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Abstract
Self-nanoemulsifying drug delivery systems (SNEDDS) represent an interesting platform for improving the oral bioavail-
ability of poorly soluble lipophilic drugs. While Liquid-SNEDDS (L-SNEDDS) effectively solubilize the drug in vivo, 
they have several drawbacks, including poor storage stability. Solid-SNEDDS (S-SNEDDS) combine the advantages of 
L-SNEDDS with those of solid dosage forms, particularly stability. The aim of the present study was to convert celecoxib 
L-SNEDDS into S-SNEDDS without altering their release behavior. Various commercially available adsorptive carrier mate-
rials were investigated, as well as novel cellulose-based microparticles prepared by spray drying from an aqueous dispersion 
containing Diacel® 10 and methyl cellulose or gum arabic as a binder prior to their use. Particle size and morphology of the 
carrier materials were screened by scanning electron microscopy and their effects on the loading capacity for L-SNEDDS 
were investigated, and comparative in vitro dissolution studies of celecoxib L-SNEDDS and the different S-SNEDDS 
were performed immediately after preparation and after 3 months of storage. Among the adsorptive carrier materials, the 
novel cellulose-based microparticles were found to be the most suitable for the preparation of celecoxib S-SNEDDS from 
L-SNEDDS, enabling the preparation of a solid, stable formulation while preserving the in vitro release performance of the 
L-SNEDDS formulation.
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Introduction

Many new drug candidates are characterized by poor water 
solubility and for this reason often have poor oral bioavail-
ability [1]. Since this trend will certainly continue in the 

coming decades, the question of how to overcome this limi-
tation is becoming more and more important. Lipid-based 
drug delivery systems, particularly self-nanoemulsifying 
drug delivery system (SNEDDS), represent an interesting 
platform for improving the oral bioavailability of drugs 
that are poorly soluble in aqueous media but can be well 
absorbed through the intestinal wall. SNEDDS are made 
from a combination of different excipients, such as lipids/
oils, surfactants and co-solvents and typically present liq-
uid formulations [2–4]. Oral administration of SNEDDS 
aims to generate a transparent emulsion characterized by an 
average droplet size of approximately 100 nm upon contact 
with gastrointestinal fluids at conditions of average gastro-
intestinal motility [5]. If poorly soluble drugs are formu-
lated in Liquid-SNEDDS (L-SNEDDS), they usually remain 
dissolved in the inner phase of the resulting emulsion and 
are solubilized in this way. Currently, several L-SNEDDS 
formulations are available on the market [1]. However, 

Advancements in Amorphous Solid Dispersions to Improve Bioavailability

 *	 Sandra Klein 
	 Sandra.Klein@uni-greifswald.de

1	 University of Greifswald, Department of Pharmacy, Institute 
of Biopharmaceutics and Pharmaceutical Technology, 
Felix‑Hausdorff‑Straße 3, 17489 Greifswald, Germany

2	 Evonik Operations GmbH, Research, Development & 
Innovation, Kirschenallee, 64293 Darmstadt, Germany

3	 Evonik Operations GmbH, Research, Development & 
Innovation, Rodenbacher Chaussee 4, 63457 Hanau, 
Germany

4	 Evonik Operations GmbH, Research, Development & 
Innovation, Paul‑Baumann‑Str. 1, 55772 Marl, Germany

/ Published online: 3 August 2022

http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-022-02347-0&domain=pdf


AAPS PharmSciTech (2022) 23: 213

1 3

while L-SNEDDS, once a suitable excipient combination 
for a given drug has been determined, are relatively quick 
and easy to prepare and effectively solubilize the drug in 
vivo, they also have some major drawbacks [6]. These arise, 
among other factors, from the need for complex processes 
for their further conversion into suitable dosage forms, such 
as the filling of L-SNEDDS into soft capsules, or sealed 
hard capsules, which are often associated with high produc-
tion costs [2, 6, 7]. In addition, these liquid formulations 
often have low storage stability as well as limited shelf life 
[2, 6–8]. Moreover, they pose the risk of interactions with 
the capsule shell material, leakage from the capsule, and 
are hardly suitable for the development of controlled release 
dosage forms [2, 9]. Conversion of L-SNEDDS into Solid-
SNEDDS (S-SNEDDS) could be a method of overcoming 
these drawbacks. Adsorption onto a solid carrier represents 
a suitable technology for this purpose and various materials 
with different chemical as well as biological origins can be 
utilized as adsorptive carriers [2, 10–14].

