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Abstract

Aim: Evaluation of different polyhydroxy surfaces in SEDDS to overcome the limitations 

associated with conventional polyethylene glycol (PEG)-based SEDDS surfaces for intracellular 

drug delivery.

Methods: Anionic, cationic and non-ionic polyglycerol- (PG-) and alkylpolyglucoside- (APG-) 

surfactant based SEDDS were developed and compared to conventional PEG-SEDDS. Particular 

emphasis was placed on the impact of SEDDS surface decoration on size and zeta potential, 

drug loading and protective effect, mucus diffusion, SEDDS-cell interaction and intracellular 

delivery of the model drug curcumin.

Results: After self-emulsification, SEDDS droplets sizes were within the range of 35-190 nm. 

SEDDS formulated with high amounts of long PEG-chain surfactants (> 10 monomers) a 

charge-shielding effect was observed. Replacing PEG-surfactants with PG- and an APG-

surfactant did not detrimentally affect SEDDS self-emulsification, payloads or the protection 

of incorporated curcumin towards oxidation. PG- and APG-SEDDS bearing multiple hydroxy 

functions on the surface demonstrated mucus permeation comparable to PEG-SEDDS. Steric 

hinderance and charge-shielding of PEG-SEDDS surface substantially reduced cellular uptake 

up to 50-fold and impeded endosomal escape, yielding in a 20-fold higher association of PEG-

SEDDS with lysosomes. In contrast, polyhydroxy-surfaces on SEDDS promoted pronounced 

cellular internalisation and no lysosomal co-localisation was observed. This improved uptake 

resulted in an over 3-fold higher inhibition of tumor cell proliferation after cytosolic curcumin 

delivery.

Conclusion: The replacement of PEG-surfactants by surfactants with polyhydroxy head groups 

in SEDDS is a promising approach to overcome the limitations for intracellular drug delivery 

associated with conventional PEGylated SEDDS surfaces. 

Key words: PEG-free, polyhydroxy, surface modification, self-emulsifying drug delivery 
system (SEDDS), intracellular drug delivery, polyglycerol, saccharide



1. Introduction

Since decades surface functionalization with polyethylene glycol (PEG) is widely accepted as 

gold standard for polymeric [1], inorganic [2] and lipid-based NC [3, 4]. Among those lipid-

based nanocarriers self-emulsifying drug delivery systems (SEDDS) are considered a promising 

platform for the mucosal delivery of small drugs as well as macromolecules. In case of SEDDS 

the oil droplet surface, consist of lipids conjugated to a PEG moiety as hydrophilic head group 

[5-7]. Such PEG-based surfactants and co-surfactants have become a prerequisite promoting 

the self-emulsification process of SEDDS in the gastro-intestinal tract (GIT) [7, 8]. To enable 

spontaneous dispersion in nano-sized o/w emulsions upon contact with water an extensive 

reduction of surface tension and interfacial energy is required to achieve a net zero or even 

negative free energy of the system [9]. Therefore, non-ionic PEG-surfactants such as 

polysorbates or PEGylated glycerides with HLB values >13 and long PEG head groups (> 10 

monomers) in concentrations of more than 30-60% are used. When emulsified the PEG head 

groups assemble at the water/oil interface on the droplet surface, facing into the aqueous 

phase. Hence the surfactant head groups resemble the “face” of SEDDS and are predominantly 

determining the surface interaction with the GIT environment. Multiple advantages reported 

for SEDDS such as high colloidal stability, high mucus penetrating properties, cargo protection 

against degradation or enhancement of epithelial permeation are presumably attributed to 

their PEGylated surface [10]. For various other PEGylated NC the therefore required steric 

protection and chemical inertness to proteins such as mucins, degradative enzymes or 

membrane proteins is reported to be accompanied by substantial shortcomings for cellular 

uptake and endosomal escape, limiting the intracellular delivery of drugs [11, 12]. For SEDDS, 

so far this so called “PEG-dilemma” remained nearly unexplored. While recent research to 

improve the interaction of SEDDS with target cells has focused on cationic lipids, active 



targeting moieties, cell-penetrating peptides or charge-converting surfaces [10, 13, 14], less 

attention was paid to the SEDDS surface and to find alternatives to PEG-surfactants. However, 

just recently, we elucidated the crucial role of PEG surfactants in the interaction between 

