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1. Introduction 

The oral administration of drugs is the most popular way to achieve pharmacological effects for 

adequate disease treatment as it exhibits a painless application route accompanied with high 

patient acceptance and convenience (1-3). A highly challenging feature of many orally 

administered drugs is their poor aqueous solubility that can be responsible for limited as well as 

strongly variable drug absorption (3-11). Limited absorption of the unprocessed drugs which 

ultimately leads to low bioavailability, essentially complicates achieving the minimum threshold 

concentration that is necessary for establishing therapeutic drug plasma levels (11-16). The 

question therefore arises as to how to meet the growing challenge of developing suitable 

formulations that provide pronounced solubility enhancement of poorly water-soluble active 

pharmaceutical ingredients (APIs) after their oral administration.  

According to recent studies, about 40% of the drugs on the market and up to 75% of the drugs 

in the state of development are poorly water-soluble (17). Drugs associated with poor aqueous 

solubility can be further distinguished into “grease ball” and “brick dust” molecules (18, 19). 

Whereas the aqueous solubility of “grease ball” molecules is limited due to their pronounced 

lipophilic character (LogP > 3), “brick dust” molecules are characterized by very high melting 

points (Tm > 200 °C) accompanied by a high crystal lattice energy that substantially impedes the 

drugs’ solubility (18, 19). The growing number of drug candidates that are poorly water-soluble 

proves the necessity to establish formulation approaches in order to counteract the solubility 

issue. 

Basically, there are different approaches to classify the solubility of drugs, which can simplify the 

identification of challenging drug candidates. Based on the solubility criteria of the European 

Pharmacopoeia (Ph. Eur.) as well as the United States Pharmacopeia (USP), drugs are 

categorized according to their saturation solubility. Drugs associated with the descriptive terms 

“very slightly soluble” or “practically insoluble (solubility < 0.1 mg/ml)” in water are usually 

referred to as the critical ones that require improvement of aqueous solubility to achieve 

adequate drug plasma levels after oral administration. 

The Biopharmaceutics Classification System (BCS) implemented by Gordon Amidon in 1995 

categorizes drugs according to their expected bioavailability. The concept is based on the 

principle that the oral bioavailability of a drug is essentially determined by its solubility and its 

permeation properties. According to the BCS, drugs are categorized into four different classes 

(Class I - IV) (Figure 1). Class II includes drugs that exhibit a low solubility and high permeability 

whereas Class IV involves drugs being poorly soluble as well as poorly permeable (Figure 1). 

Hence, drugs assigned to Class II or IV are attractive drug candidates for solubility improvement 
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studies, especially drugs assigned to Class II as they are often subjected to dissolution rate 

limited absorption.  

 

Figure 1: Visualization of the Biopharmaceutics Classification System (BCS).  

The solubility of drugs is further influenced by a multitude of factors resulting in high complexity 

which may be overcome by various solubility enhancement strategies (20). Different approaches 

for solubility enhancement of drugs may be selected when considering the individual properties 

of a drug, the route of application and dose of a drug as well as the dosage form used. 

Improved solubility in water can be achieved by affecting the crystal lattice structure or 

nanoencapsulation of the drug substance (21, 22). Furthermore, reducing the drugs’ lipophilicity 

by chemical reaction such as linkage to hydrophilic groups (prodrug synthesis) is a conceivable, 

alternative strategy (22, 23). In order to successfully manage the challenge of drugs’ poor 

aqueous solubility and/or dissolution, strategies such as salt formation, particle size reduction, 

micellar solutions, complexation using cyclodextrins, nanoemulsions and amorphization leading 

to supersaturation of the drug in aqueous media can be applied (1, 11, 12, 16, 17, 24). The recent 

increase in the number of publications regarding lipid-based drug delivery systems (LBDDSs), for 

instance lipid nanoparticles (LNPs), liposomes and especially self-nanoemulsifying drug delivery 

systems (SNEDDS) emphasizes the major importance of developing these formulation systems 

for the pharmaceutical science as well as industry (2, 7, 25). As an approach to categorize 

compositions and characteristics of lipid-based formulations resulting in micro- or 

nanoemulsions when dispersed in an aqueous medium, the Lipid Formulation Classification 

System (LFCS) by Porter et al. (25), which distinguishes four different types of lipid-based 

formulations has been proposed (Table 1) (25, 26). LFCS Type I formulation approaches comprise 

triglycerides or mixed mono-, di- and triglycerides, whereas LFCS Type II describes a group of 

formulations that consists of glycerides combined with water-insoluble surfactants having a 

hydrophilic lipophilic balance (HLB) < 12 (25). Compared to the LFCS Type I and II, the more 
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advanced LFCS Type III formulation approach envisions the replacement of water-insoluble 

surfactants with water-soluble surfactants (HLB > 12) and enables additional use of hydrophilic 

co-solvents (25). 

Table 1  

Lipid Formulation Classification System (LFCS) adapted from Porter et al. (25). 

Components and 
properties 

Type I  Type II Type IIIa Type IIIb Type IV 

Triglycerides or mixed 
glycerides [%] 

100 40 - 80 40 - 80 < 20  - 

Water-insoluble 
surfactants (HLB < 12) 
[%] 

- 20 - 60 - - 0 - 20 

Water-soluble 
surfactants (HLB > 12) 
[%] 

- - 20 - 40 20 - 50 30 - 80 

Hydrophilic co-solvents - - 0 - 40 20 - 50 0 - 20 

Particle size [nm] coarse 100 - 250  100 - 250 50 - 100 < 50 

Significance of aqueous 
dilution 

limited 
importance 

solvent 
capacity 
unaffacted 

some loss of 
solvent 
capacity 

significant 
phase 
changes and 
potential loss 
of solvent 
capacity 

significant 
phase 
changes and 
potential loss 
of solvent 
capacity 

Significance of 
digestibility 

crucial 
requirement 

not crucial 
but likely to 
occur 

not crucial but 
may be 
inhibited 

not required not required 

Furthermore, Porter et al. (25) subdivide the LFCS Type III formulations into categories a and b, 

which include the same types of components, but different quantity ranges for each of these 

components (25). The different quantity ranges for components mentioned in the LFCS affect 

parameters such as particle/droplet size as well as the significance of aqueous dilution and 

digestibility (Table 2), that have been studied for all LFCS formulation types listed in the LFCS by 

Porter et al. (25). The LFCS is completed by the LFCS Type IV formulations, which are free of 

triglycerides or mixed glycerides and present with reduced particle/droplet size upon contact 

with an aqueous medium as stated for LFCS Type III formulations (25). Considering the LFCS 

system, the question now arises which LFCS type the SNEDDS can be assigned to. Due to 

composition and resulting droplet size after dispersion in an aqueous medium, SNEDDS could 

be assigned LFCS Type IIIb formulations. Basically, SNEDDS consist of an oil or a lipid that is 

combined with a surfactant or a blend of surfactants, a co-solvent, if required, and can 

incorporate a lipophilic drug substance (Figure 2) (27-29). As multi-component, homogeneous, 

and anhydrous liquids, orally administered SNEDDS spontaneously form translucent 

nanoemulsions when in contact with gastrointestinal fluids under agitation of digestive motility 

(28, 30).  
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Figure 2: Multi-component structure of drug-loaded SNEDDS (mixed micelle) comprising oil/lipid (colored yellow), 

surfactant(s) (colored orange, blue and green), co-solvent (not colored, surrounding the mixed micelle) and 

incorporated drug (white dots) resulting preferably in a droplet size range of 10 - 100 nm.  

In fact, the principal of SNEDDS or self-microemulsifying drug delivery systems (SMEDDS), that 

emerged during the last two decades, reveals a promising formulation approach in the research 

field of solubility enhancement (2, 31). Mixing of the individual components and, if necessary, 

melting during the mixing process in the case of semi-solid or solid SNEDDS’ excipients proves 

to be a simple manufacturing technique with the possibility to scale up the process (2, 11, 32). 

In addition, the manufacturing process can be performed continuously and without organic 

solvents (2, 11, 32). Referring to the nomenclature of these systems, so far it is not completely 

assured how to technically differentiate between SNEDDS and SMEDDS. There is a general 

discussion about whether it is reasonable to categorize the two self-emulsifying systems 

according to their droplet size (SNEDDS < 100 nm, SMEDDS 100 - 250 nm) (22, 27). Another 

reported approach for distinction refers to different stability theories indicating that SNEDDS 

may be kinetically and SMEDDS thermodynamically stable (10, 33).  