Due to their different chemical compositions and the 
methods used for their manufacture, adsorptive carrier 
materials may differ in terms of many of their properties, 
such as particle size and particle size distribution, surface 
area, morphology, density, porosity, plasticity, hardness, 
acid–base resistance, polarity, and the potential for molecu-
lar interactions [10, 11, 15]. These material-specific proper-
ties can affect the loading capacity for liquid formulations, 
further processing (e.g., capsule filling or tableting) and drug 
release [15–18]. The selection of the right carrier should 
allow the design of an individual, tailor-made formulation 
depending on the desired properties of the S-SNEDDS to be 
produced. By carefully combining specific carrier materials 
and properties with L-SNEDDS, it would ideally be pos-
sible to produce tailor-made S-SNEDDS with predefined 
properties. Materials that can be considered as solid carriers 
comprise silicon dioxide, calcium silicate, other inorganic 
magnesium and calcium salts, cellulose or starch, and their 
derivatives [2, 10, 12, 13, 19–21].

When L-SNEDDS are adsorbed onto a specific adsorp-
tive carrier material, it is important to maintain their good 
release behavior, which can be a problem for the obtained 
S-SNEDDS formulation [14, 22, 23]. For example, stud-
ies by Patki et al. [23], in which the drug release of fenofi-
brate S-SNEDDS prepared from L-SNEDDS of this poorly 
water-soluble drug and various carrier materials, showed 
a decrease in drug release after adsorption to a solid car-
rier compared to fenofibrate L-SNEDDS. Although the 
release studies were conducted in a surfactant-containing 
medium (900 ml distilled water with 0.75% sodium lauryl 
sulfate (SLS) added), complete fenofibrate release did not 
occur, indicating limited drug desorption with respect to 
the carrier materials used. Carrier materials used in this 
study comprised hydroxypropyl methyl cellulose (HPMC), 

calcium silicate (FLORITE®), polyvinyl alcohol (PVA), 
magnesium aluminometasilicate (Neusilin® US2), amor-
phous anhydrous colloidal silica (AEROSIL® 200), and 
mixtures thereof. Similarly, a decreased celecoxib release 
was reported by Chavan et al. [14], when studying drug 
release of celecoxib L-SNEDDS in 900 ml of distilled 
water before and after adsorption onto silica-based car-
rier materials. Finally, also Cerpnjak et al. [22], who used 
maltodextrin as well as HPMC as adsorptive carriers for 
celecoxib L-SNEDDS, observed incomplete drug release 
after adsorbing L-SNEDDS to a solid carrier. Thus, the 
advantages of converting L-SNEDDS into solid formula-
tions have initially proven to be only theoretical in most 
cases. The identification of suitable solid carrier materials 
that can be loaded with L-SNEDDS allows a high loading 
capacity and does not significantly impair the release of the 
adsorbed L-SNEDDS formulation or the contained active 
ingredient remains a challenge.

Although a variety of adsorptive carriers is already avail-
able, there is still room for new materials when it comes to 
overcoming the existing limitations of carriers in the field of 
L-SNEDDS conversion by adsorption technologies. The aim 
of the present study was to convert celecoxib L-SNEDDS 
developed in a previous study by Schmied et al. [24] into 
S-SNEDDS without altering their release behavior. Vari-
ous commercially available adsorptive carrier materials as 
well as a novel biodegradable cellulose-based micropar-
ticle material should be evaluated for their suitability for 
S-SNEDDS preparation. Particles with a spherical, porous 
design should first be produced from the new cellulose-
based material to enable good processability and the high-
est possible loading capacity for L-SNEDDS. To investigate 
the influence of material and particle characteristics of the 
different adsorptive carriers on drug release, particle size 
and morphology and their effects on the loading capacity for 
L-SNEDDS should be screened. Furthermore, comparative 
in vitro dissolution studies of the celecoxib L-SNEDDS and 
S-SNEDDS should be performed.

Materials and Methods

Materials

Celecoxib was obtained from Aarti Drugs Ltd. (Mumbai, 
India). Methyl cellulose, polyoxyethylene (80) sorbitan 
monooleate (Tween® 80), and d-α-tocopherol polyethylene 
glycol 1000 succinate (d-TPGS) were purchased from Sigma 
Aldrich Chemie GmbH (Steinheim, Germany). Gelucire® 
44/14 was kindly donated by Gattefossé S.A.S (Saint 
Priest, France). Miglyol® 812 was purchased from Caesar 
& Loretz GmbH (Hilden, Germany). Aeroperl® 300 Pharma, 
Zeopharm® 600, and Sipernat® 160 PQ were in-house 

Page 2 of 12 213



AAPS PharmSciTech (2022) 23: 213

1 3

products of Evonik Resource Efficiency GmbH (Hanau, 
Germany). Syloid® XDP 3050 was kindly donated by W. R. 
Grace & Co.-Conn. (Worms, Germany). Avicel® PH-101 
was obtained from Dow Chemical Company (Schwalbach 
am Taunus, Germany) and Diacel® 10 was purchased from 
CFF GmbH & Co. KG (Gehren, Germany). Gum arabic 
was obtained from Norevo GmbH (Hamburg, Germany). 
All other chemicals and solvents were of analytical grade 
and purchased commercially.