SEDDS and cells when, for the first time, polyglycerol-based (PG) surfactants were identified 

being capable to completely substitute PEG-surfactants for the development of SEDDS. By 

replacing long PEG chain (> 10 monomers) surfactants in SEDDS with polyglycerol (PG) based 

surfactant bearing short but highly hydrophilic PG (<6 monomers) head a reduced charge-

shielding effect of the incorporated cationic lipids and subsequently an enhanced cellular 

uptake and intracellular displacement was observed [15]. Yet, it is still unknown whether these 

results are solely attributable to mitigated charge shielding by shorter PG chains, or whether 

the difference in head group chemistry might have affected SEDDS-cell interactions. 

Considering literature reports showing that polyhydroxy surfaces on NC can provide muco-

inertness on the one hand [16] and superior cellular interaction over PEG-surfaces on the 

other [17], we hypothesized that the polyhydroxy head group of PG surfactants might have 

contributed to the results of the preceding study [15]. In this follow-up study, we aimed to 

verify this hypothesis by investigating another PEG-surfactant alternative bearing a short but 

very hydrophilic polyhydroxy head group. Hence, for the first time, an alkylpolyglucoside 

(APG) surfactant comprising a saccharide head group was assessed for the development of 

SEDDS (SA-SEDDS) with polyhydroxy surface. The different SEDDS surfaces illustrated in Figure 

1 were compared for their cellular uptake, intracellular distribution and endosomal escape. 

Moreover, the impact of SEDDS surfaces on key parameters for drug delivery such as self-

emulsification, drug incorporation and protection, mucus diffusion and pharmacological 

response were examined to evaluate the potential of polyhydroxy surface decorations as 

alternative to conventional PEG-SEDDS. 



Figure 1. Schematic illustration of investigated SEDDS surfaces. Amphiphilic lipids such as 

mono- or diglycerides, which are presumably present at the emulsion interface, or oil 

components in the lipid core were omitted to simplify the graphical illustration.



2. Materials

Capmul MCM C8 (glyceryl monocaprylate, G8MD) and Captex 355 (glyceryl tricaprate, MCT) 

were donated by Abitec (Columbus, USA). Labrasol (PEG8- caprylic/capric glycerides, PEG8-

glycerides), Peceol (Glyceryl monooleate, GMO), Gelucire 44/14 (Lauroyl PEG-32 glycerides, 

LPEG32G) and Gelucire 48/16 (PEG32-stearate) were a gift from Gattefosse (Lyon, France). 

Curcumin (from Curcuma longa, content >65%), Kolliphor RH40 (PEG40- hydrogenated castor 

oil, PEG40HCO), Kolliphor EL (PEG35-castor oil, PEG35CO), benzyl alcohol (BA), ethanol (EtOH), 

glycerol 85%, dimethylsulfoxide (DMSO), dioleyldimethylammonium bromide (DODAB), 

sulforhodamine B, oleic acid and ethyl oleate were supplied by Sigma-Aldrich (Vienna, 

Austria). Tegosoft PC41 (PG4-caprate) and Tegosolve 90 (PG6-caprylate/PG4-caprate, PG4/6C) 

were a gift from Evonik (Hamburg, Germany). Natragem SP140 NP (PG-4 laurate/sebacate and 

PG-6 caprylate/caprate, PG4LS/PG6CC) and Multitrope 1620 (alkylpolyglucoside, APG) were 

donated by Croda (Nettetal, Germany). Lumogen Red (LR) and Lumogen Orange (LO) were 

supplied by Kremer Pigmente (Aichstetten, Germany). Lipoid S 100 (soy phosphatidylcholine, 

PC) was obtained by Lipoid (Ludwigshafen, Germany). Fasted state simulated intestinal fluid 

(FasSIF) was purchased by Biorelevant (London, United Kingdom). 

3. Methods

3.1.Preparation, characterization and stability of PEG-, PG- & SA-SEDDS

In a preliminary study various polyglycerol- (PG) and saccharide-based surfactants were 

examined for their self-emulsifying properties and compared to PEG-surfactants. The 

surfactants listed in Table 1 were chosen for the formulation of anionic, cationic and non-ionic 

SEDDS. 



