), 

described the ability of nanoemulsions formulations to improve the permeation of the drugs 

ketoprofen and celecoxib in comparison to other conventional gel formations. Several 

nanoemulsions formulations have reached the market (238, 241) such as Liple® which contains 

prostaglandin E1 for intravenous vasodilation, diazepam nanoemulsions with the name 

Diazemuls®, and propofol nanoemulsions under the name Diprivan® (238). Nanoemulsions need 

to be formulated into secondary structure to realize dermal long-term applications due to their low 

viscosity. 

1.2.3. Poloxamer micelles and gels 

In 1950, BASF Corporation launched Poloxamer products in various markets. Poloxamers have 

several trade names, such as Pluronic®, Synperonic®, and Tetronic® (242). The non-ionic 

Poloxamers are composed of the hydrophilic poly(ethylene oxide) (PEO) and hydrophobic 

poly(propylene oxide) (PPO) blocks in the form of a triblock copolymer (PEO/PPO/PEO) (243). 

Several grades of Poloxamers could be obtained by changing the ratio of the hydrophilic PEO to 

the lipophilic PPO (244). Poloxamers show a temperature and concentration dependency in their 
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self-assembling and gel formation behaviors. Poloxamers can self-assemble above certain 

concentration, known as “critical micelle concentration” (CMC), in which the hydrophobic PPO 

blocks dehydrate in higher temperatures and become less soluble. These phenomena will lead to 

the formation of micelles with a dehydrated PPO core and hydrated PEO shell form. By further 

increasing the concentration and temperature above a certain temperature, known as the “sol-gel 

temperature”, micelles will get packed and form gels (245, 246). Poloxamers are listed in both 

United States pharmacopoeia (USP) and European pharmacopoeia (Ph. Eur.) as non-toxic and non-

irritant excipients where they are used as a solubilizer, emulsifier, or stabilizer (247). Poloxamers 

have been used in diverse fields of pharmaceutical applications such as tissue engineering, wound 

healing, and drug delivery systems (248-251).  

1.2.4. Therapeutic groups for dermal applications 

By employing different penetration enhancement approaches, dermal and transdermal application 

routes could present alternative administration routes for a broader group of drugs, such as 

antimicrobials, antiseptics, antiviral, anti-inflammatory, antioxidants, hormones, and 

corticosteroids (252, 253). In the following sections, the drugs applied within this thesis are 

introduced and described. The lipophilicity of a drug is an important parameter for its skin 

penetration capability. The three chosen drugs were selected due to their high lipophilic properties, 

low penetration ability, and as proof-of-concept for the use of BNC as a drug delivery system for 

dermal applications. 

1.2.4.1. Coenzyme Q10  

Coenzyme Q10 (CoQ10), which is also called ubiquinone, consists of a p-benzoquinone ring with 

a polyisoprenoid side chain (254). It is a fat-soluble vitamin-like molecule. CoQ10 can be found 

occurring naturally in cellular membranes (255). In 1957, CoQ10 was first isolated from beef heart 

mitochondria by Frederick Crane (256). CoQ10 has an important role in the energy producing 
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metabolic pathways, where it acts in the synthesis of adenosine triphosphate (ATP) as an electron 

transporter from the reduced nicotinamide adenine dinucleotide phosphate (NADPH) and 

succinate dehydrogenase to the cytochrome system (255). As well as the role of CoQ10 as an 

antioxidant by reduction of pro-oxidative compounds which leads to a reduced level of lipid 

peroxidation (257). CoQ10 became one of the most used dietary supplement, due to its 

contribution in treating different diseases (254). Several companies introduced CoQ10 

preparations into the market such as Dr. Loges + Co. GmbH with their product Q10-Loges® 

Concept as capsules. Moreover, most of the CoQ10 medical products were for the oral route in 

which CoQ10 has a poor gastrointestinal tract absorption profile, where 2-10 hours are required to 

reach the Tmax due to its high molecular weight (863 Da) and poor water solubility (254). 

Therefore, other routes of administration have been studied, especially dermal routes (258-261). 

 

Figure 5. Chemical structure of the coenzyme Q10 (modified according to (254)) 

 

1.2.4.2. Boswellia serrata-extract 

The natural gum resin Boswellia serrata can be obtained by the incision of the stem or branches 

of Boswellia serrata. The main components of this extract are volatile oils, pure resin, and mucus. 

The resin contains around 30% of its weight in boswellic acids (262). This plant is native to India, 

and its extract is widely used in traditional ayurvedic medicine (263). The boswellic acids are 

pentacyclic triterpenoids, which can exist in two configurations (α or β) (Figure 5). However, 
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different pharmacological studies indicated that β-configured acids have stronger bioactivities than 

the α-configured ones (264). Boswellic acids present a promising natural alternative to non-

steroidal anti-inflammatory drugs (NSAIDs). The two main boswellic acids are the 3-O-acetyl-11-

keto-β-boswellic acid (AKBA) and 11-keto-β-boswellic acid (KBA) which are recognized as 

highly effective anti-inflammatories (263, 265).  

COOH

R

R = H  KBA
R = Acetyl AKBA  

Figure 6. Chemical structure of the two boswellic acids AKBA and KBA (modified according to 

(263)) 

Chronic inflammatory diseases could be promoted by an excess over-production of leukotrienes 

(LTs), where LTs are a potent mediator which start the inflammatory response. One anti-

inflammatory strategies is to inhibit the biosynthesis of LTs by inhibition of the enzyme 5-

lipoxygenase (5-LO), as 5-LO initiate biosynthesis of LTs by oxygenation of the arachidonic acid 

which yields at the end LTs (266). In a recent study Gilbert and colleagues (267) indicated that 

boswellic acids could inhibit the biosynthesis of LTs not only by inhibiting the 5-LO but also by 

provoking a change in the region-specificity towards a 12-lipoxygenating enzyme (267). 

Furthermore, the usage of boswellic acids in wounds has demonstrated a beneficial effect on 

fibroplasia and collagen synthesis (268). 

However, the two main boswellic acids have a high lipophilicity of a log P of 8 for AKBA and 7 

for KBA. This characteristic causes low solubility and bioavailability of the boswellic acids. 



Introduction 

21 
 

Therefore, research to improve the bioavailability for oral or dermal applications has been 

performed (269). However, a repeated long-term application is needed for the boswellic acids, due 

to their short half-life which is about 6 hours for KBA. 

1.2.4.3. Octenidine 

Octenidine hydrochloride is a bispyridine antimicrobial compound. It is composed of two cationic 

pyridine residues which are separated by ten methylene groups (270). Octenidine is stable in a 

wide pH range between 1.6 to 12.2 (271). The two non-interacting cation-active centers give 

octenidine the ability to bind readily onto negatively charged bacterial cell membranes. Octenidine 

demonstrates a broad-spectrum of antimicrobial effect, covering Gram-negative and Gram-

positive bacteria and fungi as well as several viral species (272). It has low toxicity in comparison 

to other ammonium compounds such as benzalkonium chloride due to the lack of an amide and 

ester structure (270). Moreover, octenidine does not develop resistance with loss of effectivity, in 

contrast to other antiseptics (273). Several studies showed that octenidine is effective at low 

concentration of 0.1% (274, 275). Besides the use of octenidine in dental applications, it is widely 

used to treat open wounds and skin burns (276). Although octenidine shows a high level of 

antimicrobial activity, no adverse effects on the epithelial or wound tissues have been registered 

(277-279). 

2Cl-

2Cl-

 

Figure 7. Chemical structure of octenidine dihydrochloride (modified according to (271)) 
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2. Objectives 

The natural biopolymer BNC has been widely investigated in the medical and pharmaceutical 

fields as a drug delivery system and wound dressing for acute wounds. However, these applications 

are still limited to hydrophilic drugs due to the strong hydrophilicity of BNC. The incorporation 

of lipophilic drugs is still a challenge for further exploitation of BNC as a drug delivery system for 

dermal applications and wound dressings for acute and chronical wounds.  

For the realization of a BNC-based drug delivery system for dermal applications, three different 

lipophilic drugs to treat acute and chronic infected skin were selected. These are the anti-

inflammatory Boswellia serrata extract, antioxidant Coenzyme Q10, and the antiseptic octenidine. 