Essentially, there are several advantages linked to the SNEDDS technology. The comparatively 

low free energy and a minimum interfacial tension of the instantaneously forming, optically 

translucent nano-emulsifying systems are responsible for the pronounced stability of SNEDDS 

(10, 11, 25, 34). Compared to conventional dosage forms (e.g., tablets), additional benefits of 

SNEDDS such as an omitted dissolution step of a solid drug prior to drug absorption in the 

intestine as the drug is already dissolved in a water-free preconcentrate as well as obtained 

droplet sizes in the lower nanometer range after dispersion in an aqueous fluid may facilitate 

intestinal drug absorption (22, 23, 35, 36). A certain risk of precipitation of the drug still exists 

since it must leave the SNEDDS formulation again, immediately before absorption in order to 

exert its pharmacological effect. Depending on the properties of the excipients that comprise a 
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SNEDDS formulation, drugs that are prone to enzymatic degradation in the gastrointestinal tract 

such as peptides or proteins, might be properly delivered due to the ability of SNEDDS to provide 

drug protection by preventing contact to enzymes (2, 11, 32, 37). Furthermore, efflux 

transporters which limit the intestinal absorption of drugs and are located in the gut wall can be 

inhibited by components of SNEDDS formulations (10, 11). Additional benefits such as a high 

solubilization capacity for poorly water-soluble drugs, improved bioavailability resulting in lower 

administered doses and encapsulation of aggressive drugs damaging the gastric mucosa might 

be accomplished with SNEDDS (2, 11, 20, 25, 32, 37). 

The origin of the beneficial aspects mentioned may be related to the individual excipients or 

their combination. Structural details of the excipients may provide information about the 

expected properties of the SNEDDS formulation (38). 

Commonly, the oily or lipid phase of SNEDDS consists of triglycerides or a mixture of mono-, di- 

and triglycerides (11, 25, 37, 38). These glycerides can comprise long-chain, medium-chain or 

short-chain fatty acids that are linked to glycerol (11). The (partial) esterification of glycerol with 

different fatty acids can result in different types of mono-, di- or triglycerides with specified 

properties including polarity, density, viscosity, aqueous solubility and chemical stability (11, 25, 

26). Due to their substantial size, long-chain triglycerides that present with fatty acids of more 

than twelve carbon atoms esterified with glycerol may be suitable to stimulate the lymphatic 

drug absorption in order to circumvent the first-pass effect that may result in higher drug plasma 

levels (11, 22, 27, 33, 39, 40). In addition, a SNEDDS formulation further requires the presence 

of a surfactant or a mixture of surfactants that possess the ability to emulsify an oily with an 

aqueous phase resulting in a nanoemulsion (11, 25, 37). Hydrophilic surfactants are essential 

elements for providing effective self-emulsifying properties of SNEDDS (25, 33). Lipophilic 

surfactants can act as potential co-surfactants to support the emulsification process in aqueous 

fluids and may lead to a higher saturation solubility of the drug that is incorporated in a SNEDDS 

formulation (25). Furthermore, type and concentration of surfactants could strongly affect the 

emulsion droplet size (22, 33). Conventionally, non-ionic surfactants are used to prepare 

SNEDDS to ensure a certain stability and limit the impact of pH value changes, ionic strength, 

and ionic interaction on SNEDDS formulations’ stability (33, 37). Considering that anionic or 

cationic drugs incorporated in SNEDDS can easily interact with oppositely charged excipients 

that are used together in the same SNEDDS formulation, there is a potential risk for drugs to 

precipitate irreversibly (41). Another group of potential components to be used in a SNEDDS 

formulation is represented by the co-solvents (11, 25, 26, 37). Co-solvents reduce the interfacial 

tension, stabilize the dispersed phase, and can contribute to a more hydrophobic environment 
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by lowering the dielectric constant of water to improve the emulsification performance of 

SNEDDS (11, 42).  

Since a SNEDDS formulation is intended to solubilize a drug with poor aqueous solubility in 

gastrointestinal fluids upon oral administration, it can be considered as a fundamental 

specification that a sufficient solubility of the drug in both the individual components (oil/lipid, 

surfactant, co-solvent) of SNEDDS as well as in the complex mixture of these individual 

components is guaranteed (30, 43). The analysis of the saturation solubility of a lipophilic drug 

in the individual components can be performed to identify a suitable mixture of constituents for 

the development of a SNEDDS formulation (10, 28, 30, 43-47). High saturation solubilities 

determined for a certain drug may be linked to a selection of promising candidates of 

components for SNEDDS (10, 25). Furthermore, miscibility as well as compatibility of all the 

individual constituents are required for developing a SNEDDS formulation (10, 25). Once a 

promising, compatible mixture of components for SNEDDS with high drug loading has been 

identified, a ternary phase diagram is typically used to determine the self-emulsifying region as 

well as the best performing mixing ratio of the selected components including the drug (43, 48). 

The performance of a certain SNEDDS formulation is often characterized based on analytical 

methods, for instance the droplet size as well as the transmittance of the nanoemulsion that is 

formed after dispersion in water (8, 11, 43, 48-50). Once, drug-loaded SNEDDS formulations that 

have a small droplet size with narrow distribution as well as a high transmittance are 

determined, they can be selected for advanced analyses such as drug release as well as storage 

stability studies (51-57). 

Commercial products based on SNEDDS technology (e.g., Neoral® or Aptivus®) are available in 

different dosage forms such as oily solutions or soft capsules (4). As mentioned earlier in this 

section, once they are developed, SNEDDS formulations can be manufactured quickly and easily 

by mixing a lipophilic drug with selected excipient components. However, SNEDDS formulations 

in a liquid state tend to be linked to a couple of major drawbacks (25, 50). The majority of Liquid-

SNEDDS (L-SNEDDS) formulations reveals a poor storage stability, very limited shelf life and can 

suffer from chemical instability as well as drug precipitation (20, 22, 27, 50, 58, 59). The reported 

poor dosing accuracy of these liquid systems may be compensated by filling L-SNEDDS into soft 

capsules (22, 50, 58). However, besides the fact that the production of filled soft capsules is a 

costly process and presents a technical challenge, the potential of L-SNEDDS to interact with or 

even leach through the soft capsule is a major concern. Consequently, soft capsule filling may 

not resolve the indicated drawbacks of L-SNEDDS (7, 22, 27, 50, 58). Due to several drawbacks 

and limitations that are accompanied by L-SNEDDS technology, conversion to a solid dosage 

form as an innovative formulation approach may be advisable. Converting L-SNEDDS into a solid 
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dosage form, that is referred to as Solid-SNEDDS (S-SNEDDS) formulation in the following, could 

lead to a substantial improvement on aspects such as stability and shelf life of the formulation, 

production costs in comparison to soft capsule manufacturing and dosing accuracy (58). Various 

manufacturing methods, such as conventional wet granulation, spray drying, application of 

supercritical fluid technology, freeze drying, and adsorption to a solid carrier, might be used to 

efficiently perform this conversion step (17, 27, 44, 50, 60-62). When focussing now on the 

technology approach using adsorptive carriers, a huge variety of materials could act as 

adsorbent for L-SNEDDS formulations. Promising materials that are already used for adsorption 

processes can either originate from biological source or chemical synthesis (60-62). The varying, 

individual physicochemical properties of adsorptive carriers with regard to surface area, 

morphology, density, polarity, porosity, particle size and distribution resulting from different 

chemical compositions as well as manufacturing methods may be of major interest for a suitable 

selection of carriers for S-SNEDDS preparation (17, 60, 63). Material-specific properties of the 

different adsorptive carriers used to prepare S-SNEDDS may affect the loading capacity for L-

SNEDDS, the processing and the drug release performance (63-66). Carriers that can be used for 

S-SNEDDS manufacturing include materials that are based on silicon dioxide, calcium silicate, 

other inorganic salts and different polysaccharides, among others (5, 17, 27, 61, 62, 67, 68). 