Methods

L‑SNEDDS

Celecoxib L-SNEDDS were prepared as described by 
Schmied et al. [24] in a previous study based on solubil-
ity studies of the specific drug in a variety of excipients 
selected from lipids, (co)surfactants, and (co)solvents (data 
not shown). Combining the application of a systematic trian-
gular design approach [24] and multiple analytical methods 
resulted in the selected celecoxib L-SNEDDS formulations, 
which were then used for subsequent, further processing into 
S-SNEDDS. The best-performing excipient composition 
and mixing ratio for L-SNEDDS were derived from meet-
ing the following self-imposed specifications: the resulting 
nanoemulsion after dispersion of the L-SNEDDS in water 
had to have a droplet size < 50 nm, a polydispersity index 
(PDI) < 0.15, and a transmittance of > 99% (data not shown) 
[24]. The formulation used for all adsorption experiments in 
the present study consisted of 30.27% (w/w) Miglyol® 812, 
49.85% (w/w) Tween® 80, 4.55% (w/w) Gelucire® 44/14, 
6.24% (w/w) d-TPGS, and 9.09% (w/w) celecoxib.

Manufacturing of Cellulose‑Based Microparticles 
as Adsorptive Carrier

Cellulose microparticles were made from native Diacel® 10 
cellulose material by spray drying using an aqueous disper-
sion containing Diacel® 10 and methyl cellulose (MC) or 
gum arabic (GA) as a binder. The quantities of cellulose, 
binder, and deionized water were chosen in order to obtain a 
10 or 20% (w/w) solid concentration in the dispersion and a 
9:1 ratio (w/w) of cellulose to binder in the final dry product. 
Dispersions were made as follows: first, the binders were 
dissolved in water. For obtaining a gum arabic solution, gum 
arabic was stepwise added to the water while stirring with an 
overhead stirrer at 600 rpm. After completing the addition of 
gum arabic, stirring was continued for 30 min until a clear 
solution was obtained. The methyl cellulose colloidal solu-
tion was made by heating half of the total water quantity to 
80°C before stepwise adding methyl cellulose while stirring 
as described for gum arabic. The second half of the total 
water volume was kept at room temperature, then added to 

the methyl cellulose dispersion, and the mixture was stirred 
for another 40 min at 600 rpm. Thereafter, while stirring 
(600 rpm), the Diacel® 10 cellulose material was added to 
the binder solution and stirring was continued for another 
30 min at 600 rpm. Subsequently, the resulting aqueous cel-
lulose dispersion was spray dried using a Niro Minor spray 
dryer (GEA Group AG, Düsseldorf, Germany). For this pur-
pose, the dispersion was fed into the nozzle at a flow rate 
of 2.5 kg/h via a tube connected to a peristaltic pump. The 
dispersion was atomized into fine droplets using a two-fluid 
nozzle with a bore diameter of 1 mm. Nitrogen was used as 
the atomizing gas and the temperature of the drying air at the 
inlet was 200°C. The process was operated in the top-spray 
mode and the dry particles, referred to as microcellulose-
methyl cellulose particles (M-MC) or microcellulose-gum 
arabic particles (M-GA), were collected in a vessel after 
being separated from the gas stream via a cyclone.

Particle Size Distribution Analysis of Adsorptive Carriers 
by Laser Diffraction

All adsorptive carrier materials applied in the study, i.e., cal-
cium silicate (Zeopharm® 600), silicon dioxide (Aeroperl® 
300 Pharma, Sipernat® 160 PQ, Syloid® XDP 3050), and 
cellulose (Avicel® PH-101, M-MC, and M-GA), were sub-
ject to investigation of particle size distribution by laser 
diffraction analysis using a Mastersizer 3000 from Mal-
vern Panalytical Ltd. (Malvern, UK). The particles were 
suspended in Milli Q water and the sample concentration 
was guided by the measured obscuration. All samples were 
analyzed in an obscuration range of 5–10% to ensure an 
optimal signal to noise ratio and the average particle size d50 
of individual samples was determined in triplicate.

Morphology Analysis of Adsorptive Carriers by Scanning 
Electron Microscopy (SEM)

To get an estimate of the morphology of the solid carrier 
materials, a representative sample of particles, approxi-
mately 30 mg, was sputtered with gold in an argon plasma 
for 30 s at 40 mA in a Jeol JFC-1300 auto fine coater from 
Nikon Metrology GmbH (Alzenau, Germany). Subsequently, 
microscopic images of the particles were taken using the 
Jeol Neoscope JCM-5000 scanning electron microscope 
from Nikon Metrology GmbH (Alzenau, Germany) at an 
accelerating voltage of 10 kV.