The selected drugs would be incorporated into BNC by the formulation with nanoscale colloidal 

carrier systems including micelles and O/W and W/O/W nanoemulsions as well as hydrogels and 

liposomes as a reference system. The preparation and characterization of the carrier system should 

be optimized to obtain stable nanocarrier systems with regard to hydrodynamic diameter and zeta 

potential in the relevant storage, handling, and body temperature. Additionally, this thesis focuses 

on the selection of a suitable loading technique to achieve a homogeneous drug distribution within 

the BNC network and a high drug loading efficiency of the lipophilic drugs into BNC. Therefore, 

the loading of drug loaded carrier systems into BNC was investigated via several post-modification 

loading techniques. In view of the intended application as dermal drug delivery system and wound 

dressing, the mechanical stability of BNC is an essential property during handling and application. 

Therefore, the impact of the incorporation of the carrier systems on the mechanical stability of 

BNC have to evaluated. Regarding the ability of BNC to absorb wound exudates, the water binding 

capacity of BNC loaded with the carrier system have to determined. In addition, the 

biocompatibility of the newly developed BNC with and without carrier systems must be 

investigated to avoid unexpected skin or tissues irritation effects. 
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For treating acute and chronical skin infections, the drug release has to be optimized for a short-

term application within 24-48 hours to treat acute infections and a long-term drug over a period of 

one week for treatment of chronical infections. Therefore, this investigation has to be performed 

by studying the effect of the physiochemical characterization of the different carrier systems on 

the release behavior, and by determining of the effect of using different loading techniques and 

types of BNC (native or freeze-dried BNC) on the release behavior of the lipophilic drug.  

Although native BNC per se does not show antimicrobial activity, the incorporation of lipophilic 

drugs into BNC would fulfill this gap. Hence, the impact of loading and release on the 

antimicrobial activity of octenidine has to be tested. In addition, the ability of the BNC-based drug 

delivery systems to deliver the lipophilic drug into the skin has to be investigated by skin 

penetration studies.  
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Publication 1 

Overcoming the hydrophilicity of bacterial nanocellulose: Incorporation of the lipophilic 

coenzyme Q10 using lipid nanocarriers for dermal applications 

Alkhatib, Y., Blume, G., Thamm, J., Steiniger, F., Kralisch, D., Fischer, D. 

Published in: European Journal of Pharmaceutics and Biopharmaceutics, 2021, 158, p. 106-112 

In this presented study, loading of lipophilic drugs into the hydrophilic BNC was investigated. 

Lipophilic CoQ10 was formulated with three different types of colloidal carrier systems: 

liposomes, O/W and W/O/W nanoemulsions. The physiochemical characterizations of the loaded 

carrier system demonstrated stable hydrodynamic diameters and zeta-potential over a period of 30 

days. The carrier systems were in the range of about 90-120 nm and a negative zeta-potential. BNC 

was loaded with the drug loaded carrier systems by different loading techniques which yielded 

high loading efficiencies as well as homogenous distribution of CoQ10 in the 3D-structure of 

BNC. The loading of the carrier systems did not have an impact on the high mechanical stability 

of BNC. The type of carrier system and the loading technique were used the two major factors 

influencing the release behavior of CoQ10, which were investigated by using Franz diffusion cells 

test. Both O/W and W/O/W nanoemulsions with and without BNC delivered CoQ10 into the skin. 

However, the CoQ10 distribution in the skin layers was reliant upon the type of carrier system 

used. 

The incorporation of the drug loaded carrier systems facilitates the use of BNC as drug delivery 

system for lipophilic drugs with high loading efficiency, this opens up new possibilities for the use 

of BNC.  
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Published in: International Journal of Pharmaceutics, 2020, 587, Article 119635 

In this presented study, the utilization of BNC in combination with the lipophilic Boswellia 

serrata extract was investigated for anti-inflammatory skin treatment. Hence, the Boswellia 

serrata extract was formulated into O/W and W/O/W nanoemulsions formulations. These 

nanoemulsions demonstrated stability with regard to the hydrodynamic diameters and potentials 

in the three relevant temperatures over a 30 day period. The loading of the drug loaded 

nanoemulsions via the post-modification submerse absorption loading technique revealed a 
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loading efficiency of about 10%. Native BNC maintained its unique properties, such as softness 

and mechanical stability, after the incorporation of the drug loaded nanoemulsions. Biphasic 

release profiles were obtained via Franz cell diffusion test for both AKBA and KBA incorporated 

in the two nanoemulsions. Through the shell-less hen’s egg test, it was shown that the loading of 

BNC with the two nanoemulsions did not influence the unique biocompatibility of native BNC. 

Both AKBA and KBA were detected in the different layers of skin via HPLC after skin penetration 

studies using porcine skin. The penetration of the boswellic acids was influenced by the type of 

the nanoemulsions, application time and frequency of application.  

In summary, the incorporation of the lipophilic Boswellia serrata extract into BNC is facilitated 

by utilizing nanoemulsions to deal with the hydrophilicity of BNC.  
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Controlled extended octenidine release from a bacterial nanocellulose/Poloxamer hybrid 

system 

Alkhatib, Y., Dewaldt, M., Moritz, S., Nitzsche, R., Kralisch, D., Fischer, D. 

Published in: European Journal of Pharmaceutics and Biopharmaceutics, 2017, 112, p. 164-176 

Several studies reported the use of BNC as drug delivery system. However, the controlled release 

of a drug was limited to short and moderate-terms, and no study has reported a long-term 

application. In this presented work, incorporation of the antiseptic octenidine in combination with 

Poloxamers 338 and 407 at micellar and gel concentrations was investigated. The utilized systems 

were characterized for their hydrodynamic size, surface charge, and dynamic viscosity. The critical 

micellar concentration and the gelation temperature was determined for both Poloxamer 338 and 

407. The obtained release profiles of octenidine by Franz cell diffusion system revealed that the 

release behavior is impacted by the type and concentration of Poloxamers. For the first time a 

controlled release up to seven days was achieved by using Poloxamer 408 at the gel concentration. 

The incorporation of Poloxamers at the gel concentrations improved the mechanical stability of 

BNC. In addition, the newly developed system showed no impact on the high antimicrobial activity 

of octenidine against Staphylococcus aureus and Pseudomonas aeruginosa via agar diffusion test 

and the quantitative Live/Dead® BacLight™ kit. Moreover, the incorporation of Poloxamers into 
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BNC did not impact the outstanding biocompatibility of native BNC after local application in a 

shell-less hen’s egg test. 

To sum up, the loading of octenidine in combination with Poloxamers into BNC resulted in a 

wound dressing system for long-term applications.  
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5. Discussion 

The natural biopolymer bacterial nanocellulose is intensively investigated and developed as a 

novel biomaterial for a variety of applications in life science. The biomedical field’s interest in 

BNC has grown over the previous decades due to the unique 3D-nanostructure, enormous surface 

area, and its outstanding biocompatibility. BNC has been used utilized in scaffolds (280, 281) and 

tissue engineering (282, 283), wound dressings (5, 87, 163), drug delivery systems (110, 133, 284), 

cosmetics (80), and various other applications (70). BNC is also used as a drug delivery system by 

incorporating small molecules (149, 173, 177) and macromolecular substances (54, 152, 178). 

However, a clear trend is observed with more than 80% of the active pharmaceutical ingredients 

(API) used in combination with BNC targeting to act as a drug delivery system, being hydrophilic 

with a log P value of 4 or below (110). Due to the hydrophilic character of BNC and the high water 

content of more than 90%, loading of lipophilic drugs is considered challenging with the need for 

further development. This is reflected in the limited number of publications describing lipophilic 

molecules being loaded into BNC without chemical modifications (110). On the other hand, 

several concepts have been described in the literature to overcome the hydrophilicity of BNC, such 

as modification of drug solubility using different approaches (148, 195, 207, 209) or the chemical 

modification of BNC (86, 184). However, those modification approaches are restricted due to 

either the limited number of compatible drugs or the changes the impose upon the unique 

properties of BNC (97, 184, 211).  

Although a higher number of lipophilic drugs have been developed in preclinical research (203), 

combining and the using them with BNC is limited due to the high hydrophilicity of the BNC. The 

presented work focused on the investigation of BNC as a drug delivery system for the controlled 

release of lipophilic drugs targeting dermal applications. The utilized strategy is considered as an 

alternative method to the previously mentioned modification aspects. Preferentially, post-loading 
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techniques were selected since they are less stressful for drugs and additives and are easy to 

perform (54, 133, 147). Additionally, the reproducibility was higher than for in situ loading since 

the growth of cellulose producing bacteria can be negatively affected by drugs or additives leading 

to inhomogeneous BNC network and thus uncontrolled loading and release (148, 166). 