Adsorption to a solid carrier is an elementary approach, mainly based on capillary forces and 

chemical or physical interactions. Gentle adsorption processing into a solid dosage form 

constitutes a major advantage, as SNEDDS are neither exposed to high temperatures nor to 

strong mechanical forces as can be the case with other manufacturing technologies (17). Many 

solid carriers loaded with L-SNEDDS induce a reduction of both, rate and extent of drug release 

compared to the corresponding L-SNEDDS as a result of pronounced chemical interactions (63-

66). The identification of suitable solid carriers with a high loading capacity that do not 

substantially impact the release of the adsorbed L-SNEDDS formulation and the incorporated 

drug respectively, remains a challenge. 

As an alternative manufacturing process, the preparation of S-SNEDDS may also be conducted 

using a hot melt extrusion (HME) co-processing that combines L-SNEDDS with an appropriate, 

thermoplastic polymer (58). However, using HME technology for converting L-SNEDDS into S-

SNEDDS based on a polymeric compound is still a largely unexplored area in the SNEDDS 

manufacturing field. Basically, HME is a well-established technology that induces thermal as well 

as mechanical input in order to process a polymer or blends of polymers together with other 

liquid or solid substances to obtain a solid dosage form (Figure 3). 
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Figure 3: Visualization of a hot melt extrusion (HME) process.  

Before entering the feeding zone of an extruder, liquid and solid materials can be dosed 

separately or as mixtures for the HME process. A flowable melt is then generated inside the 

extruder (extrusion zones) due to elevated temperatures as well as the impact of mixing and 

kneading elements. The molten material is conveyed via rotating screws towards the extruder 

die where it leaves the extruder and cools down, shaped as a homogenous strand that can be 

further chopped into granules of different particle sizes. HME is a continuous, solvent-free 

process that is easy to scale-up and less time-consuming compared to other technologies that 

are suitable for the transformation into a solid dosage form (58). Essential characteristics of the 

polymeric material that is supposed to be processed via HME for the preparation of S-SNEDDS 

may be the glass transition temperature (Tg), the weight-average molecular weight (Mw) and the 

number-average molecular weight (Mn), the binding and solubilizing capacity for oily 

formulations (e.g., L-SNEDDS) as well as the decomposition temperature, flexibility and hardness 

(1, 21, 69, 70). Due to a lack of literature examples in this context as well as a large number of 

potential impact factors considering material- and process-specific parameters, S-SNEDDS 

manufacture by means of HME certainly remains a major challenge. 

From this perspective, there is a wide scope for research activities in the technology field of S-

SNEDDS to exploit its great potential for solubility enhancement of poorly water-soluble drugs 

focusing on the development of promising formulation excipients, novel carrier materials, and 

combinations thereof using different, suitable manufacturing techniques. 

  



 

14 
 

2. Objectives 

When screening the published studies in the field of solubility enhancement of poorly water-

soluble drugs, it became evident that many different technology approaches can be used to 

counteract the growing solubility issue of drugs. 

The aim of the present work was to investigate the SNEDDS technology approach for improving 

the solubility as well as the release performance of BCS class II drugs. When administered orally, 

the drugs to be selected for formulation development should have a pH-independent solubility 

within a pH range that is physiologically relevant in order to enable a better assessment of the 

impact of the SNEDDS formulation on drug release.  

In the first part of the work, a novel screening approach for rapid development of SNEDDS 

formulations should be developed to streamline the process of conventional methods by 

reducing the time and experimental effort. The screening approach to be established should be 

used, in particular, for the development and characterization of drug-loaded and rapidly 

releasing L-SNEDDS formulations. However, since some disadvantages, such as limited stability 

and dosing accuracy, were already disclosed for L-SNEDDS formulations, the elaboration of a 

technical approach to overcome these limitations represented another central goal of the 

present work. One consideration to address this challenge was to convert L-SNEDDS into a solid 

dosage form (S-SNEDDS) that may resolve stability issues. The aim was to evaluate suitable 

technology approaches such as adsorption to solid carriers as well as HME with regard to the 

conversion step into S-SNEDDS formulations. In this context, established excipients for the 

preparation of solid (amorphous) oral dosage forms should be investigated, but beyond that, in 

particular novel materials, e.g., porous carriers for adsorption processing or thermoplastic 

(co-)polymers for HME should be developed and evaluated for the successful preparation of S-

SNEDDS. To evaluate the suitability of new and established materials for the preparation of S-

SNEDDS by HME, the performance of drug-loaded S-SNEDDS should be compared with that of 

the corresponding amorphous solid dispersions (ASDs), which are co-extrudates of 

(co-)polymers and drugs. In this context, different in vitro characterization approaches should 

be applied to evaluate the properties and performance of drug-loaded S-SNEDDS and ASDs. 

These should include amorphicity/crystallinity-, drug release- and storage stability studies. 
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3. Discussion 

The first part of the discussion relates to the content of the publication “A customized screening 

tool approach for the development of a self-nanoemulsifying drug delivery system (SNEDDS)” 

(71).  

This screening approach aimed the establishment of a tool that was supposed to streamline the 

development of rapid-releasing SNEDDS formulations. As a starting point, a comprehensive 

series of experiments on the solubility of BCS Class II substances in potential SNEDDS 

components has been performed to identify three model drug substances, which should be used 

throughout the study.  

 

Figure 4: Example for the basic layout of the triangular mixture design applied in determining optimal SNEDDS 

mixtures for the drug substances celecoxib and fenofibrate (71). 

The drugs of interest were expected to have a high solubility in the excipients and a pH-

independent solubility in the physiological pH range that is relevant for the oral administration 

of drugs. Based on these requirements, which were investigated for a multitude of drugs, 

celecoxib, efavirenz and fenofibrate turned out to be suitable model drugs and thus were 
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selected for SNEDDS development. In addition, a pre-selection of excipients that might be 

suitable for SNEDDS formulations has resulted from these experiments. Since SNEDDS resulted 

from a combination of multiple excipients, initial ideas for developing a methodology for 

evaluating these excipients and different mixing ratios using a fixed drug load were proposed. 

For this reason, a special triangular mixture design (Figure 4) for screening and determining 

appropriate excipient ratios for SNEDDS formulations was established to streamline their 

development. As the selected excipients were of liquid or semisolid state, the developed 

screening approach was applied for the development of L-SNEDDS formulations and was distinct 

from the conventional 10% increment procedure which has been used in several SNEDDS studies 

(43, 48) that ultimately aimed the solubility enhancement of poorly water-soluble drug 

substances. This novel screening approach in a special triangular design (Figure 4) was supposed 

to save time and resources as well as to substantially diminish the number of individual trials 

from about 50 to less than 15 for L-SNEDDS development. While reducing the experimental 

effort, stringent self-imposed requirements for L-SNEDDS such as a droplet size < 50 nm, a PDI 

< 0.15, and a transmittance > 99% after dispersing the L-SNEDDS formulation in water were 

defined (71). The requirements set for L-SNEDDS aimed not only to distinguish between good 

and bad mixing ratios, but also to determine such mixing ratios that in the end really yield 

nanoemulsions. Figure 4 maps the basic layout of the special triangular mixture design including 

the center point (sample 1) of the triangle and a hexagon-shaped mixture region (samples 2 to 

7) around this center point representing varying quantity ratios of potential L-SNEDDS 

compositions (71). For identifying the designated area of interest (DAoI) (i.e., the area within the 

triangular mixture design that provided L-SNEDDS that were closest to the above self-imposed 

specifications), potential L-SNEDDS compositions were analyzed regarding their droplet size, 

PDI, transmittance and emulsification performance. Analyzing additional L-SNEDDS samples 

representing quantity ratios of the excipients in the DAoI enabled the most promising L-SNEDDS 

formulation candidate to be determined (71). The analytical results obtained for the best L-

SNEDDS formulations that met the self-imposed specifications were compared with literature 

data from various L-SNEDDS studies, focusing on the droplet size and PDI of the nanoemulsions 

analyzed after dispersion. These parameters were considered essential in literature as L-SNEDDS 

with much smaller droplet sizes and PDIs after dispersion in aqueous fluids indicated an 

improved physical stability (72) demonstrated by emulsification performance tests. Apart from 

that, results of better drug absorption and increased bioavailability associated with a decrease 

in droplet size and PDI were reported in several research studies (36, 73). The selected L-SNEDDS 

formulation incorporating celecoxib provided better results with regard to droplet size and/or 

PDI than achieved in several other studies (44, 52, 54, 56, 57). In addition, also the fenofibrate 
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L-SNEDDS presented with smaller droplet sizes and/or PDIs when dispersed in an aqueous 

medium compared to many results that were reported in literature (29, 49, 51, 55, 74). The 

methodology for analyzing droplet size and PDI was robust as low standard deviations 

(RSD < 5%) were determined when performing the experiments in triplicate. Furthermore, when 

screening the drug release performance of the selected celecoxib- efavirenz- and fenofibrate L-

SNEDDS in a standard paddle setup (500 ml, 100 rpm), rapid and complete drug release was 

observed (100% of test dose released in < 15 min) independent of the pH conditions (pH 1, 4.5 

and 6.8) (71).  