Preparation of S‑SNEDDS

Celecoxib S-SNEDDS were prepared by adsorption of anhy-
drous celecoxib L-SNEDDS onto the individual solid carrier 
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materials. For this purpose, 1.0 g of the liquid phase, i.e., the 
celecoxib L-SNEDDS formulation comprising a combina-
tion of lipids/oils, surfactants, co-solvents, and the dissolved 
drug substance, was placed in a 25-ml glass beaker under 
moderate stirring using a propeller stirrer at 100 rpm. With 
stirring, a suitable amount of adsorptive material was added 
to the liquid phase in small portions, depending on the prop-
erties of the carrier material. In order to achieve as repro-
ducible an end point as possible, the approximate amount of 
carrier material needed to adsorb this amount of L-SNEDDS 
had been determined in a previous step for each individual 
formulation using the same procedure. The adsorption pro-
cess was considered complete once a dry, solid, and flow-
able material was obtained. The end point of the adsorption 
process and the flowability properties were determined visu-
ally. In the present case, the end point was reached when the 
formulation did not stick to either the wall of the beaker or 
the propeller stirrer used for mixing. The flowable material 
obtained was then stirred for an additional 2 min at 100 rpm 
to ensure the formation of a homogenous S-SNEDDS formu-
lation. In this way, three individual S-SNEDDS formulations 
were prepared for each adsorptive carrier.

Based on the amount of solid carrier material required for 
solidifying L-SNEDDS, the loading capacity, expressed as 
loading factor, for each carrier was determined according to 
the following equation:

where the calculation of the loading factor for the adsorp-
tive carrier materials is based on L-SNEDDS.

HPLC Method for Celecoxib Quantification

High-performance liquid chromatography (HPLC) was used 
for celecoxib quantification [24]. The HPLC system (Agilent 
1260 Infinity) consisted of a quaternary pump (G1311B), 
autosampler (G1329B), column oven (G1316A), and UV 
detector (G1314C), all from Agilent Technologies (Frank-
furt am Main, Germany). Separation was achieved using a 
Knauer Nucleosil 100–7 C18 (125 × 4.6 mm, 7 μm) column 
maintained at 40°C. The mobile phase consisted of an ace
tonitrile:water:triethylamine mixture (300:300:0.9 v/v), 
adjusted to pH 3.0 with phosphoric acid. The flow rate was 
set to 1.8 ml/min. An injection volume of 5 μl was applied, 
run time was 7 min, and celecoxib was detected at 254 nm. 
In the concentration range of 0.13–542 μg/ml, the analytical 
curve was linear (r2 = 0.999995). The method was found to 
be accurate (100.2–102.1%) and precise (CV 2.46%) with 
a quantification limit of 0.05 μg/ml. Selectivity was deter-
mined (formulation excipients) and no interference was 

(1)loading factor =
m(L − SNEDDS)

m (adsorptive carrier)

observed in drug retention time. Moreover, the celecoxib 
peak area did not change in the presence of all excipients 
used in the study.

Drug Load of Celecoxib S‑SNEDDS

To determine the drug load of each of the celecoxib 
S-SNEDDS formulations, a defined quantity of 10.0 mg of 
celecoxib S-SNEDDS was transferred to a 25-ml volumet-
ric flask, diluted with approximately 20 ml of the mobile 
phase described in the section “HPLC method for analyzing 
celecoxib,” and subjected to an intense ultrasonic treatment 
for 10 min. The volumetric flask was then filled with mobile 
phase to the calibration mark (25.0 ml) and the contents 
were mixed by manual shaking. Subsequently, 1.0 ml of the 
resulting mixture was transferred to a small safe-lock tube 
and centrifuged for 1 min at 9300 relative centrifugation 
forces (rcf). The supernatant of the centrifugate was trans-
ferred into an HPLC vial and analyzed via HPLC. All inves-
tigations were performed in triplicate and the actual drug 
load of the S-SNEDDS was calculated from the celecoxib 
concentration measured in the sample and the S-SNEDDS 
weight used for analysis. Using the calculated drug load, the 
yield of the loading process was also calculated by relating 
the actual and theoretical drug load.

Differential Scanning Calorimetry Analysis

All celecoxib loaded S-SNEDDSs were analyzed via differ-
ential scanning calorimetry (DSC) to determine whether the 
incorporated drug was in the amorphous or crystalline state. 
All DSC analyses were conducted using a DSC 3+ (DSC-
HC01) from Mettler Toledo (Giessen, Germany). A sample 
of 5–10 mg each was weighed into a small, aluminum pan 
with a perforated lid, and exposed to a heating–cooling-heat-
ing cycle in a temperature range of 0 to 200°C. The heat-
ing/cooling rate was set at 10°C/min and a nitrogen flow of 
50 ml/min was applied while running the measurement. For 
comparison, the melting point of the pure drug substance 
was investigated. For all analyzed samples, the information 
on the amorphous or crystalline state was taken from the 
thermogram obtained from the first heating cycle. Each sam-
ple was prepared and analyzed in triplicate.