In this work, BNC was biosynthesized by static cultivation of K. xylinus (DSM 14666) in Hestrin-

Schramm medium at 28 °C in 24 well-plates (54, 97, 152). The choice of the cultivation type and 

the cellulose-producing bacteria was based on the facts that the BNC produced by K. xylinus is 

well-established and extensively characterized for use as a drug delivery system (97, 110). The 

produced BNC was characterized by high mechanical stability, high crystallinity, enormous 

surface area which facilitate the uptake of a large amount of drug (80, 107, 285). The biosynthesis 

of BNC under static cultivation conditions was shown to be a reproducible and robust process (23, 

286), which yields a white gelatinous material at the air-medium interface. The BNC was purified 

by alkaline treatment followed by washings and an autoclaving step, promoting a loss of heat-

sensitive compounds, such as chemicals and bacterial residues like bioactive compounds and 

lipopolysaccharides which is an important aspect regarding the biocompatibility of BNC (44, 83, 

287).  

The optimization of loading and release for lipophilic drugs was investigated with regard to several 

aspects: utilized carrier system, loading technique and efficiency, release behavior, 

physicochemical characteristics, and biocompatibility of the loaded BNC. Three drugs were 

chosen as representatives of small molecules lipophilic drugs with a log P values in the range of 

7-10: Coenzyme Q10 (CoQ10), Boswellia serrata-extract, and octenidine. They are considered 

well-established compounds for dermal applications as antioxidant, anti-inflammation, and 

antiseptic agent, respectively (254, 268, 270). Several advantages could be obtained by the 

combination of BNC and these drugs for a local dermal application with tailor-made release 
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profiles. These strategies aimed to have a controllable release for acute and long-term applications 

which reduces the number of applied doses for a given treatment plan, the frequency of dosage, 

and reduce side effects of the drugs and increases patient compliance.  

To incorporate the lipophilic drugs into the hydrophilic BNC matrix, five different nanostructured 

carrier systems were selected. The choice of the carrier systems was based on a major property; 

the carrier systems were characterized as a disperse multiphase system with an aqueous outer phase 

enabling compatibility with the hydrophilic BNC environment. The first two investigated systems 

were single O/W nanoemulsions and double W/O/W nanoemulsions. Both nanoemulsions were 

composed of natural components with saturated oils and can be considered tolerable and skin 

friendly, since the surfactants and co-surfactants ratio when compared to typical nanoemulsions 

formulations is 3-folds lower (288, 289). The third system was a micellar system represented by 

two micellar systems of two different Poloxamers (Poloxamer 338 and 407, separately). 

Poloxamer micelles were formed at concentration above the CMC of 10% and 5% for Poloxamer 

338 and 407, respectively. The forth system was a Poloxamer gel system represented by two 

different gels consisted of the Poloxamers 338 and 407 at a concentration of 22% and 18.5%, 

respectively. The thixotropic Poloxamer gels were formed at higher concentrations and 

temperatures and have a similar composition to the Poloxamer micelles since the gel are consisting 

of a large population of micelles (244, 290). Finally, the fifth investigated carrier system were 

liposomes, as a reference drug delivery system, composed of 10% Lipoid S75®. 

CoQ10 and boswellic acids were formulated with O/W and W/O/W nanoemulsions by the top-

down high-pressure homogenization and octenidine Poloxamer micelles and gels were prepared 

by dissolving the Poloxamer into octenidine stock solution under constant stirring at 4 °C in a 

temperature-controlled refrigerator to obtain the micellar and gel systems. The obtained drug 

loaded carrier systems have been physiochemically characterized with regard to the hydrodynamic 



Discussion 

75 
 

size as summarized in Table 3. All obtained carrier systems were characterized with a 

hydrodynamic size in the nanoscale with neutral to negative zeta potential values except for the 

Poloxamer gels which have a macrostructure (291). The octenidine cationic charge was masked 

by Poloxamer micelles to reveal a non-charged surface by the zeta potential measurements (292). 

Additionally, O/W and WO/W nanoemulsions and liposomes formulations demonstrated a 

stability over 30 days in three different temperatures: 4 °C as a storage temperature, room 

temperature for handling, and 37 °C temperature as body temperature.  

Table 3. An overview of the hydrodynamic size and zeta potential of the prepared drug loaded 

carrier systems  

Carrier system Hydrodynamic size 

(nm) 

Zeta potential (mV) 

Poloxamer 338 + octenidine 9.8 1.78  

Poloxamer 407 + octenidine 10.6 4.25  

Liposomes + CoQ10 98.0  −62  

O/W nanoemulsion + CoQ10 114.5  −68  

W/O/W nanoemulsion + CoQ10 94.1  −72  

O/W nanoemulsion + boswellic acids 149 −72  

W/O/W nanoemulsion + boswellic acids 113 −80 

 

Moreover, the O/W and O/W/O nanoemulsions showed a dynamic viscosity measured at shear 

rate of 100/s and a temperature of 20 °C of 6.67 and 3.92 mPa*s, respectively. The octenidine 

loaded Poloxamer gels demonstrated a viscosity at 20 °C with 579.64 and 487.53 mPa*s for 

Poloxamer 338 and 407 gels, respectively. And a lower viscosity at 4 °C of 116.85 and 56.65 

mPa*s for Poloxamer 338 and 407 gels, respectively. The obtained viscosity values could be 
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explained by the fact that Poloxamer gels are thermoreversible gels (246). 

To summarize the results of the publications contributed in this work (293-295), several major 

aspects are going to be highlighted in the following sections such as the loading and release 

behavior, physiochemical properties presented by water binding capacity and mechanical stability, 

biocompatibility, bioactivity and penetration ability. The first aspect to be mentioned, is the 

loading efficiency. The incorporation of CoQ10 O/W and W/O/W nanoemulsions and liposomes 

formulations into the BNC 3D-nanofiber structure was performed by the submerse absorption 

technique over 48 hours on an orbital shaker (146, 166, 177). This process yielded a loading 

efficiency of CoQ10 into BNC of about 10%, which is related to the ratio between the BNC (1 mL) 

and the loading solution (10 mL). The obtained loading efficiency is comparable to the values 

reported in literature for hydrophilic molecules using the same loading technique at the same ratio 

(147, 152, 177). The formulation of CoQ10 with the O/W and W/O/W nanoemulsions and 

liposomes formulations followed by loading into BNC showed a homogenous drug distribution 

over the BNC network without recrystallization phenomena. This contrasts with the loading of 

CoQ10 after dissolving in 100% ethanol, which suffered from recrystallization that was noticed 

macroscopically. The obtained loading efficiency for CoQ10 could be obtained with other drugs, 

where Boswellia serrata-extract in combination with O/W and W/O/W nanoemulsions was loaded 

into BNC and showed comparable loading efficiencies. The obtained high loading efficiency by 

using O/W and W/O/W nanoemulsions was also shown by the use of other carrier systems as 

Poloxamers micellar and gel systems for the antiseptic octenidine. Although all investigated carrier 

systems have different physiochemical characteristics such as different structure, hydrodynamic 

size, and viscosity, a high loading efficiency of the three different drugs could be obtained. Thus, 

the key factor is the use of a suitable drug loaded carrier system when using the submerse loading 

technique. 
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Loading of the carrier system into the BNC nanostructure network is suggested to be related to a 

replacement process of the water inside the BNC. This process is promoted by diffusion and 

capillary forces of the carrier systems into the enormously large surface area of the hydrophilic 

network of BNC with a content of water up to 99% (296, 297). Furthermore, the flexibility and 

small hydrodynamic size of the chosen colloidal systems promoted integration into the BNC 3D-

nanostructure network, which consists of randomly distributed cellulose nanofibers and 

interconnected pores with sizes up to 5 µm (45, 284). 

All the previously discussed observations were studied with the widely used submerse absorption 

loading technique (146, 177, 298). Moreover, further post-modification loading techniques were 

investigated such as the non-specific adsorption (reswelling) of freeze-dried BNC with 750 µL of 

CoQ10 loaded carrier systems for 15 min (299) and injection of 125 µL of CoQ10 loaded carrier 

systems into BNC to form a core-shell system (54). Both loading techniques showed a fast and 

efficient loading of controlled amount of the lipophilic CoQ10 with 100% loading efficiency and 

no drug loss when compared to other loading techniques such as submerse absorption (177), 

boiling (148) or vortexing (147).  