Based on the results obtained with L-SNEDDS incorporating either the drug substance celecoxib, 

efavirenz or fenofibrate as well as the efficiency of the L-SNEDDS development process, the 

novel screening approach can be considered as a promising alternative to conventional methods 

in order to obtain a good performing L-SNEDDS formulation in a more manageable time. 

Concluding, this customized tool can be seen as an initial screening approach to enable a very 

rapid development of L-SNEDDS formulations with a substantially reduced number of 

experiments. There is no question that using conventional methods, even finer gradations can 

certainly be achieved and a better basic understanding regarding the formulations can be 

obtained. In addition, an absolutely optimal L-SNEDDS formulations may be identified. However, 

the focus of the presented work was on speeding up the screening process while also meeting 

very stringent specifications for L-SNEDDS. 

The presented screening approach for the L-SNEDDS development has not yet been fully 

exploited, as considerations for instance choosing a broader range of potential L-SNEDDS’ 

excipients and increasing the drug load of the formulations could be additionally incorporated. 

Since these L-SNEDDS formulations resulted from a first screening approach, the doses of the 

selected drug substances were lower than their therapeutic doses and the performed release 

studies were conducted at three different pH values without further addressing intraluminal 

contents of the gastrointestinal tract. Furthermore, analyzing the impact of digestive processes 

that may be simulated in advanced in vitro studies as well as an evaluation of L-SNEDDS’ in vivo 

behavior could extend the content of information provided by the screening tool.  

The next part of the discussion focuses on research activities that are highlighted in the 

publication “Development and characterization of celecoxib solid self-nanoemulsifying drug 

delivery systems (S-SNEDDS) prepared using novel cellulose-based microparticles as adsorptive 

carriers” (75). 
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As L-SNEDDS formulations could also have some drawbacks related to their stability after they 

have been successfully developed, the idea was to overcome these by converting L-SNEDDS into 

a solid dosage form. As a first manufacturing approach to convert L-SNEDDS into S-SNEDDS, a 

technique of adsorbing celecoxib L-SNEDDS onto a solid carrier was investigated. For this 

purpose, a selection of commercially available adsorptive carriers was tested with respect to 

their ability of adsorbing L-SNEDDS. The different loading capacities of the carriers for L-SNEDDS 

were identified as a key material property when characterizing and comparing the adsorptive 

carrier candidates. As a first experiment, celecoxib loaded L-SNEDDS were prepared and 

subsequently combined with different carrier materials to generate S-SNEDDS (75). Initially, 

adsorption for S-SNEDDS preparation was performed with the silica-based adsorbent 

Aeroperl® 300 Pharma, and the celecoxib release of the obtained S-SNEDDS formulation was 

investigated. Drug release experiments with S-SNEDDS formulations were performed in the 

same way as already described for L-SNEDDS to determine if the drug release was rapid and 

complete. When analyzing the drug release of Aeroperl® 300 Pharma-based S-SNEDDS in 500 ml 

of acidic dissolution medium (pH 1), the celecoxib release was < 40% of the test dose. Thereafter, 

S-SNEDDS based on adsorptive carriers different from Aeroperl® 300 Pharma were prepared and 

the celecoxib release of these S-SNEDDS formulations was studied as well. As a result, the 

fraction of dose released differed significantly among the formulations when using different 

adsorptive carriers. All S-SNEDDS formulations that were prepared with commercially available 

carriers such as silica-, calcium silicate- as well as cellulose-based materials presented with an 

incomplete celecoxib release. The incomplete drug release determined for S-SNEDDS, regardless 

of the commercial adsorptive carrier used, turned into a major challenge during the 

development process. Other research groups have also reported about the challenge of 

incomplete drug release from S-SNEDDS formulations based on the approach of adsorption to 

solid carriers including silica (44,76), but also other materials such as hypromellose and 

maltodextrin (76). However, it was not possible to compare the obtained release data with those 

of other research groups because the test conditions were not the same (44, 76). Overall, the 

results of the different studies confirm the complexity of carrier properties that could be 

responsible for varying and incomplete drug releases for S-SNEDDS (44, 75, 76). Hence, the 

selection, manufacture and evaluation of adsorptive carriers is an important step in the 

development process of S-SNEDDS formulations in this context. With respect to the goal of 

developing an adsorptive carrier-based S-SNEDDS formulation, that resulted in a rapid and 

complete drug release, the development of a tailor-made carrier was initiated. The prerequisites 

of developing such a carrier included that this new carrier was supposed to be based on cellulose 

or cellulose derivatives (issued as a specification by the supporting company). For comparative 
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reason, a marketed cellulose-based material, Avicel® PH-101, was also evaluated for its 

suitability as a carrier for S-SNEDDS formulations in this context.  

The novel carrier should be linked to a rapid and complete L-SNEDDS/drug release, a high 

loading capacity (loading factor > 1) for L-SNEDDS and simple processing. Different cellulose 

types and excipients were screened for their suitability to be processed into an adsorptive 

microparticle carrier. It was determined that a certain binder was required to obtain a stable 

cellulose-based microparticle for subsequent L-SNEDDS adsorption. Ultimately, using a multi-

step manufacturing process (completed by spray-drying), a novel adsorptive carrier material for 

S-SNEDDS manufacturing that presented with a microparticle structure derived from native 

cellulose in combination with a certain binder (gum arabic or methylcellulose) was established 

(75). Two variants of the cellulose-based microparticles referred to as M-GA (cellulose-based 

microparticle with gum arabic) and M-MC (cellulose-based microparticle with methylcellulose) 

in the following were loaded with celecoxib L-SNEDDS and subjected to drug release studies. A 

set of drug release studies analogous to those of the underlying L-SNEDDS formulation were 

performed for S-SNEDDS using different pH conditions. M-GA- as well as M-MC S-SNEDDS 

presented with rapid (< 15 min) and complete (100% of test dose) celecoxib release regardless 

of the selected dissolution medium (75). As a comparison, S-SNEDDS based on Avicel® PH-101 

presented with a drug release of approximately 90% of the celecoxib dose using the same 

dissolution test conditions, that was substantially lower than determined for S-SNEDDS based 

on M-GA and M-MC.  

In addition, it could be noted that the L-SNEDDS’ loading capacity of M-GA and M-MC was 

significantly higher than for Avicel® PH-101, however, it was lower compared to that of the 

corresponding silica-based carriers studied earlier (75) 

Overall, M-GA proved to be the preferred variant of the two novel cellulose-based microparticles 

as it showed an improved processibility towards S-SNEDDS compared to M-MC. The spherical 

particle shape of M-GA may be one reason for the different processing behavior (75). 

Furthermore, the adsorption process of L-SNEDDS using Avicel® PH-101 was more complicated 

when compared to the application of the carriers M-GA and M-MC, as Avicel® PH-101 showed 

some sticking issues during the adsorption process.  

Finally, the storage stability of all S-SNEDDS formulations prepared in the context of this study 

was tested. Based on the International Conference on Harmonisation (ICH) guidelines, the 

intermediate storage conditions of 30°C/65% RH over a period of three months were selected 

for testing (75). After three months of storage, test criteria were met if visual inspection of S-
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SNEDDS resulted in no change of formulation and the deviation of the extent of drug release 

was < 3% compared to that at the time of manufacture. Sufficient storage stability was 

determined for all S-SNEDDS formulations, as no visual change was noticeable, and the extent 

of the drug release had changed by less than 3% after the three months storage period. 

In conclusion, developing a suitable carrier for converting L-SNEDDS into S-SNEDDS was a major 

step in the value chain towards the ultimate goal of obtaining a rapidly and completely releasing 

S-SNEDDS formulation. S-SNEDDS based on M-GA and M-MC prepared via adsorption 

technology met the predefined requirements, with M-GA being preferred over M-MC due to its 

beneficial morphology and facilitated processing. 