Dissolution Testing of Celecoxib SNEDDS

Dissolution experiments were performed with 25  mg 
celecoxib or an equivalent amount of L-/S-SNEDDS using 
USP apparatus II (DT 800 LH) from ERWEKA GmbH (Lan-
gen, Germany). The paddle speed was set to 100 rpm to 
avoid coning effects and the experiments were performed in 
500 ml of 0.1 N hydrochloric acid (HCl) as well as in 500 ml 
of phosphate buffer 6.8 USP, both maintained at 37 ± 0.5°C. 

Page 4 of 12 213



AAPS PharmSciTech (2022) 23: 213

1 3

Samples were withdrawn via a fraction collector, equipped 
with poroplast cannula filters with a pore size of 10 μm, and 
were then diluted 1+1 (v/v) with acetonitrile and analyzed 
by HPLC.

Stability Studies

Quantities of approximately 5 g of L-/S-SNEDDS were 
added to a 30-ml amber glass jars, closed with a screw cap, 
and stored at constant and controlled conditions (30°C/65% 
RH) in a climatic chamber from Binder GmbH (Tuttlingen, 
Germany) for 3 months. After 3 months, they were again 
subjected to dissolution experiments and the results of these 
tests were compared with those obtained immediately after 
manufacture.

Results and Discussion

Particle Size Distribution and Morphology 
of the Adsorptive Carriers

Results from the particle size analysis determination are 
summarized in Table 1. Most of the carrier materials were 
characterized by a particle size (d50) in the lower micrometer 
range. With a d50 of 8 ± 1 μm, the Zeopharm® 600 calcium 
silicate particles exhibited the smallest particle size, whereas 
the largest particle size (d50 = 182 ± 7) was measured for the 
novel M-GA particles.

SEM studies of all adsorptive carrier materials were per-
formed at different magnification levels to analyze whether 
differences in surface area, morphology, and porosity could 
be identified. Aeroperl® 300 Pharma (Figs. 1a and 2a) pre-
sented with a smooth surface and a donut-like shape while 
Zeopharm® 600 (Figs. 1b and 2b) and Sipernat® 160 PQ 
(Figs.  1c and 2c) demonstrated a coarse surface and a 
flake-like structure with smaller particle agglomerates. 
Syloid® XDP 3050 (Figs. 1d and 2d) showed a structure of 

differently sized blocks with a smooth surface. None of the 
silica-based carriers investigated in this study exhibited a 
microporous surface, but a mesoporous texture resulting in 
nanopores (pore size 1–50 nm). Avicel® PH-101 (Figs. 1e 
and 2e) presented with elongated flake-like fragments of 
different sizes. The novel cellulose-based microparticles 
M-MC (Figs. 1f and 2f) and M-GA (Figs. 1g and 2g) exhib-
ited distinctly different particle morphologies. In the case 
of M-MC, a mixture of spherical and flake-like particles 
as well as elongated, fibrous structures was identified. In 
contrast to M-MC, M-GA exhibited spherical particles with 
a highly porous surface, i.e., the particle structure targeted 
in this study. Interestingly, the replacement of the binder 
MC with GA in the preparation of the M-MC and M-GA 
particles had a significant impact on the morphology and 
size of the particles, although the same process parameters 
were used for the preparation of these microparticles. These 
observations are in accordance with those reported by other 
researchers, e.g., Alhassan et al. [25] who reported that 
depending on its concentration used in a formulation gum 
arabic may tremendously affect mechanical properties such 
as tensile strength as well as the modulus of elasticity when 
combined with a polymer. Furthermore, as reported by sev-
eral research groups, also the viscosity of the spray disper-
sion either prepared with gum arabic or methyl cellulose 
may have an impact on the obtained particles’ morphology 
and size [25, 26].

S‑SNEDDS Manufacture and Characterization

The L-SNEDDS formulation selected for the manufac-
turing of S-SNEDDS had been established in a previ-
ous study [24] and consisted of 30.27% (w/w) Miglyol® 
812, 49.85% (w/w) Tween® 80, 4.55% (w/w) Gelucire® 
44/14, 6.24% (w/w) d-TPGS, and 9.09% (w/w) celecoxib. 
In the cited study, this formulation provided excel-
lent emulsification properties resulting in small droplet 
sizes and a narrow PDI [24]. Moreover, an initial set of 

Table 1   Characteristics of Adsorptive Carriers and S-SNEDDS. Each Value Designates the Mean ± S.D. of n = 3

* Cellulose-based microparticles, no commercial product; MC, methyl cellulose; GA, gum arabic

Trade name Adsorbent Particle size d50 of 
adsorbent (μm)

Loading factor (g 
L-SNEDDS/g adsor-
bent)

Celecoxib load of 
S-SNEDDS (%)

Yield of the 
loading process 
(%)