The impact of the incorporation of carrier systems on the properties of BNC was investigated 

during this work, with focus on water binding ability as well as mechanical and compression 

stability. These properties are important for the intended applications, such as dermal films (80) or 

wound dressing (53). In these applications, it is essential to have a material that is mechanically 

stable during handling and packaging, and which can absorb wound exudates while maintaining a 

moisturized wound environment, which facilitates a faster wound healing process (53). For wound 

management applications, it is recommended to create a balance between a moist wound 

environment (95) and a low volume of wound exudate, especially in chronic wounds since an 

excessive amount of exudate may result in separation of tissue layers and delay the healing process 
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(53, 300). Those properties are represented by the water binding capacity of BNC. In general, 

native BNC is characterized by a high water binding property as reported by Kralisch and 

colleagues (21). The incorporation of the carrier systems resulted in a decrease in water binding 

capacity in comparison to native BNC. However, this decrease is related to the fact that newly 

integrated carrier systems in the BNC structure would replace the trapped water in BNC and would 

fill the BNC pores (297, 301). The results for Poloxamer 407 based carrier systems (micellar and 

gel) demonstrated a good example of the correlation between the water binding capacity and the 

concentration of the new incorporated compound, where by increasing the concentration of 

Poloxamer from the micellar concentration to the gel concentration, the water binding capacity 

was decreased. However, the concentration of carrier systems was not the only factor which could 

impact the water binding capacity. The characterizations of the carrier systems demonstrated also 

and impact on the water binding capacity. Where the addition of the higher lipophilic 

nanoemulsions (O/W nanoemulsions) showed an elevated decrease of the water binding capacity 

in comparison to the hydrophilic nanoemulsions (W/O/W nanoemulsions) due to the higher 

lipophilicity of O/W nanoemulsions in comparison to W/O/W nanoemulsions. These findings were 

independent from the drug presence since similar behavior was observed for both drug loaded and 

empty carrier systems as well as when the drug was incorporated into the carrier system and the 

properties of the carrier system became more dominant (294). Several publications reported a 

change of the water binding capacity of native BNC depending on the type of the incorporated 

additives into BNC such as poly(ethylene glycol) and chitosan (97, 139, 302). Kingkaew and 

colleagues (302), investigated the effect of incorporating chitosan with different molecular weights 

of 141, 199, and 263 kDa. They reported a significant decrease of the water binding capacity by 

about 56 to 65% in comparison to native BNC.  

Beside the water binding capacity, the mechanical stability of the of the newly developed BNC 
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with the carrier systems was investigated. The 3D-nanostructure of BNC was characterized by an 

exceptional mechanical stability, which is essential to ensuring the dimensional stability of BNC 

during packaging, unpacking, application on skin and fixation by a secondary dressing. Low 

mechanical stability could lead to the deformation of the BNC fleece or loss of the incorporated 

drug. However, typically native BNC shows a low compressive modulus perpendicular to the 

stratified direction but a mechanical anisotropy with a high tensile modulus along the fiber layer 

direction (303, 304). Nevertheless, the loading process and the loaded compound might have an 

impact on the BNC structure with either an increase or decrease on its mechanical stability (10, 

149, 305, 306). This influence could be related to the interaction between the BNC fibers and the 

incorporated compound or to the high viscosity of the incorporated compound into BNC structure. 

For example, Urbina and colleagues introduced poly(lactic acid) into BNC which negatively 

impacted the mechanical stability of BNC (307). On the other hand, Almeida and colleagues (308) 

demonstrated an increase in the tensile strength from 271.9 MPa for the native BNC to 360.3 MPa 

for BNC samples incorporated with 1% of glycerin. In this work, BNC samples were tested by 

applying a weight of 400 g perpendicularly for 10 min and characterized regarding the change in 

weight and compressive strain (54). Although the integrated carrier system replaced the water in 

the BNC structure, the integration of liposome, nanoemulsions, and micelles did not show an 

impact on the mechanical stability of BNC. These findings were independent from the hydrophilic 

properties and the hydrodynamic size of the carrier systems. Furthermore, the combination of the 

BNC network and the higher viscos Poloxamer gels lead to a substantial improvement of the BNC 

compression stability, where the native BNC demonstrated a reduction of its weight by 65% the 

octenidine loaded Poloxamer gels showed only a reduction of about 18-28% and 12-18% of 

Poloxamer 407 and 338, respectively. The in situ gel formation of the Poloxamer gels inside the 

BNC network could be described as a secondary gel structure inside the BNC. Similar effects were 
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also reported in the literature for other compounds such as alginates, poly(acrylamide) and 

polysaccharide (113, 303). Additionally, the change of the loading technique demonstrated an 

impact on the compression stability. By comparing the compression stability values of samples 

loaded with the submerse loading technique vs. the re-swelling loading technique, a superior 

compression stability for the re-swelling samples was recorded. This could be related to the 

structural BNC changes during the freeze-drying process as discussed previously. Those results 

were correlated to the findings in the literature (285). Müller and colleagues (152) showed an 

increase of tensile strength for freeze-dried BNC samples loaded with albumin. Overall, the 

mechanical stability of BNC could be influenced by the loading technique along with the additives. 

This would give flexibility in the future for tailor-made BNC loaded with a lipophilic drug for 

dermal application.  

Along with the previously mentioned aspects, the biocompatibility of native BNC and the effect 

of the added carrier system on its biocompatibility were investigated. Biocompatibility is essential 

for dermal application. This is to avoid irritative reactions and cytotoxicity for skin cells, allowing  

safe skin regeneration during the wound healing process (53). Native BNC was described as a 

material with an outstanding biocompatibility which has been proven in several in vitro and in vivo 

studies even after long-term of application as an implant (35, 54, 61, 309) and in dermal application 

(59, 82). However, the newly developed lipophilic drug delivery system must prove not only its 

quality and effectivity but also its biocompatibility according to paragraph § 1 of the German 

Medicinal Product Act (in German: Arzneimittelgesetz - AMG § 1). The biocompatibility of BNC 

with and without the carrier systems was investigated by the ex ovo hen’s egg test at the chick area 

vasculosa (HET-CAV) (54, 295, 310, 311). This test model complies with the 3R concept of Russel 

and Burch (Replacement, Reduction, and Refinement) to avoid animal testing (312), where it 

allowed a reduction as well as refinement of animal testing (311). This test was considered closer 
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to the complex physiological situation more than the often-used in vitro cell culture experiments 

and can detect irritative reactions of the tested material and does not need authorization of the 

ethical council (313, 314). The Interagency Coordinating Committee on the Validation of 

Alternative Methods (ICCVAM) suggested HET-CAM (hen’s egg test at the chorion allantois 

membrane) as an alternative for some animal experiment methods (Draize test: Rabbit eye 

irritation test) (313, 315, 316). Although HET-CAV and HET-CAM are comparable methods, the 

preparation complexity of using a partially opened egg by HET-CAM test was higher than by 

HET-CAV where the egg was transferred into petri dishes and direct local application was 

possible. In this work, BNC samples were applied locally directly on chick area vasculosa of 72 

hours pre-incubated eggs after transferring the egg content into a Petri dich, and the adverse effects 

such as vascular lysis, aggregation, hemorrhage, and stop of heartbeat were visually inspected after 

1, 2, 4, and 8 hours. Ringer’s solution pH 7.0 or physiological saline were used as a negative 

control which did not show any irritation up to 8 hours. As a positive control a solution of 1% 

sodium dodecyl sulfate was used, which developed a hemorrhage with in the first 1-2 hours 

followed by vascular lysis and afterwards a stoppage in the heartbeat (311). Native BNC showed 

no irritations and could be considered a material with high biocompatibility and invokes no or only 

moderate responses in vitro and in vivo, which has been confirmed in several clinical trials for skin 

application (57, 317). Moreover, BNC loaded carrier systems showed a good biocompatibility with 

slight adverse effects, such as for the Poloxamer gel of 338 which showed a hemorrhage effect on 

1-2 tested eggs and for the samples with Poloxamer 407 gel which showed only one egg with 

hemorrhage, vascular lysis and thrombosis. BNC samples loaded with O/W or W/O/W showed a 

stoppage of heartbeat in 1-2 eggs, which is still in the range of the historical control values of the 

laboratory. However, BNC samples loaded with octenidine were excluded from this test due to the 

preliminary experiments showing that the antiseptic octenidine causes sever irritation which was 
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also proven by Marquardt and colleagues (318) by CAM investigation at the concentration of 1% 

for short-term applications. 