Apart from the adsorption process, a technical approach which has been described in the 

literature already, there are currently only very few alternative approaches for manufacturing 

of S-SNEDDS. In the present work, therefore, hot melt extrusion was investigated as a novel 

approach for the production of S-SNEDDS. With a change in the technological approach for 

manufacturing of S-SNEDDS from adsorption technique to HME process, the final part of the 

discussion now deals with the content of the publications “A novel aminomethacrylate-based 

copolymer for solubility enhancement - from radical polymer synthesis to manufacture and 

characterization of amorphous solid dispersions” (77) as well as “Preparation of solid self-

nanoemulsifying drug delivery systems (S-SNEDDS) by co-extrusion of liquid SNEDDS and 

polymeric carriers - a new and promising approach to improve the solubility of poorly water-

soluble drugs” (78). 

For the preparation of S-SNEDDS using HME as an alternative transforming step, L-SNEDDS were 

combined with different thermoplastic (co-)polymers that are well-known in the context of 

solubility enhancement of poorly water-soluble drugs. Since examples on S-SNEDDS 

manufacturing via HME processing are not available in literature, initial HME trials with drug-

loaded L-SNEDDS combined with different (co-)polymers were conducted to get an 

understanding of critical process- (e.g., temperature and screw speed) as well as material-

specific parameters. In that context, the mechanical as well as physicochemical properties of the 

applied (co-)polymer materials such as flexibility, hardness and brittleness of the final polymer 

strand, the Mw and Tg of the (co-)polymer as well as the binding capacity for L-SNEDDS were 

identified as elementary factors for proper S-SNEDDS manufacturing (77, 78). Initial HME trials 

for S-SNEDDS manufacturing revealed technically limited applicability of the selected 

(co-)polymers that are currently available on the market such as EUDRAGIT® E PO, Soluplus®, 

Kollidon® VA 64, Kollidon® 17 PF, Affinisol® HPMC 100 LV, AQOAT® AS-MMP. Challenges such as 

a lack of linkage between drug-loaded L-SNEDDS and (co-)polymer, inappropriate melt 
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viscosities leading to clogging of the extruder die, high flexibilities and insufficient rigidity of the 

extruded polymer strands emerged during the preliminary trials. These observations further led 

to the idea of developing a tailor-made (co-)polymer for the S-SNEDDS application field. Except 

for the excessive flexibility of the extruded polymer strand, EUDRAGIT® E PO proved to be a 

good starting material for the development of a new copolymer for preparation of S-SNEDDS via 

HME. In addition, as methacrylate chemistry is a core business of the supporting company, it 

was reasonable to extend the research activities in this area. The aim was to develop a 

(co-)polymer related to EUDRAGIT® E PO with modified properties. With a focus on radical 

polymer synthesis, first approaches with different monomer compositions compared to 

EUDRAGIT® E PO were performed to develop a customized copolymer that is suitable for S-

SNEDDS manufacturing using HME.  

 

Figure 5: Radical copolymer synthesis of modified EUDRAGIT® E PO (ModE) including monomers, chain-transfer-agent 

(CTA), initiators (1. tert-butyl peroxyneodecanoate, and 2. tert-butyl peroxypivalate) and reaction conditions (77). 

The radical polymer synthesis including the different monomers, two radical initiators, a chain-

transfer-agent (CTA) and the reaction conditions that was applied to finally obtain this 

customized copolymer for S-SNEDDS formulation development is shown in Figure 5. This novel 

aminomethacrylate-based copolymer, the dimethylaminopropyl methacrylamide-butyl 

methacrylate-methyl methacrylate (ModE), can be described as a structural modification of 

dimethylaminoethyl methacrylate-butyl methacrylate-methyl methacrylate (EUDRAGIT® E PO). 

A comparison of the chemical structures of both ModE as well as EUDRAGIT® E PO clearly 

indicate the modifications within the amino-functional monomer unit (Figure 6). 

 

Figure 6: Section of the chemical structure of EUDRAGIT® E PO (left) and ModE (right) (77). 
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As already indicated, the rationale for modifying the commercialized copolymer 

EUDRAGIT® E PO for S-SNEDDS manufacturing involved an increased Tg, that should enable 

higher L-SNEDDS loading capacities, improved processibility via HME as well as a better storage 

stability. The radical polymerization process (Figure 5) was performed with high monomer 

conversion rates resulting in low residual monomer contents, so that the final ModE copolymer 

only required a short time for further purification. Different ModE types with varying Mw, Tg and 

PDI respectively were synthesized and evaluated first for drug release performance when 

combined with drug-loaded L-SNEDDS. As previous studies (71, 79) had confirmed that the three 

model drugs (celecoxib, efavirenz and fenofibrate) used in the study revealed pH-independent 

solubility, the dissolution medium should not have a notable effect on their dissolution. Based 

on the results of the dissolution tests in an acidic medium (pH 1) using drug-loaded S-SNEDDS 

prepared with ModE, a trend towards better drug release performance with decreasing Mw and 

Tg of ModE was observed. Thus, the impact of ModE’s Mw and Tg on rate and extent of drug 

release was inversely proportional independent of whether the drug substance celecoxib, 

efavirenz or fenofibrate was incorporated in the S-SNEDDS formulation (78). The same 

correlation was observed when ModE was used for preparing drug-loaded ASDs via HME (77). A 

similar effect for a certain polymer type with varying Mws was detected by Knopp et al. (80) 

working with polyvinylpyrrolidone-based ASDs. As a decrease of a copolymer’s Mw usually 

entails a higher flexibility and lower viscosity, both effects may contribute to a better 

solubilization of the drug and higher drug releases (77, 78, 80). When investigating the drug 

release performance of drug-loaded S-SNEDDS and the corresponding ASDs that were produced 

analogous in the presented studies (77, 78) it turned out that all S-SNEDDS presented with both, 

a higher rate and extent of drug release in acidic medium (pH 1) compared to the corresponding 

ASD. With focus on the drug release performance of the different S-SNEDDS formulations, S-

SNEDDS based on ModE variant 173 kDa showed the best results among S-SNEDDS prepared 

with selected commercially available (co-)polymers or other ModE variants.  

Apart from investigation on drug release, a series of differential scanning calorimetry (DSC) and 

x-ray powder diffraction (XRPD) studies was performed to investigate amorphicity/crystallinity 

of the drug in S-SNEDDS or ASD formulations. Whereas some ASDs showed evidence of drug 

recrystallization and substantial decrease of drug release after the ASDs had been stored over 

three months at 30°C/65% RH according to the ICH guidelines, the drug incorporated in S-

SNEDDS remained in the amorphous state regardless of the drug/(co-)polymer combination.  
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As an additional benefit from the process point of view, S-SNEDDS could be prepared at lower 

extrusion temperatures than the corresponding ASDs, since the combination with L-SNEDDS 

facilitated the co-processing of almost all (co-)polymers tested (78). 

Although ModE is currently considered a prototype copolymer and not yet commercially 

available, the S-SNEDDS formulations based on ModE also showed promising results in terms of 

their storage stability (78). In most cases, the storage stability data of ModE-based S-SNEDDS 

was even better than that of S-SNEDDS based on the commercial (co-)polymers tested in this 

study (78). As no studies of S-SNEDDS prepared by HME are yet available, a comparison of these 

S-SNEDDS results with reasonable data sets in the literature was not possible. 

Based on drug release, amorphicity/crystallinity and storage stability data of drug-loaded S-

SNEDDS as well as ASDs, the most promising ModE type that was synthesized had a Mw of 

173 kDa and a Tg of 77 °C and at the same time was the variant with the lowest Mw and Tg in the 

present study (78). It may certainly be obvious to further decrease Mw and Tg of ModE in order 

to achieve even better drug release performances when using this copolymer. However, the 

synthesis of another ModE type with even lower Mw and Tg was not considered, since this change 

would most likely have a negative impact on the loading capacity for L-SNEDDS, the 

processability of S-SNEDDS via HME and its storage stability. In contrast, a further increase of 

the drug release in an acidic dissolution medium (pH 1) would be negligible, since it was already 

complete (100% of test dose released), at least for celecoxib- and efavirenz S-SNEDDS using 

ModE variant 173 kDa (78). 