Table 1. List of surfactants investigated in this study sorted by their hydrophilic head group, surfactant 

class and hydrophilic-lipophilic balance (HLB) and chemical structure. Saturation and hydroxy functions 

of fatty acid residues were omitted to simplify the graphical illustration. An indeterminate number of 

repetitive chemical units of either lipophilic alkyl- or polymer chain is represented by "n".
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Oils, surfactants and co-solvents were mixed in the ratios given in Table 2 using a batch size of 

200 µL. In order to prepare SEDDS with a positive surface charge the cationic lipid 

dioleyldimethylammonium bromide (DODAB), a cationic lipid, was introduced into the oil 

phase while oleic acid was used to provide a negative charge under physiological pH. Final 

preconcentrates were vigorously mixed at 40°C and 1200 rpm on a thermomixer (Eppendorf, 

Hamburg, Germany) to obtain homogenous isotropic mixtures. Preconcentrate instability in 

terms of phase separation or component precipitation were evaluated after centrifugation for 

15 min at 10.000 rpm (Eppendorf Minispin, Hamburg, Germany).



Table 2: Composition of SEDDS preconcentrates in %. The "*" indicates whether the listed compounds 

are classified as main surfactant "*", oil "**" or co-surfactant/co-solvent "****".
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Droplet size and PDI were investigated after dispersing and slightly agitating SEDDS 

preconcentrates in a 1:100 (v/v) ratio in demineralized water utilizing dynamic light scattering 

technique (Malvern Zetasizer ZSP, Worcestershire, UK). Zeta potential was measured in 

triplicate using a palladium electrode equipped dip cell (Malvern Universal Dip Cell, 

Worcestershire, UK). Emulsified SEDDS were further subjected to centrifugation at 5000 rpm 

for 10 min to test their thermodynamic stability. In addition, a stability test under in-vivo 

simulating conditions was performed. Therefore, SEDDS preconcentrates were emulsified in a 

final concentration of 1% (v/v) in fasted simulated intestinal fluid (FasSIF) incubated for 4 h 

and subsequently analysed for changes in their droplet size, PDI and zeta potential. FasSIF 

medium with a pH of 6.5 containing mixtures of bile salts and phospholipids was prepared 

according to the preparation protocol given by the supplier.

3.2.Determination of preconcentrate viscosity

Using a rheometer (Haake Mars Rheometer, 379−0200, Therma Electron GmbH, Karlsruhe, 

Germany) with a plate-plate fixture (PP35 Ti, D = 35 mm) and a plate distance of 0.5 mm, flow 

curves depicting shear-dependent viscosity of SEDDS preconcentrates were acquired. After 

incubation at 20°C, 700 µL of each sample was placed on the plate and rheological 

measurements with linear shear rates ranging between 0 and 10 s-1 were performed. The 

mean viscosity was calculated from 50 points within a shear rate range of 5-10 s-1 to take the 

shear rate-dependent changes in viscosities into consideration. Each given value is a mean of 

three viscosity measurements.



3.3.Evaluation of self-emulsification properties

Self-emulsification properties of PEG-, PG- and SA-SEDDS were assessed in three different 

experiments. First, self-emulsification time was determined utilizing the USP dissolution 

apparatus type II (Erweka DT 600, Heusenstamm, Germany). 1 ml of preconcentrate was 

pipetted into 900 mL of demineralized water at 37 °C± 0.5 °C and gentle stirring at 50 rpm was 

provided by a standard stainless-steel paddle imitating intestinal agitation. The time for 

complete emulsification was evaluated visually. To improve the visualisation, SEDDS 

preconcentrate was labelled with the lipophilic fluorescence marker Lumogen Orange (LO) in 

a concentration of 0.2 mg/mL. Complete and homogenous dispersion of the fluorescence 

marker in the vessel served as experimental end point. 