The next investigated aspect was the release behavior of the loaded drug which could be impacted 

by several factors. For example by the molecular weight of the drug, recently several small 

molecules were incorporated in to BNC such as: tetracycline (167), diclofenac (173), doxorubicin 

(181), and benzalkonium chloride (150), as well as large molecules such as peptide, protein and 

plasmids (54, 152, 198). However, several publications supported the theory, that by increasing 

the molecular weight, the release profile will be slower (54, 177). Moreover, a delay in the drug 

release could be observed for higher viscos drugs or additives due to the higher resistance for 

diffusion of the drug. Wiegand and colleagues (177) showed that the release of polihexanide was 

faster than povidone-iodine due to its higher molecular weight and about 7 times higher viscosity 

of povidone-iodine 10% aqueous solution in comparison to polihexanide solution. Other factors 

that could impact the release are, carrier system-cellulose interactions or drug-cellulose 

interactions. These interactions are possible due to the high number of free hydroxyl groups in the 

BNC structure. These hydrogen bonds could have an impact on the release as shown for lidocaine 

(185), berberine salts (148) and protein (152).  

In this work the cumulative release behavior in respect to the carrier systems was investigated. All 

in vitro release studies were performed using vertical Franz diffusion cells with a single side 

contact aiming to simulate the later application on the skin and as recommended by the 

Organization for Economic Co-operation and Development (OECD) (319, 320). After a successful 

loading of the lipophilic drug into the BNC in a comparable loading amount with hydrophilic 

compounds, the release profile, and its dependency on the different carrier systems were 

investigated. The cumulative release amount of CoQ10 formulated into either the O/W or W/O/W 

nanoemulsions showed the biphasic typical release profiles of a drug from BNC over 48 hours 
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with a high release burst in the first 8-10 hours which is important to reach fast the therapeutic 

concentration. This was followed by a slower release rate till reaching equilibrium conditions. The 

type of carrier system showed an influence on the release rate, where W/O/W nanoemulsions 

demonstrated a slightly superior comparing to O/W nanoemulsions, due to their higher hydrophilic 

content, the affinity to the recipient medium and their hydrodynamic size (293, 294). Moreover, a 

higher release ratio was recorded for both O/W and W/O/W nanoemulsions samples when 

compared to the liposome samples within 48 hours. The CoQ10 formulated with liposome 

demonstrated an incomplete release of the drug. This finding could be explained by the inflexibility 

of liposomes preventing them from diffusing out of the BNC structure and a possible interaction 

between the hydrated polar headgroups of the phosphatidylcholine and the cellulose fibers in the 

BNC (321). The release mechanism was mainly suggested to be by diffusion overlayed by 

swelling, as shown for hydrophilic and macromolecular compounds (322, 323). Different aspects 

were reported in the literature for an incomplete release such as lack of flexibility of the carrier 

systems or low stability (200). Numata and colleagues (200) successfully incorporated retinol into 

BNC by formulating retinol in poly(ethylene oxide)-b-poly(caprolactone) polymer nanoparticles. 

The incomplete release of retinol in their study was explained to be the lack of flexibility of the 

used solid nanoparticle and the low stability of the nanoparticle, which led to the early release of 

retinol out of the nanoparticles in the BNC and the subsequent participation of retinol into the BNC 

structure (200). 

Very few attempts were reported in the literature for a long-term application of the BNC as drug 

delivery system (6, 54, 324). In previous work, the release of octenidine from the BNC without 

any additives was obtained within 24 hours for acute wounds, which require a fast release of the 

antiseptic drug within few hours (146). Herein, the release profile of the antiseptic octenidine was 

modified by the incorporation of octenidine into the Poloxamer micelles or gels to obtain a long-



Discussion 

84 
 

term active wound dressing which could be applied for longer periods, up to seven days. This can 

reduce the pain associated with changing wound dressings, prevent tissue trauma, and increase 

patient compliance (295). The incorporation of Poloxamers into BNC fiber network formed a 

secondary gel structure inside the BNC structure, which led to the reduction of water content in 

BNC and to the reduction of the size of channels and pores resulting in a compact structure (325). 

This resulted in a prolongation of the release of octenidine out from BNC. This is demonstrated 

by the addition of Poloxamer 338 in both micellar and gel concentration and Poloxamer 407 in the 

micellar concentration which prolonged the release up to three days. Moreover, by further increase 

of the Poloxamer 407 concentration to the gel concentration a prolongation of the release up to 

seven days was observed. The release of micellar systems is suggested to be dependent on diffusion 

out of the BNC structure into the release medium. However, the release of the gel systems is 

controlled by an additional step which is the dissolution of the gel matrix and its disintegration 

into singular buildings units (unimers), followed by diffusion outside of the BNC (290, 326-328). 

The hydrophilicity of the Poloxamer gels could also impact the release profile. Although both 

Poloxamers have the same molar mass and structure of PEOx-PPOy-PEOx, Poloxamer 338 

contains less polypropylene oxide parts (44 g/mol) than Poloxamer 407 (56 g/mol) which gives 

Poloxamer 338 a less lipophilic character. Thus, resulting dissolution of the Poloxamer 338 gel is 

faster than Poloxamer 407 which could explain the differences between the two release profiles. 

Other aspects to be considered are the properties of the loaded drug and its affinity to the release 

medium. The two components 3-O-acetyl-11-keto-β-boswellic acid (AKBA) and 11-keto-β-

boswellic acid (KBA) are the most effective anti-inflammatory compounds out of the components 

of the Boswellia serrata-extract in the field of treating skin diseases (268). AKBA and KBA were 

incorporated into BNC by using the two previously described nanoemulsions. Although AKBA 

and KBA were incorporated into the BNC with the same carrier system, a difference in the 
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cumulative release profiles was observed. The more hydrophilicity compound KBA, with a log P 

value of 7, showed a faster release rate than the AKBA with a log P value of 8 (329) this difference 

could be due to the affinity to the release medium.  

Furthermore, in this work, the effect of the loading technique on the release behavior was 

investigated. Beside the submerse absorption technique, the re-swelling and injection techniques 

were tested aiming to test the incorporation of CoQ10 as described previously. Although the carrier 

systems (liposome as well as the O/W and W/O/W nanoemulsions) showed similar behavior 

regarding the loading process and similar efficiency with respect the loading amount, a general 

trend was noticed regarding release behavior. The cumulative drug release per time of all carrier 

systems were reduced per se by around 30% in a comparison between samples loaded by re-

swelling and samples loaded by submersed technique. This reduction is mainly related to the BNC 

preparation step, especially the lyophilization (151, 299), where a partial aggregation of the free 

cellulose strands in the BNC structure is noticed, and which causes a retardation in the diffusion 

of the drug (299). On the other hand, the injection technique formed a core-shell system. This 

system provided the lowest drug release rate among the other loading techniques. Those findings 

were correlated to published results for large molecules (54), where the release of the plasmids 

was prolonged more than 20 days due to the fact that the drug had longer diffusion pathway from 

the core of the BNC to the surface of the release medium (54). Overall, several factors could 

influence the release profile of a lipophilic drug from BNC such as the BNC type (native or freeze-

dried) and loading method, carrier system properties, and drug characteristics.  

Based on the pervious findings and the reported examples from the literature, the uptake of a drug 

into the BNC was based on diffusional and capillary processes (146, 147, 177). The other way 

around, the release of drugs from the BNC was also by the same processes (146, 173, 195). Hence, 

the release media before and after the release experiments were investigated by photon correlation 
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spectroscopy (PCS). These measurements revealed no change of the carrier system before and 

after release with regard to the hydrodynamic diameters and the polydispersity index, which 

indicated that the carrier systems were released from the BNC. These measurements were not 

performed for the Poloxamers micellar and the gel systems, due to a direct dilution of the systems 

with the release medium and the concentration of Poloxamers reaching a level under the critical 

micellar concentration. Based on those findings it could be concluded that the release profiles of a 

lipophilic drugs were driven by the swelling and diffusion of the carrier systems of BNC matrix. 