As a brief conclusion of the final part of the discussion, a novel technology concept, that 

highlighted the preparation of (co-)polymer-based S-SNEDDS formulations via HME processing, 

was successfully developed. Since the use of most commercially available (co-)polymers, which 

are already used for solubility enhancement of poorly water-soluble drugs, did not present with 

the expected results, a new tailor-made copolymer “ModE” was synthesized and turned out to 

be the most promising (co-)polymer for S-SNEDDS development. Moreover, all S-SNEDDS 

formulations presented with superior performance regarding drug release and formulation 

stability when compared to the corresponding ASDs.  

Overall, it can be concluded L-SNEDDS formulations with the intended in vitro performance were 

rapidly developed using the novel customized screening tool approach that saved time, 

resources as well as experimental effort for the L-SNEDDS development process. Furthermore, 

the transformation step into S-SNEDDS was achieved applying different technology approaches 

in the related field. New, tailor-made materials developed specifically for the preparation of S-
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SNEDDS were found to be more suitable in terms of investigated formulation properties than 

many commercially available materials studied in this context. As a result, pronounced solubility 

enhancement of the poorly water-soluble model drug substances celecoxib, efavirenz and 

fenofibrate was achieved using the SNEDDS technology approach. Promising formulation 

candidates for both liquid and solid dosage forms have been developed. 

Providing a brief outlook on potential trends in the SNEDDS technology field, developing 

sustainable materials that are biocompatible, biodegradable, and suitable for various 

manufacturing processes at the same time may be of great importance in the future. Looking at 

new excipients as well as extending the selection of excipients for the screening approach at the 

very beginning of the L-SNEDDS development procedure will certainly increase the number of 

possible combinations and promising formulation candidates. In addition, combining carrier 

materials with different characteristics to further tailor the properties of S-SNEDDS as well as 

extending S-SNEDDS studies to other poorly water-soluble drug substances could be of great 

interest.  
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4. Summary 

The poor aqueous solubility of many drug substances has been addressed using different 

solubility enhancement approaches in the pharmaceutical technology field over the last 

decades. In this context, advanced drug delivery systems based on lipids referred to as SNEDDS 

were used to overcome solubility limitations of drugs, that are often associated with a low 

bioavailability after oral administration. There are numerous examples in the literature for the 

development of L-SNEDDS, which have led to some pharmaceutical products available on the 

market. As L-SNEDDS development using conventional methods requires a lot of time and 

experimental effort, a streamlining of this procedure was aimed in the first part of the presented 

work. 

Starting with the development of L-SNEDDS formulations for solubility enhancement of poorly-

water soluble drugs, extensive solubility studies with different BCS Class II drugs were performed 

in various excipients to determine drugs with high solubilities in these excipients as well as to 

evaluate multiple excipients for their suitability to be used in L-SNEDDS formulations. Celecoxib, 

efavirenz and fenofibrate were selected as model drugs and a pre-selection of excipients for 

further development was made. In a next step, a novel screening approach for L-SNEDDS 

formulation development based on a customized mapping method in a special triangular 

mixture design was established. This customized tool for L-SNEDDS development comprised the 

systematic analysis of results obtained with different in vitro characterization methods such as 

droplet size analysis and distribution, transmittance measurement and emulsification 

performance assessment. Furthermore, the novel approach streamlined the procedure for L-

SNEDDS development as a reduction of experimental effort and time compared to conventional 

methods was achieved. The most promising L-SNEDDS formulations determined via the 

customized screening tool approach showed high drug release of celecoxib, efavirenz as well as 

fenofibrate, and clearly indicated that this method was suitable for efficiently designing stable 

and rapidly releasing L-SNEDDS formulations incorporating poorly water-soluble drugs. 

After the successful development of L-SNEDDS formulations with different drug substances 

using the novel screening approach, a further aspect of this work dealt with conversion of L-

SNEDDS into S-SNEDDS, since a limited storage stability has been reported for many L-SNEDDS 

formulations. The conversion into S-SNEDDS required the determination of appropriate solid 

carriers with different material properties depending on the manufacturing process. As a first 

technological approach, adsorption to a solid carrier was investigated by adding a carrier to 

drug-loaded L-SNEDDS applying a defined mixing ratio resulting in a solid, particulate 

formulation. When performing drug release studies, S-SNEDDS based on different commercial 
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carrier materials revealed major limitations due to incomplete drug release. Thus, a tailor-made 

microparticulate carrier material based on cellulose was developed for the purpose of adsorbing 

L-SNEDDS and presented with superior performance compared to conventional adsorbents 

based on cellulose or silica. Based on the obtained results, this novel cellulose-based 

microparticle prepared with gum arabic as a binder was determined to be the most promising 

material amongst all adsorptive carriers that were investigated. 

In addition to the technology approach of adsorption, another manufacturing process was 

considered in the course of the present work, which focused on the preparation of S-SNEDDS by 

means of HME. As a successful conversion of L-SNEDDS into S-SNEDDS using HME processing 

requires at least one additional polymeric component, a selection of marketed (co-)polymers 

that were frequently used in the field of solubility enhancement were evaluated for their 

suitability in this context. Critical process parameters and target properties of the (co-)polymers 

were determined, ultimately leading to the idea of developing a novel, customized polymer in 

order to perform the conversion step via HME in a more suitable and effective manner. In this 

context, a new copolymer referred to as ModE, as it disclosed a structural association with the 

commercially available copolymer EUDRAGIT® E PO, was developed. The novel copolymer ModE 

was evaluated for its suitability for different formulation technologies and showed promising 

results when used for S-SNEDDS and ASD formulations prepared by the HME process. Different 

variants of ModE in terms of Mw, Tg and PDI were synthesized via radical polymerization and it 

was found that the modification of Mw, Tg and PDI of the novel aminomethacrylate-based 

copolymer had significant effects on drug release as well as storage stability of S-SNEDDS and 

ASDs. The ModE copolymer type with a Mw of 173 kDa turned out to be the most suitable 

candidate for S-SNEDDS development using HME technology. In addition, drug-loaded S-SNEDDS 

based on the ModE variant 173 kDa were storage stable and presented with the highest drug 

release among all S-SNEDDS formulations tested. 

In conclusion, a novel screening tool approach for efficient L-SNEDDS development was 

established in order to streamline the process for obtaining stable and rapidly releasing L-

SNEDDS formulations which improved the solubility of poorly water-soluble drugs. Apart from 

the L-SNEDDS development process, the conversion from L-SNEDDS into S-SNEDDS was 

successfully performed using the technology approaches of adsorption to a solid carrier and 

HME processing. An improved storage stability compared to L-SNEDDS as well as high drug 

release were achieved for several S-SNEDDS formulations, especially for those prepared with 

tailor-made materials. Based on the results obtained for S-SNEDDS formulations produced via 

adsorption, especially in terms of drug release performance, the new cellulose-based 
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microparticle carriers (M-GA and M-MC) turned out to be the most suitable materials. S-SNEDDS 

that were manufactured via HME presented with a superior performance regardless of the 

incorporated drug when comparing the results of S-SNEDDS with those of the corresponding 

ASDs regarding drug release performance, amorphicity/crystallinity and storage stability. In this 

context, among all S-SNEDDS formulations prepared via HME, S-SNEDDS based on the ModE 

variant 173 kDa showed the best results, especially when using the drug substances celecoxib 

and efavirenz. Although the S-SNEDDS formulation approach is still largely unexplored, based 

on the research results generated in the present work, it represents a promising technology 

platform that should definitely be further developed in future experiments.  
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6. Published manuscripts 

6.1  A customized screening tool approach for the development of a self-

nanoemulsifying drug delivery system (SNEDDS)* 

(AAPS PharmSciTech, 2022, 23(1): 39) 

 

The presented study described the establishment of a novel screening approach that was 

designed in order to streamline the development of rapidly releasing self-nanoemulsifying drug 

delivery systems (SNEDDS) for solubility enhancement of poorly water-soluble drugs. 

Appropriate excipients and mixtures thereof providing a high saturation solubility for the 

lipophilic drug substances celecoxib as well as fenofibrate were individually identified for 

SNEDDS development and a special triangular mixture design was applied for ratio optimization 

of the excipients. When dispersed in water, suitable SNEDDS formulation candidates were 

characterized by a very small droplet size, a low PDI, a high transmittance as well as an excellent 

emulsification performance. For each drug substance, the most promising SNEDDS composition 

was determined individually. In addition, in vitro drug release studies at pH values 1, 4.5 and 6.8, 

that simulated different pH values along the human gastrointestinal tract, were performed. 