Aeroperl® 300 Pharma Colloidal silicon dioxide 30 ± 4 1.40 ± 0.03 5.30 ± 0.05 98.77 ± 0.9
Zeopharm® 600 Calcium silicate 8 ± 1 2.37 ± 0.03 6.39 ± 0.01 98.91 ± 0.5
Sipernat® 160 PQ Amorphous silicon dioxide 13 ± 1 2.44 ± 0.04 6.45 ± 0.03 98.76 ± 0.5
Syloid® XDP 3050 Amorphous silicon dioxide 50 ± 3 1.44 ± 0.02 5.36 ± 0.03 98.96 ± 0.4
Avicel® PH-101 Microcrystalline cellulose 50 ± 4 0.90 ± 0.02 4.31 ± 0.06 99.72 ± 0.2
M-MC* Cellulose + MC 66 ± 2 1.15 ± 0.02 4.86 ± 0.04 99.84 ± 0.2
M-GA* Cellulose + GA 182 ± 7 1.14 ± 0.02 4.84 ± 0.02 99.68 ± 0.2
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dissolution experiments had indicated fast and complete 
drug release in conditions of the fasted stomach. In the 
present study, this L-SNEDDS formulation was prepared 
and adsorbed to a solid carrier material applying a gentle 
preparation method protecting the formulations from high 

temperatures and strong mechanical forces. Mechanisms 
that are, or can be, involved in such an adsorption process 
include capillary forces, a synergistic effect of the sur-
face tension of L-SNEDDS, and the interfacial tension 
between L-SNEDDS and the capillaries of the carrier, and 

Fig. 1   SEM images (250-fold 
magnification) of Aeroperl® 
300 Pharma (a), Zeopharm® 
600 (b), Sipernat® 160 PQ (c), 
Syloid® XDP 3050 (d), Avicel® 
PH-101 (e), M-MC (f), M-GA 
(g)
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intermolecular adhesion forces triggered by the formation 
of covalent bonds, hydrogen bonds, dipole–dipole, elec-
trostatic, and hydrophobic interactions when L-SNEDDS 
and the porous carrier material are combined [20, 21]. 
L-SNEDDS adsorption to the solid carriers provided 

powders with (visually assessed) varying flow properties, 
depending on the carriers’ properties.

The evaluation of the loading factors for the adsorp-
tive carrier materials revealed that Sipernat® 160 PQ as 
well as Zeopharm® 600 exhibited the highest capacity for 

Fig. 2   SEM images (1000-fold 
magnification) of Aeroperl® 
300 Pharma (a), Zeopharm® 
600 (b), Sipernat® 160 PQ (c), 
Syloid® XDP 3050 (d), Avicel® 
PH-101 (e), M-MC (f), M-GA 
(g)
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L-SNEDDS adsorption and consequently presented the 
highest drug load (Table 1). These two carriers also dem-
onstrated the smallest particle size of all carriers analyzed 
(Table 1). This observation suggests that a smaller parti-
cle size, which correlates with a larger surface area, may 
be associated with a higher loading capacity in the case 
of the silica-based materials. The loading capacity of all 
cellulose-based carriers was lower than that of silicon-
based materials, but the loading capacity of both M-GA 
and M-MC was higher than that of the commercial Avicel® 
PH-101, although the Avicel® PH-101 particles were 
slightly smaller than M-MC particles and significantly 
smaller than M-GA particles (Table  1). These results 
underline that not just the average particle diameter, but 
also the surface area and porosity of the cellulose-based 
materials are crucial factors for their loading capacity. 
M-MC may compensate for its lower porosity compared 
to M-GA by its much smaller particle size and/or its mix-
ture of particles of different morphologies. Interestingly, 
replacing the binder MC with GA in the preparation of the 
cellulose-based microparticles M-MC and M-GA revealed 
to have a tremendous impact both on morphology and size 
of the particles.

As for the loading capacity, drug load was similar for 
M-MC (4.86 ± 0.04%) and M-GA (4.84 ± 0.02%). Overall, 
drug load of the S-SNEDDS correlated with the loading 
capacity and was highest for the Zeopharm® 600 calcium 
silicate particles (6.39 ± 0.01%) and lowest for the Avicel® 
PH-101 particles (4.31 ± 0.06%). Regardless of the substrate, 
the yield of the S-SNEDDS preparation was consistently 
above 98.5%, indicating an effective manufacturing process.

DSC analysis (thermograms displayed in endo up mode) 
of the celecoxib S-SNEDDS (Fig. 3), as well as the corre-
sponding pure drug substance, indicated amorphous proper-
ties (no melting peaks) for all celecoxib S-SNEDDS (Fig. 3), 
while the crystalline character of the pure drug was demon-
strated by a characteristic peak in the corresponding melting 
range (162–164°C) of the celecoxib (Fig. 3). These results 
show that the adsorption process of celecoxib-containing 
L-SNEDDS onto solid carriers, regardless of the carrier 
material used, had no effect on the amorphicity of celecoxib.