To support this theory, the release mechanism of the investigated lipophilic drugs was investigated. 

The semi-empirical Ritger-Peppas equation was applied to mathematically describe the different 

release profiles, which is well-established for hydrogel materials (323, 330). It was done by 

plotting the logarithmic release between 5 and 60% against the logarithmic time and determination 

of the linear regression and the diffusional exponents (n). Based on the n values for cylindrical 

sample morphology, the release mechanism could be described as Fickian diffusion (n < 0.45), 

anomalous diffusion (0.45 < n < 0.89), or as Case-II transport. In this work, all lipophilic drugs 

exhibited diffusional exponents in the range of 0.45 – 0.60 which indicated a release by Fickian 

diffusion overlayed by swelling controlled mechanisms, which is also called anomalous or non-

Fickian transport. The initial burst is related to the high initial concentration gradient between the 

drug incorporated into the BNC and the release medium which will be reflected in the fast diffusion 

of the drug from the BNC contact surface into the medium. With time, the diffusion pathways 

increase, and a slower release could be recorded. Conclusively, the utilization of the carrier system 

facilitated the incorporation of lipophilic drugs into the BNC and demonstrated a comparable 

release mechanism with hydrophilic molecules such as berberine (148) polihexanide (177), 

ibuprofen (322), lidocaine (149) and doxycycline hyclate (132). From the perspective of dermal 

application, which is the intended final application form of the developed system, the biphasic 
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release profile is advantageous, where the initial release burst of a drug is a necessary to reach an 

effective therapeutic concentration, and the following prolonged release depending on the used 

carrier system and the intended application time, is maintaining the therapeutic concentration 

without reaching concentrations which could lead to adverse side effects.  

Beside the loading and release behavior, the influence of the carrier systems and the loading into 

BNC on the activity of the lipophilic drugs was investigated by determining the antimicrobial 

activity of octenidine. Although native BNC has several advantages in the wound dressing field 

which shorten the healing period as shown in several clinical trials (331-333), native BNC did not 

show an antibacterial effect (178, 213). In this work, BNC was activated with the antiseptic drug 

octenidine to act as wound dressing. The antibacterial activity was investigated against two 

bacterial strains: Staphylococcus aureus as a model strain for Gram-negative and Pseudomonas 

aeruginosa as a model strain for Gram-positive. Those two strains have the highest occurrence in 

infected wounds (334, 335). The qualitative agar diffusion test was used in this study and has been 

performed according to the Clinical and Laboratory Standards Institute (336), which is also a well-

established method to characterize the antibacterial activity of BNC (96, 193, 324). The 

investigation was performed by incubation of bacterial stock solution of Caso-bouillon medium 

for 24 hours at 35 °C and 100 rpm. Followed with two dilution steps with physiological saline, the 

first dilution was done to reach a turbidity of 0.5 McFarland (∼108 CFU/mL). The resulting 

bacterial suspension was diluted again with physiological saline to a ratio of 1:10. Afterwards, 

100 µL of the bacterial suspension was spread on a Mueller-Hinton 2 agar plate. Pure filter papers 

(6 mm) soaked in antibiotic solutions (30 µg/mL of kanamycin sulfate for S. aureus and 10 µg/mL 

of gentamycin sulfate for P. aeruginosa) were used as positive control and pure filter papers as 

negative control. BNC samples were applied directly on the agar plate and incubated for 24 hours. 

The antibacterial activity was evaluated based on the formation of an inhibition zone around the 
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applied samples. The validity of the tests was proven by showing no inhibition zone around the 

negative control and an inhibition zone of 17 mm and 24 mm for gentamycin sulfate and 

kanamycin sulfate, respectively. Moreover, similar behavior was observed for the negative 

controls, native BNC, and BNC samples loaded with Poloxamers at the micellar and gel 

concentrations which did not show an inhibition zone around the samples. This indicated that 

native BNC and Poloxamers at both concentrations did not have antimicrobial activity. This 

confirms data reported in the literature (178, 213, 337). Furthermore, the inhibition zone of pure 

octenidine was not impacted by loading into BNC with and without Poloxamers in both micellar 

and gel concentrations for the short-term applications (24 hours) and long-term applications (8 

days). Those results were confirmed by a second quantitative method, the two color fluorescent 

Live/Dead® BacLight™ kit which was utilized to quantify the viable bacterial cells after incubation 

with the samples (338). The results confirmed the absence of the antibacterial activity for native 

BNC and showed a viability of S. aureus of below 1% for octenidine samples. These viability 

values were not impacted after the addition of octenidine into BNC with and without Poloxamers 

in different concentrations. These results were also correlated to the reported results in the 

literature, where the drug did not lose its activity by the loading into BNC such as benzalkonium 

chloride (175), curcumin (207), and polihexanide (177). 

Another possible application for the newly developed BNC-based drug delivery system is for skin 

diseases. In this field of application, it is important that the drug can penetrate the stratum corneum 

of the skin. Only a few drugs have the capability to overcome this barrier without the need for 

penetration enhancers and those drugs are ideally of a molecular weight less than 500 Da and log 

P value ≤ 2 (217, 339). The drugs in this work have a higher log P values. CoQ10, KBA and AKBA 

have log P values of 10, 7, and 8, respectively (329, 340). These drugs were incorporated into the 

BNC by O/W and W/O/W nanoemulsions. The utilization of nanoemulsions enhances the 
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penetration of drugs into intact skin due to their small hydrodynamic size and flexibility, which 

has been proven in several studies (226, 341-344). The ex vivo skin penetration of the drugs was 

investigated by the tape stripping technique of a full-thickness porcine ear skin, a well-established 

method to simulate skin penetration behavior (345-347). Both O/W and W/O/W nanoemulsions 

without BNC showed a penetration enhancement effect and the drugs were detected in the different 

skin layers. However, W/O/W nanoemulsions showed a superior effect compared to O/W 

nanoemulsions, where higher drug amounts were detected in the middle and deeper layers by 

utilizing W/O/W nanoemulsions, but O/W nanoemulsions had a higher concentration on the 

surface layers. These findings could be related the higher viscosity and larger hydrodynamic size 

of the O/W nanoemulsions in comparison to W/O/W nanoemulsions. The high amount of the drugs 

detected on the surface layers of the skin by using O/W nanoemulsion comparing to W/O/W 

nanoemulsions could be correlated to the higher lipophilicity of O/W nanoemulsions which will 

lead to less penetration and the O/W nanoemulsions would be stuck on the upper layers of skin, 

where a balanced lipophilicity is required for transdermal penetration (217). These findings were 

correlated to the reported penetration studies in the literatures (348, 349). This differing behavior 

of the two nanoemulsions could provide the possibility for a drug delivery system targeting 

specific layer of the skin. Moreover, the incorporation of the drug loaded carrier system into BNC 

did not influence the amount of drug that penetrated into the deeper layers of the skin and reduced 

the accumulation of the drug in the upper layers of the skin and increased the amount in the middle 

layers for the drug incorporated into O/W nanoemulsions formulation. This effect could be related 

to the lipophilicity of the O/W nanoemulsions which form less hydrogen bonds with the BNC, as 

well as to the change of the concentration gradient caused by the use of BNC as a depot matrix, 

which has an effect on the transport of a drug into the skin (350). Moreover, the nanoemulsions 

incorporated into the BNC were able to deliver the lipophilic CoQ10 within the therapeutic range 
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(351, 352). Another penetration study was performed to simulate a long-term application and to 

evaluate the effect of removal of the drug from the skin by transportation mechanisms. Where 

nanoemulsions loaded BNC samples were applied on a new skin after 24 hours of application on 

a first skin. The results demonstrated less penetrated drug in the second skin, which also correlate 

to the in vitro release profiles, where BNC samples acted as a depot matrix and the liberation of 

the carrier systems from the BNC was the controlling step which is the highest in the first 8 hours 

followed by a slower release. 