Those drug release studies were considered as another criterion for the determination of 

suitable SNEDDS formulation candidates in order to assess the effect on the solubilization 

behavior of the drug achieved by the SNEDDS formulations. The in vitro release experiments 

indicated a remarkable increase in both rate and extent of drug release when the performance 

of the selected celecoxib and fenofibrate SNEDDS formulation was compared with that of the 

corresponding, pure drug substance. Based on the obtained results, the novel screening tool 

proved to be a promising approach for efficiently developing stable and rapidly releasing 

SNEDDS formulations. 

Own contributions: 
Development of the scientific concept, performance of the laboratory experiments and the 

calculations, preparation of the manuscript 

Alexander Bernhardt and Dr. Andrea Engel: 
Contribution in the development of the scientific concept 

Prof. Dr. Sandra Klein: 
Contribution in the development of the scientific concept, revision of the manuscript 

 

_______________________         ______________________ 
                 Fabian-Pascal Schmied               Prof. Dr. Sandra Klein 

*reproduced with permission from Springer Nature 
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6.2  Development and characterization of celecoxib solid self-nanoemulsifying 

drug delivery systems (S-SNEDDS) prepared using novel cellulose-based 

microparticles as adsorptive carriers* 

(AAPS PharmSciTech, 2022, 23(6): 213) 

 

This study focused on the conversion of celecoxib loaded L-SNEDDS into S-SNEDDS with 

improved stability compared to corresponding L-SNEDDS formulations using different 

adsorptive carrier materials. The aim was to obtain stable S-SNEDDS showing a release behavior 

similar to that of L-SNEDDS, that should not be affected by measures of the adsorptive carrier. 

In this context, novel cellulose-based microparticles using different binders (gum arabic or 

methylcellulose) were prepared via spray drying and investigated for their suitability as 

adsorbents for L-SNEDDS formulations. The material-specific properties such as particle size and 

morphology of the novel cellulose-based microparticles as well as various commercially 

available carriers were screened and the effects of the different carriers’ properties on loading 

capacity for L-SNEDDS and in vitro drug release performance were analyzed. The results of the 

study revealed that it is possible to develop S-SNEDDS without affecting rate and extent of drug 

release of the corresponding L-SNEDDS when using suitable adsorptive carriers. Amongst all the 

carriers evaluated in this study the novel cellulose-based microparticle carrier with the binder 

gum arabic turned out as the most promising candidate for the development of celecoxib loaded 

S-SNEDDS. In summary, depending on the material-specific properties, adsorptive carriers 

provide a promising, alternative approach to prepare stable S-SNEDDS formulations. 

 

Own contributions: 
Development of the scientific concept, performance of the laboratory experiments and the 

calculations, preparation of the manuscript 

Alexander Bernhardt: 
Contribution in the development of the scientific concept, revision of the manuscript 

Victor Baudron and Dr. Birte Beine: 
Contribution in the development of microparticle carrier 

Prof. Dr. Sandra Klein: 
Contribution in the development of the scientific concept, revision of the manuscript 
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                 Fabian-Pascal Schmied               Prof. Dr. Sandra Klein 

*reproduced with permission from Springer Nature 
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6.3  A novel aminomethacrylate-based copolymer for solubility enhancement—

from radical polymer synthesis to manufacture and characterization of amorphous 

solid dispersions* 

(Polymers, 2022, 14(7): 1281) 

 

This part of the work dealt with the radical synthesis, purification and characterization of a novel 

aminomethacrylate-based copolymer referred to as ModE that was developed for the advanced 

manufacturing of enabling formulations such as ASDs and S-SNEDDS in the context of solubility 

enhancement of poorly water-soluble drugs. ModE can be considered as a structural 

modification of the conventional and commercialized EUDRAGIT® E PO. ModE types with varying 

Mw and Tg respectively were synthesized and investigated for their suitability to improve the 

poor aqueous solubility and the incomplete in vitro drug release of the model drug substances 

celecoxib, efavirenz and fenofibrate when applied as ASD formulations. Drug-loaded ASDs were 

manufactured via HME and revealed that Mw and Tg substantially affected the drug release 

performance of the incorporated drug substances when subjected to in vitro dissolution studies. 

ModE with a Mw of 173 kDa, the lowest Mw amongst all different ModE types that were 

synthesized, was identified as the most promising candidate for formulation development in 

order to enhance the solubility of poorly water-soluble drugs. Furthermore, ASDs prepared with 

this specific ModE type showed a better release behavior of the incorporated drug as well as 

storage stability compared to ASDs based on other marketed (co-)polymers. 

 

 

Own contributions: 
Development of the scientific concept and ModE copolymer, synthesis of ModE copolymer, 

performance of the laboratory experiments and the calculations, preparation of the manuscript 

Alexander Bernhardt: 
Contribution in the development of the scientific concept 

Dr. Christian Moers, Dr. Christian Meier and Dr. Thomas Endres: 
Contribution in the development of ModE copolymer 

Prof. Dr. Sandra Klein: 
Contribution in the development of the scientific concept, revision of the manuscript 

 

_______________________         ______________________ 
                 Fabian-Pascal Schmied               Prof. Dr. Sandra Klein 

*all MDPI journals are Open Access and subject to the Creative Commons Attribution License (CC BY). The CC BY permits unrestricted use, distribution, 

and reproduction of the material in any medium even commercially, provided the original work is properly cited 
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6.4  Preparation of solid self-nanoemulsifying drug delivery systems (S-SNEDDS) by 

co-extrusion of liquid SNEDDS and polymeric carriers – a new and promising 

approach to improve the solubility of poorly water-soluble drugs* 

(Pharmaceuticals, 2022, 15(9): 1135) 

 

This final part of the work focused on establishing a new formulation approach to enhance the 

solubility of poorly water-soluble drugs. Drug-loaded S-SNEDDS formulations were successfully 

prepared applying a HME process, more precisely, a co-extrusion of different polymeric carriers 

in combination with L-SNEDDS, which had been developed in a preceding study. Maintaining or 

even improving the rapid and complete drug release behavior of the corresponding celecoxib, 

efavirenz or fenofibrate loaded L-SNEDDS was one of the major objectives for the development 

of S-SNEDDS via HME processing. A selection of (co-)polymers was evaluated for their suitability 

regarding co-extrusion with L-SNEDDS using HME technology. Individual HME process 

parameters were determined for the different (co-)polymers used depending on their material 

properties and melting behavior. S-SNEDDS were prepared via HME using a number of marketed 

(co-)polymers as well as the different variants of ModE copolymer and were analyzed regarding 

their in vitro drug release performance and storage stability. Stable drug-loaded S-SNEDDS, 

which showed a good drug release performance in an acidic dissolution medium (pH 1) were 

obtained considering some different (co-)polymer variants. In particular, the drug-loaded S-

SNEDDS formulation using the recently developed aminomethacrylate-based copolymer 

“ModE” with a Mw of 173 kDa revealed  high drug releases for the drug substances celecoxib, 

efavirenz and fenofibrate. Still largely unexplored, the novel concept for the preparation of drug-

loaded S-SNEDDS formulations via HME proved its high potential for a growing technology 

platform and will be certainly refined by future experiments. 

Own contributions: 
Development of the scientific concept, performance of the laboratory experiments and the 

calculations, preparation of the manuscript 

Alexander Bernhardt: 
Contribution in the development of the scientific concept 

Prof. Dr. Sandra Klein: 
Contribution in the development of the scientific concept, revision of the manuscript 

 

_______________________         ______________________ 
                 Fabian-Pascal Schmied               Prof. Dr. Sandra Klein 

*all MDPI journals are Open Access and subject to the Creative Commons Attribution License (CC BY). The CC BY permits unrestricted use, distribution, 

and reproduction of the material in any medium even commercially, provided the original work is properly cited 



 

104 
 

 

  



  

105 
 

 

  



 

106 
 

 

  



  

107 
 

 

  



 

108 
 

 

  



  

109 
 

 

  



 

110 
 

 

  



  

111 
 

 

  



 

112 
 

 

  



  

113 
 

 

  



 

114 
 

 

  



  

115 
 

 

  



 

116 
 

 

  



  

117 
 

 

  



 

118 
 

 

  



  

119 
 

 

  



 

120 
 

 

  



  

121 
 

 

  



 

122 
 

 

  



  

123 
 

 

  



 

124 
 

 

  



  

125 
 

 

 



 

126 
 

 

  



  

127 
 

 

  



 

128 
 

 

  



  

129 
 

 

  



 

130 
 

 

  



  

131 
 

 

  



 

132 
 

  



  

133 
 

Index of publications 

Manuscripts 

F-P. Schmied, A. Bernhardt, A. Engel, S. Klein. A customized screening tool approach for the 

development of a self-nanoemulsifying drug delivery system (SNEDDS). AAPS PharmSciTech, 

2022, 23(1): 39. DOI: 10.1208/s12249-021-02176-7. 