Dissolution Studies of L‑/S‑SNEDDS

A celecoxib dose of 25 mg or an equivalent amount of L-/S-
SNEDDS was screened in the dissolution experiments. 
Results of the release experiments performed in 0.1 N HCl 
are shown in Fig. 4. Both L-SNEDDS and S-SNEDDS 
formulations showed a rapid release, i.e., release profiles 
reached a plateau within the first 15 min of the experi-
ment and no precipitation was observed until the end of 
the experiment (120 min). Indicative of the poor solubility 
of celecoxib, dissolution of the pure drug was poor with 
less than 5% of the tested dose dissolved at the end of the 
experiment. Whereas a rapid drug release was observed for 
all SNEDDS formulations, the fraction of dose released 
differed significantly among the formulations tested. The 
celecoxib L-SNEDDS as such showed a release of about 
96% in 15 min and the release profile of the L-SNEDDS did 
not noticeably change after preparing S-SNEDDS by adsorp-
tion to M-MC and M-GA. Celecoxib S-SNEDDS made with 
Avicel® PH-101 also revealed a rapid and high drug release 
with approximately 90% of the dose released within in the 

Fig. 3   DSC thermograms of celecoxib drug substance and celecoxib S-SNEDDS (first heating, 0–200°C, 10°C/min)
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first 15 min of the experiment. By contrast, drug release of 
all other S-SNEDDS formulations was incomplete. Within 
the test duration of 120 min, S-SNEDDS made of Sipernat® 
160 PQ and Zeopharm® 600 showed a total drug release 
of about 60%. With a release of 35% and 25% of the dose 
applied, an even lower release was observed for celecoxib 
in the experiments with S-SNEDDS containing Aeroperl® 
300 Pharma and Syloid® XDP 3050, respectively. These 
results indicate that silica-based carrier materials retained a 
proportionally larger fraction of the adsorbed drug formula-
tion than did the cellulose-based carrier materials. Based on 
these observations, it can be assumed that molecular interac-
tions between the adsorbed drug formulation and the carrier 
material can have a great impact on the equilibrium between 
adsorption and desorption processes and thus may have a 
strong influence on drug release.

Initial screening experiments were performed in 0.1 N 
HCl. Therefore, the results would indicate whether and to 

what extent the formulations would release under conditions 
of fasting stomach. To screen, whether the best-performing 
S-SNEDDS would also release in small intestinal pH con-
ditions, an additional set of experiments was performed in 
phosphate buffer pH 6.8 USP. This second set of experi-
ments comprised dissolution studies with cellulose-based 
celecoxib S-SNEDDS, celecoxib L-SNEDDS, and celecoxib 
drug substance. As can be seen from Fig. 5, for all formula-
tions tested, dissolution profiles obtained in phosphate buffer 
pH 6.8 were like those in 0.1 N HCl indicating that that 
adsorption of L-SNEDDS onto M-MC and M-GA did not 
affect the original release performance of the L-SNEDDS 
formulation and also indicate that L-SNEDDS or drug 
release was not affected by pH conditions that may occur 
in the fasting stomach and mid-small intestine, respectively.

The challenge of releasing a self-emulsifying drug release 
system from an adsorptive solid carrier material without 
significantly affecting drug release compared to its liquid 
state has already been reported from other studies. Chavan 
et al. [14] studied drug release from silica-based celecoxib 
S-SEDDS containing 100 mg celecoxib in 900 ml distilled 
water in USP apparatus II at 200 rpm. Whereas drug release 
of the L-SNEDDS formulation was complete after 120 min, 
that of the S-SNEDDS did not exceed 10% of the tested dose 
for most of the carrier materials within the same test dura-
tion. Only for one formulation, a release of 40% of the tested 
dose could be observed in the same time frame. Results of 
the cited study thus show into the same direction as those 
from the present study; however, it should be noted that the 
silica-based materials used by Chavan et al. [14] were dif-
ferent from those applied in the present study, that the drug 
load of the tested S-SNEDDS was slightly higher and, that 

Fig. 4   Dissolution profile of celecoxib L-SNEDDS, celecoxib 
S-SNEDDS, and celecoxib drug substance in 500 ml of 0.1 N HCl in 
USP apparatus II at 100 rpm. Each value designates the mean ± S.D. 
of n = 3

Fig. 5   Dissolution profile of celecoxib  L-SNEDDS, celecoxib 
S-SNEDDS, and celecoxib drug substance in 500  ml phosphate 
buffer pH 6.8 in USP apparatus II at 100 rpm. Each value designates 
the mean ± S.D. of n = 3
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also a higher celecoxib dose (100 mg vs. 25 mg) was studied 
in the dissolution experiments.