Within this presented work, the observed data showed a homogeneous incorporation of BNC with 

a lipophilic drug by utilizing different carrier systems. The newly obtained BNC-based system 

maintained the outstanding properties of native BNC such as biocompatibility and mechanical 

stability. The release profiles could be controlled by the loading technique, BNC type and the 

utilized carrier system. The loaded drug maintained its activity and the presence of the carrier 

system facilitated improved skin penetration behavior. 
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6. Summary and Outlook 

Bacterial nanocellulose has been established for the use as a drug delivery system and wound 

dressing due to its exceptional properties, especially its enormous surface area. However, its use 

until now has been limited to hydrophilic drugs for the treatment of acute skin infections. Due to 

its high hydrophilicity, the incorporation of lipophilic drugs for treating both acute and chronic 

skin infections is a major challenge which has not been well addressed up to now. In the present 

thesis, the focus was on overcoming the BNC hydrophilicity by the approach of incorporation of 

drug loaded nanoscaled carrier systems, such as micelles, liposomes, and O/W and W/O/W 

nanoemulsions, as well as gels structure. This approach was investigated to facilitate the use of 

BNC as drug delivery system for the treatment of skin infections by several lipophilic drugs: the 

anti-inflammatory Boswellia serrata extract, the antioxidant coenzyme Q10, and the antiseptic 

octenidine.  

To investigate the suitability of the chosen carrier systems for incorporation into the BNC, a 

physicochemical characterization was performed with regard to the hydrodynamic diameter and 

zeta potential. The drug loaded carrier systems demonstrated stability over 30 days at the three 

temperatures of 2-8 °C as a storage temperature, room temperature for handling, and 37 °C 

representing body temperature. They showed a hydrodynamic diameter <200 nm, a monodisperse 

size distribution, and neutral to negative zeta potentials. After biosynthesis of BNC, the loading of 

BNC fleeces with the drug loaded carrier systems using different post-modifications loading 

techniques was tested. Although the carrier systems have different hydrodynamic sizes and 

viscosities, the five carrier systems revealed a homogenous drug distribution within the BNC 

fleeces with a high loading efficiency which is comparable to hydrophilic drugs under the same 

loading conditions. Moreover, time-saving and customizable loading techniques were investigated 
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and revealed a rapid and efficient loading of the lipophilic drugs. 

Contrary to other approaches of loading lipophilic drugs into BNC, the newly developed drug 

delivery systems demonstrated no changes to the BNC inner nanostructure as observed by SEM 

investigation. Only the BNC samples loaded by the reswelling loading technique demonstrated the 

typical densification of BNC fibers due to the freeze-drying process. In view of the BNC 

mechanical stability during handling, application, and packaging, the investigation of the 

mechanical stability of the carrier systems loaded BNC demonstrated no changes to the mechanical 

stability of the native BNC but an increase of the compressive strength by using the Poloxamer 

338 and 407 gels or by using the reswelling loading technique. With respect to the ability of BNC 

to absorb wound exudates during the treatment of infected skin, the water binding capacity was 

investigated for the newly developed BNC-based drug delivery system. In general, it was found 

that the impregnation with the carrier systems caused a decrease in water binding ability. However, 

this effect was not driven by the presence of the drug itself, but it was caused by the replacement 

of water bounded to BNC with the carrier systems. This effect is dependent on the concentration 

of the carrier systems where this decrease of the water binding ability was more pronounced for 

the BNC samples loaded with Poloxamer 338 and 407 gels in comparison to the BNC loaded with 

the micellar concentrations. Moreover, the lipophilicity of the carrier system played a major role 

where BNC loaded with W/O/W nanoemulsions showed higher values of water binding ability 

comparing to BNC loaded with the higher lipophilic system O/W nanoemulsions. Since the water 

binding capacity is a key property for the wound dressing application to provide a balance between 

absorption and retention of wound exudate, an optimal balance should be further investigated. 

In the view of treating skin infections, two types of release profiles are required. A fast to moderate 

release within 24-48 hours to treat acute infections and a long-term release up to one week for the 

treatment of chronic infections. Therefore, the release behavior of the BNC samples was 
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characterized using the Franz diffusion cells to simulate dermal application. The obtained release 

data revealed a time dependent biphasic release profile with high initial release followed by a 

slower release. Initially, the first rapid release of drug within the first 8 hours, which is important 

to reach the therapeutic concentration fast, depends on the loading technique and the designed 

system, where the amount of the released drug increased in the order: injection < reswelling < 

submerse loading technique. Moreover, the lipophilicity of the carrier systems impacts the release 

profile where W/O/W nanoemulsions showed a faster release than the same drug incorporated in 

O/W nanoemulsions. For the first time, a long-term application of up to seven days to treat chronic 

infections with a prolonged release of octenidine has been achieved by incorporating Poloxamer 

gels. Additionally, the mathematical modeling of the obtained release profiles by the Ritger-

Peppas equation demonstrated that the release mechanism of the lipophilic drugs is a diffusion 

overlayed by swelling controlled release.  

The biocompatibility of the newly developed drug delivery systems is crucial for dermal 

applications to avoid irritation. The biocompatibility of the BNC samples with and without the 

drug loaded carrier system was investigated by the local application on the chick area vasculosa 

of fertilized hen’s eggs. The excellent biocompatibility of native BNC was not impacted by the 

incorporation of the different types of carrier systems. Additionally, the biological activity of the 

newly developed BNC-based drug delivery system for octenidine was investigated by agar 

diffusion test against both the Gram-positive Staphylococcus aureus and the Gram-negative 

Pseudomonas aeruginosa and was also confirmed by a quantitative method using the Live/Dead® 

BacLight™ kit. Moreover, the skin penetration enhancement effect of both O/W and W/O/W 

nanoemulsions was investigated to ensure the delivery of the drug to the infected skin. This 

investigation was performed by the tape stripping experiment of a full-thickness porcine ear skin 

after incubation with the carrier systems with and without BNC. This studies demonstrated the 
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ability of BNC to act as a depot matrix for the O/W and W/O/W nanoemulsions which were able 

to deliver the loaded lipophilic drugs into the skin.  

As presented in this thesis, the combination of BNC with lipophilic drugs to act as drug delivery 

system was accomplished while preserving the unique properties of BNC. Both the type of the 

utilized carrier system and the loading technique in addition to the type of BNC could be identified 

as key factors for custom-designed and controlled release behavior of lipophilic drugs. An 

extended controlled drug release was shown for the first time for long-term applications of up to 

seven days thus closes the gap of utilizing the BNC as drug delivery system for long-term 

application, for example as a wound dressing. In addition, this work is a proof-of-concept for 

further studies using other types of carrier systems to incorporate different active ingredients. The 

knowledge gained from the in vitro investigation should be tested in vivo. Moreover, a transfer of 

lab-scale production to commercial scale production should be optimized for all production steps, 

including packaging.  
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7. Zusammenfassung 

Bakterielle Nanocellulose wurde aufgrund ihrer außergewöhnlichen Eigenschaften, insbesondere 

der sehr großen inneren Oberfläche, für die Verwendung als Wirkstoffträgersystem und 

Wundauflage etabliert. Bis heute ist die Nutzung jedoch auf hydrophile Wirkstoffe für die 

Behandlung von akuten Hautinfektionen beschränkt. Aufgrund der hohen Hydrophilie von BNC 

ist der Einbau von lipophilen Wirkstoffen zur Behandlung von akuten und chronischen 

Hautinfektionen eine der größten Herausforderungen, die bisher nicht addressiert wurde. In der 

vorliegenden Arbeit lag der Schwerpunkt auf der Überwindung der BNC-Hydrophilie durch die 

Beladung mit wirkstoffbeladenen nanoskalierten Trägersystemen wie Mizellen, Liposomen und 

O/W und W/O/W Nanoemulsionen sowie Gelstrukturen. Dieser Ansatz wurde untersucht, um die 

Verwendung von BNC als Wirkstoffträgersystem zur Behandlung von Hautinfektionen durch 

verschiedene lipophile Wirkstoffe, wie entzündungshemmende Boswellia serrata Extrakte, das 

Antioxidans Coenzym Q10 und das Antiseptikum Octenidin, zu ermöglichen. 