 

F-P. Schmied, A. Bernhardt, V. Baudron, B. Beine, S. Klein. Development and characterization 

of celecoxib solid self-nanoemulsifying drug delivery system (S-SNEDDS) prepared using novel 

cellulose-based microparticles as adsorptive carriers. AAPS PharmSciTech, 2022, 23(6): 213. 

DOI: 10.1208/s12249-022-02347-0. 

 

F-P. Schmied, A. Bernhardt, C. Moers, C. Meier, T. Endres, S. Klein. A novel aminomethacrylate-

based copolymer for solubility enhancement – from radical polymer synthesis to manufacture 

and characterization of amorphous solid dispersions. Polymers, 2022, 14(7): 1281. DOI: 

10.3390/polym14071281. 

 

F-P. Schmied, A. Bernhardt, S. Klein. Preparation of solid self-nanoemulsifying drug delivery 

systems (S-SNEDDS) by co-extrusion of liquid SNEDDS and polymeric carriers – a new and 

promising approach to improve the solubility of poorly water-soluble drugs. Pharmaceuticals, 

2022, 15(9): 1135. DOI: 10.3390/ph15091135. 

 

Conferences 

Poster presentations: 

F-P. Schmied, A. Bernhardt, A. Engel, S. Klein. Self-microemulsifying drug delivery system 

(SMEDDS) for solubility enhancement – adsorption to a solid carrier. 

3rd European Conference on Pharmaceutics, 2019 (Bologna, Italy) 

 

F-P. Schmied, V. Baudron, B. Beine. Novel cellulose-based particles as an innovative, adsorptive 

carrier material for Solid-SNEDDS development. 

12th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology, 

2021 (Vienna, Austria (online)) 

 

F-P. Schmied, A. Bernhardt, A. Engel, S. Klein. A customized screening tool approach for the 

development of a self-nanoemulsifying drug delivery system (SNEDDS). 

12th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology, 

2021 (Vienna, Austria (online)) 

 

 

 



 

134 
 

F-P. Schmied, A. Bernhardt, S. Klein. A new amino methacrylate copolymer for solubility 

improvement – from copolymer synthesis to development and characterization of amorphous 

solid dispersions. 

13th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology, 

2022 (Rotterdam, Netherlands) 

 

F-P. Schmied, A. Bernhardt, S. Klein. Solid self-nanoemulsifying drug delivery system (S-

SNEDDS) for solubility enhancement prepared by hot melt extrusion using a novel amino 

methacrylate copolymer. 

13th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology, 

2022 (Rotterdam, Netherlands) 

 

Oral presentations: 

F-P. Schmied. Self-microemulsifying drug delivery system (SMEDDS) for solubility enhancement 

– adsorption to a solid carrier. 

Evonik conference entitled: Advanced Formulation Strategies and Manufacturing Approaches 

for Challenging Drugs, 2019 (Darmstadt, Germany) 

 

F-P. Schmied, S. Klein. Solid self-nanoemulsifying drug delivery system (S-SNEDDS) for solubility 

enhancement. 

Evonik conference entitled: Functional solid oral dosage forms, 2021 (Paris, France (online)) 

 

Patents 

Solid particles containing solid primary particles of essentially native cellulose and optionally a 

binder, their production and use (EP3818974A1; WO2021094192A1). 

Priority: 2019 – F-P. Schmied, G. Dürr, J. Tschernjaew, S. Schlegel-Kachel, J. Öhrlein 

 

Solid self-nanoemulsifying drug delivery system (S-SNEDDS) (EP3915543A1; 

WO2021239798A1). 

Priority: 2020 – F-P. Schmied, A. Engel, A. Bernhardt, T. Endres, C. Moers 

 

Novel methacrylate copolymer and compositions comprising it (EP3916029A1; 

WO2021239787A1). 

Priority: 2020 – F-P. Schmied, C. Moers, T. Endres, J.H. Schattka, K. Nollenberger 

 

Solid SNEDDS based on a specific mixture of acrylic polymers (WO2022184549A1). 

Priority: 2021 – F-P. Schmied, C. Moers, A. Bernhardt, M. Seibel 

 

Solid SNEDDS based on salts of methacrylic copolymers (TBP). 

Priority: 2021 – F-P. Schmied, C. Moers, A. Bernhardt 



  

135 
 

Eigenständigkeitserklärung 

 

Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-

Naturwissenschaftlichen Fakultät der Universität Greifswald noch einer anderen 

wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde. 

Ferner erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin 

angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne 

Kennzeichnung übernommen habe. 

 

 

 

 

_______________________________________ 

Fabian-Pascal Schmied 

  



 

136 
 

Acknowledgement 

 

The present work was created in the context of my work as a research scientist at Evonik 

Operations GmbH in the Department Formulation and Polymers in the Group Drug Delivery and 

Applications in cooperation with the Department of Biopharmacy and Pharmaceutical 

Technology that is part of the Institute of Pharmacy at the University of Greifswald. 

I would like to express my sincerest gratitude to my doctoral supervisor Prof. Dr. Sandra Klein 

from the University of Greifswald for her tireless, outstanding and professional mentoring. Many 

thanks for the pleasant and excellent collaboration, fruitful discussions, reviewing my scientific 

work as well as the opportunity to present the results of my research activities at national and 

international conferences.  

Sincerest thanks to my supervisor Alexander Bernhardt from Evonik, for his trusting attitude and 

excellent commitment in terms of mentoring, technical exchange, discussions about 

experimental design and initial reviewing of my scientific work. 

Many thanks to Dr. Andrea Engel and Dr. Kathrin Nollenberger for giving me the opportunity to 

perform the studies related to my PhD thesis at Evonik and choosing an interesting research 

topic in accordance with my doctoral supervisor. 

Thanks to my colleagues of the Drug Delivery and Applications as well as the Cell Culture and 

Biological Testing Group for the introduction to diverse laboratory equipment and their great 

experimental support.   

Thanks to Dr. Christian Moers, Dr. Christian Meier, Dr. Jan Hendrik Schattka, Dr. Thomas Endres 

and Thomas Eurich for sharing their expertise and long-standing experience in copolymer 

development and radical polymer synthesis. 

It is my pleasure to thank my colleagues associated with the analytical laboratory, in particular 

Dr. Marcel Arndt, Stefan Briegel, Kirsten Korzer and Fatou Diop for their technical introduction 

to dissolution testing as well as HPLC equipment.    

Thanks to the Analytical Service Teams specialized in DSC and XRPD analysis supervised by Dr. 

Anja Niklaus (Darmstadt) and Dr. Petr Smid (Hanau) for providing their resources to widely 

support my sample analysis as well as providing some technical insights and theoretical 

background. 

I would like to thank Dr. Birte Beine and Victor Baudron for their contribution to the 

development of the cellulose-based microparticles as adsorptive carrier material. 

Thanks to the patent attorneys Dr. Michael Gottschalk, Dr. Nadine Götz and Dr. Thomas Müller-

Gerger for their guidance in securing intellectual property and filing the relevant documents to 

the patent authorities.  

Many thanks to my favorite laboratory associates and friends Maria Camilla Operti, Erik Reil and 

Sven Weber for the technical exchange in the lab, mutual support, creating a productive and 

pleasant working atmosphere as well as spending many, enjoyable evenings together. 

Thanks to the (former) pharmaceutical technology staff members of the scientific working 

groups Klein, Weitschies and Seidlitz from the University of Greifswald for a warm welcome to 



  

137 
 

the present community, cross-thematic exchange of experimental knowledge, organizing and 

providing materials, introduction to the procedure of mentoring pharmaceutical students in the 

university laboratories as well as several great evenings in Greifswald. 

Last but not least, very special thanks go to my lovely family, who supported me in every way at 

all times and encouraged me along the progress until the finalization of my PhD thesis. 

 

 