Another study assessing the impact of adsorbing self-
emulsifying formulations to solid carriers on drug release 
was published by Cerpnjak et al. [22], who adsorbed nap-
roxen liquid self-microemulsifying drug delivery systems 
(L-SMEDDS) to maltodextrin, hypromellose, and a combi-
nation of the two as a solid carrier and studied drug release 
of the obtained solid SMEDDS (S-SMEDDS) in 900 ml of 
0.1 N hydrochloric acid in USP apparatus II at 100 rpm. 
The drug load of the S-SMEDDS was 6%. Whereas one 
of the S-SMEDDS formulations tested preserved the self-
microemulsifying properties of L-SMEDDS and exhibited 
dissolution profiles similar to those of L-SMEDDS, the oth-
ers did not. Overall, results of the study of Cerpnjak et al. 
[22] also confirm the hypothesis that there are several factors 
that determine the drug release of solid self-emulsifying for-
mulations, including the underlying L-SNEDDS formula-
tion, the material, and a number of other characteristics of 
the solid carrier. In addition, it should be noted that the drug 
loads of the formulations in the cited and the present study 
were similar, but naproxen had a significantly better solubil-
ity in the release medium than celecoxib. In the naproxen 
study, also a higher media volume was used, but neverthe-
less complete drug release could not be achieved with each 
of the carrier materials. This underlines the results of the 
present study, especially those of the dissolution studies with 
M-MC- and M-GA-based celecoxib S-SNEDDS.

None of the carrier materials used in the present study 
was soluble in the test medium, leading to the assumption 
that the release of the drug was solely caused by the detach-
ment of L-SNEDDS from the surface of the carrier and/or 
its removal from the carriers’ pores. Due to these precondi-
tions, the release of active substances seems to be predomi-
nantly determined by complex material- and morphology-
dependent adsorption and desorption processes, in which 
not only simple monolayer molecular adsorption, but also 
effects such as capillary condensation can play a role, espe-
cially in mesoporous systems. Differences in the extent and 
rate of desorption can accordingly have a direct impact on 
the release characteristics of the formulation and explain 
the different release profiles obtained in the present study.

Stability Studies of L‑/S‑SNEDDS

After storing L-/S-SNEDDS at 30°C/65% RH for 3 months, 
dissolution studies were again performed in 0.1 N HCl and 
in phosphate buffer pH 6.8. Results are shown in Figs. 6 and 
7. In both dissolution media, celecoxib release profiles were 
similar to those recorded immediately after manufacture of 
L-SNEDDS and S-SNEDDS. After a total test duration of 
120 min, the maximum difference between the total amount 
of celecoxib release immediately after preparation and that 

Fig. 6   Dissolution profile of celecoxib  L-SNEDDS, 
celecoxib  S-SNEDDS, and celecoxib drug substance in 500  ml of 
0.1 N HCl in USP apparatus II at 100 rpm after 3 months of storage 
at 30°C/65% RH. Each value designates the mean ± S.D. of n = 3

Fig. 7   Dissolution profile of celecoxib  L-SNEDDS, celecoxib 
S-SNEDDS, and celecoxib drug substance in 500  ml phosphate 
buffer pH 6.8 in USP apparatus II at 100 rpm after 3 months of stor-
age at 30°C/65% RH. Each value designates the mean ± S.D. of n = 3
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after 3 months of storage was < 1.5% for all formulations 
tested, which proves the stability of the release mechanism 
over the storage period.

In summary, the results of the study clearly indicate that 
of the carrier materials investigated, the cellulose-based 
microparticles M-MC and M-GA are the most suitable for 
the production of celecoxib S-SNEDDS from L-SNEDDS, 
as they allow the preparation of a solid, stable formulation 
while preserving the in vitro release performance of the 
L-SNEDDS formulation. In the present study, celecoxib 
was used as a model drug. However, the tested dose was in 
the non-therapeutic range. Future studies will focus on other 
poorly soluble drugs whose therapeutic dose is in the inves-
tigated dose range, as well as on significantly increasing the 
drug loading of L-SNEDDS and S-SNEDDS so that they 
can be used for higher-dose poorly soluble drugs without the 
need to divide a single dose among multiple dosage forms.

Conclusion

With suitable adsorptive carrier materials, it is possible 
to formulate drug-loaded L-SNEDDS into S-SNEDDS 
without affecting the rate and extent of drug release of the 
L-SNEDDS used. As anticipated, both the carrier material 
and the particle size and morphology have a crucial impact 
on the success of this formulation approach. In the present 
study, a microparticulate carrier based on cellulose and gum 
arabic which was prepared by spray drying was found to be 
the most promising candidate among all carrier materials 
evaluated. This novel adsorptive carrier exhibited the desired 
spherical particle design, which is essential for good process-
ability and reproducible drug loading and enabled a good 
drug release performance. The results of the present study 
give rise to further investigations to evaluate the suitability of 
the carrier material for loading with other L-SNEDDS, espe-
cially those with higher drug contents, to further improve the 
carrier material in terms of particle size and morphology if 
necessary, and ultimately to provide an alternative approach 
for the formulation of poorly soluble drugs.
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