Um die Eignung der gewählten Trägersysteme für die Beladung von BNC zu untersuchen, wurde 

eine physikochemische Charakterisierung hinsichtlich des hydrodynamischen Durchmessers und 

des Zetapotentials durchgeführt. Die wirkstoffbeladenen Trägersysteme zeigten eine Stabilität 

über bis zu 30 Tagen bei den drei relevanten Temperaturen von 2-8 °C als Lagertemperatur, 

Raumtemperatur für die Handhabung und 37 °C als Körpertemperatur. Sie zeigten einen 

hydrodynamischen Durchmesser < 200 nm, eine monodisperse Größenverteilung und neutrale bis 

negative Zetapotentiale. Nach der Biosynthese von BNC wurde die Beladung von BNC-Vliesen 

mit den wirkstoffbeladenen Trägersystemen durch verschiedene post-synthetische 

Beladungstechniken untersucht. Obwohl die Trägersysteme hinsichtlich der hydrodynamischen 

Größe und der Viskosität unterschiedlich waren, zeigten die fünf Trägersysteme eine homogene 
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Wirkstoffverteilung innerhalb der BNC-Vliese mit einer hohen Beladungseffizienz, die mit 

hydrophilen Wirkstoffen unter den gleichen Beladungsbedingungen vergleichbar war. Darüber 

hinaus wurden zeitsparende und  individuell anpassbare Beladungstechniken untersucht, die eine 

schnelle und effiziente Beladung der lipophilen Wirkstoffen möglich machten.  

Im Gegensatz zu anderen Ansätzen zur Beladung von BNC mit lipophilen Wirkstoffen zeigten die 

neu entwickelten Wirkstoffträgersysteme keine Veränderungen der inneren Nanostruktur von 

BNC, wie durch SEM-Untersuchungen nachgewiesen wurde. Nur die BNC-Proben, die durch die 

Requellung beladen wurden, zeigten die typische Verdichtung der BNC-Fasern aufgrund des 

Gefriertrocknungsprozesses. Im Hinblick auf die Handhabung, Anwendung und Verpackung 

zeigte die Untersuchung der mit Trägersystemen beladenen BNC keine Veränderung hinsichtlich 

der mechanischen Stabilität der nativen BNC, sondern lediglich eine Erhöhung der Druckfestigkeit 

unter Verwendung des Poloxamers 338 und 407 Gele oder unter der Reswelling Beladungstechnik. 

Angesichts der Fähigkeit der BNC, Wundexsudate während der Behandlung infizierter Haut zu 

absorbieren, wurde die Wasserbindungsfähigkeit für das neu entwickelte auf BNC basierende 

Wirkstoffträgersystem untersucht. Im Allgemeinen wurde festgestellt, dass die Imprägnierung der 

Trägersysteme mit einer Abnahme der Wasserbindungsfähigkeit einherging. Dieser Effekt wurde 

jedoch nicht durch das Vorhandensein des Wirkstoffs selbst ausgelöst, sondern durch den 

Austausch von an BNC gebundenem Wasser durch die Trägersysteme, welcher von der 

Konzentration der Trägersysteme abhängt. Im Vergleich zu den mit mizellaren Konzentrationen 

von Poloxamer beladenen BNC ließ sich die Abnahme der Wasserbindungsfähigkeit besonders 

ausgeprägt bei den mit Poloxamer 338 und 407 Gelen beladenen BNC-Proben zeigen. Darüber 

hinaus spielte die Lipophilie des Trägersystems eine wichtige Rolle, denn die mit W/O/W 

Nanoemulsionen beladene BNC zeigte höhere Werte der Wasserbindungsfähigkeit im Vergleich 

zu BNC Proben, die mit den höheren lipophilen O/W Nanoemulsionen beladen waren. Da die 
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Wasserbindungskapazität eine Schlüsseleigenschaft für die Wundauflage ist, um ein 

Gleichgewicht zwischen Absorption und Retention von Wundexsudat herzustellen, sollte ein 

Gleichgewicht weiter optimiert werden.  

Im Hinblick auf die Behandlung von Hautinfektionen sind zwei Arten von Freisetzungsprofilen 

erforderlich: eine schnelle bis moderate Freisetzung innerhalb von 24-48 Stunden zur Behandlung 

akuter Infektionen und eine verlängerte Freisetzung über bis zu einer Woche zur Behandlung von 

chronischen Infektionen. Daher wurde das Freisetzungsverhalten der BNC-Proben unter 

Verwendung von Franz-Diffusionszellen charakterisiert, um die dermale Anwendung zu 

simulieren. Die erhaltenen Freisetzungsdaten zeigten ein zeitabhängiges zweiphasiges 

Freisetzungsprofil mit anfänglich hoher Freisetzung, gefolgt von einer langsameren Freisetzung. 

Initial wurde eine erste schnelle Freisetzung des Wirkstoffs innerhalb der ersten 8 Stunden 

beobachtet, die zu einem schnellen Erreichen der therapeutischen Konzentration führte. Die 

initiale Freisetzung war abhängig von der verwendeten Beladungstechnik und die Menge des 

freigesetzten Wirkstoffs stieg in der folgenden Reihenfolge: Injektions- < Requellungs- < 

Sorptions-Beladungstechnik an. Darüber hinaus beeinflusst die Lipophilie der Trägersysteme das 

Freisetzungsprofil, wobei W/O/W-Nanoemulsionen eine schnellere Freisetzung zeigten als 

derselbe Wirkstoff, welcher in O/W-Nanoemulsionen formuliert war. Zum ersten Mal wurde durch 

die Beladung von Poloxamer-Gelen eine Langzeitanwendung von bis zu sieben Tagen zur 

Behandlung chronischer Infektionen mit einer verlängerten Freisetzung von Octenidin erreicht. 

Zusätzlich zeigte die mathematische Modellierung der erhaltenen Freisetzungsprofile durch die 

Ritger-Peppas-Gleichung, dass der Freisetzungsmechanismus der lipophilen Wirkstoffe eine 

Diffusion ist, die durch quellungskontrollierte Freisetzung überlagert wurde.   

Die Biokompatibilität der neu entwickelten Wirkstoffträgersysteme ist für die dermale 

Anwendung entscheidend, um Irritationen zu vermeiden. Die Biokompatibilität der BNC-Proben 
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und des wirkstoffbeladenen Trägersystems wurde durch die lokale Applikation auf die „Chick 

Area Vasculosa“ befruchteter Hühnereier untersucht. Die ausgezeichnete Biokompatibilität von 

nativer BNC wurde durch die Beladung verschiedener Arten von Trägersystemen nicht 

beeinträchtigt. Zusätzlich wurde die biologische Aktivität des neu entwickelten BNC basierten 

Trägersystems für den Wirkstoff Octenidin durch einen Agardiffusionstest sowohl gegen den 

grampositiven Staphylococcus aureus als auch gegen den gramnegativen Pseudomonas 

aeruginosa untersucht und durch ein quantitatives Verfahren unter Verwendung des Live/Dead® 

BacLight™ kit bestätigt. Darüber hinaus wurde die Verbesserung der Hautpenetration sowohl von 

O/W als auch von W/O/W Nanoemulsionen untersucht, um die Abgabe des Wirkstoffs in die 

infizierte Haut sicherzustellen. Diese Untersuchung wurde durch die „Tape-Stripping“ einer 

Schweineohrhaut voller Dicke nach Inkubation mit den Trägersystemen mit und ohne BNC 

durchgeführt. Diese Studien zeigten die Fähigkeit der BNC als eine Depotmatrix für die O/W und 

W/O/W Nanoemulsionen zu fungieren, welche die lipophilen Wirkstoffe in die Haut einbringen 

kann. 

In der vorliegenden Arbeit wurde die Kombination von BNC mit lipophilen Wirkstoffen als 

Wirkstoffträgersystem unter Beibehaltung der einzigartigen Eigenschaften von BNC erreicht. 

Sowohl der Typ des verwendeten Trägersystems als auch die Beladungstechnik neben der Art der 

BNC konnten als Schlüsselfaktoren für ein maßgeschneidertes und kontrolliertes 

Freisetzungsverhalten von lipophilen Wirkstoffen identifiziert werden. Zum ersten Mal konnte 

eine verlängerte, kontrollierte Wirkstofffreisetzung für die Langzeitanwendung bis zu sieben 

Tagen gezeigt werden und schließt damit die Lücke der Verwendung von BNC als 

Wirkstofftransportsystem für die Langzeitanwendung, beispielsweise als Wundauflage. Darüber 

hinaus ist diese Arbeit ein Proof-of-Concept für weitere Studien unter Verwendung anderer Arten 

von Trägersystemen zum Einschluss verschiedener Wirkstoffe. Ebenso sollten die aus der in vitro 
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Untersuchung gewonnenen Erkenntnisse in vivo getestet werden. Außerdem kann eine 

Übertragung der Produktion vom aktuellen Labormaßstab auf einen kommerziellen Maßstab 

einschließlich aller Produktionsschritte wie der Verpackung optimiert werden. 
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