Second, pre-emulsified SEDDS were diluted with increasing amounts of demineralized water 

from 1% up to 0.0001% [v/v] to compare the robustness against dilution of PEG-SEDDS by 

adapting a method previously described by Agrawal et al. [14]. After incubation for 10 min at 

37°C and under gentle agitation at 500 rpm utilizing a thermomixer (Eppendorf, Hamburg, 

Germany), the size of oily droplets was analysed at each dilution step. An increase in size above 

300 nm and PDI higher 0.3, indicating a non-monodisperse distribution of the droplets size, 

were chosen as experimental endpoints.

The minimal dilution concentration necessary for self-emulsification was determined as third 

indicator for the self-emulsification properties of PEG-, PG- & SA-SEDDS by utilizing a method 

earlier described by Rohrer et al. [18]. In brief, starting from the 1:100 dilution with 

demineralized water, the amount of preconcentrate was gradually increased (v/v) and the 

amount of water was decreased accordingly. The emulsions formed were analysed for particle 

size and PDI at 37 °C using the Zetasizer. After centrifugation at 10.000 rpm for 10 min the 



formulations were examined for physical changes such as precipitation or phase separation. 

The highest concentration still resulting in oil droplets with sizes <300 nm and PDI < 0.3 was 

identified as the minimal dilution concentration.

3.4.Log D of curcumin (SEDDS preconcentrate/water)

For determination of Log D (SEDDSpreconcentrate/water) the maximum saturation concentration 

of curcumin (Cmax) was measured in PEG-, PG- and SA-SEDDS preconcentrates on the one hand 

as well as in demineralized water on the other hand. To determine Cmax of curcumin in 

preconcentrates and in demineralized water, 50 mg of drug were dispersed in either 1000 µL 

of the preconcentrates or demineralized water. The drug- preconcentrate and drug-water 

suspensions were stirred at 1000 rpm for 24 h at 25 °C in a thermomixer followed by a 

centrifugation at 13.000 rpm for 10 min (MiniSpin®, Eppendorf Austria GmbH). Finally, 100 µL 

of supernatant were mixed with 900 µL of ethanol and analysed for curcumin absorbance at 

a wavelength of 425 nm using UV-VIS spectrometry. Based on a linear calibration curve 

(r2=0.999) of curcumin in ethanol the concentration of curcumin in the supernatants were 

calculated. Log D was calculated using the following equation: 

𝐿𝑜𝑔 𝐷(𝑆𝐸𝐷𝐷𝑆
𝑤𝑎𝑡𝑒𝑟 ) = log (𝑐(𝑐𝑢𝑟𝑢𝑐𝑚𝑖𝑛) 𝑖𝑛 𝑆𝐸𝐷𝐷𝑆

𝑐(𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛) 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 )

3.4.1. Curcumin degradation

In vitro oxidation of curcumin was performed to investigate the protective effect of SEDDS 

against oxidative degradation of curcumin. In presence of H2O2, peroxidases oxidize curcumin 

to a bicyclopentadione consequently leading to a loss of its chromophoric system [19]. For the 

in vitro degradation a slightly adopted method by Gordon et al. was applied [20]. Curcumin 



was incorporated in SEDDS preconcentrate at a concentration of 2 mg/mL and a 1% (m/m) 

SEDDS dispersion in phosphate buffer saline (PBS) pH 7.4 was prepared, resulting in a final 

concentration of 20 µg/mL curcumin. In a 96 well plate set-up, 180 µL of this dispersion were 

combined with 10 µL of 1 U/mL horse radish peroxidase (HRP) solution and 10 µL of 1 mM 

H2O2. Directly after mixing, the absorbance of curcumin was measured at 425 nm in intervals 

of 20 seconds for 10 min. Curcumin-loaded SEDDS without HRP/H2O2 mixture served as 100% 

value while curcumin-loaded SEDDS with H2O2 but without enzyme represented the negative 

control and unloaded SEDDS were subtracted as blank values. The degradation curves were 

compared to the oxidative degradation of unprotected curcumin dissolved in PBS.

3.5.Mucus permeation studies

Prior to the assay, intestinal mucus was collected from freshly excised porcine intestine and 

further purified following the standard protocol developed in our research group [21]. The 

time between the slaughter and freezing of mucus was kept as short as possible to preserve 

its macro-rheological properties. The mucus permeation of PEG-, PG- and SA-SEDDS was 

investigated using via two well-established experiments [22, 23]. First, SEDDS mucus 

penetration depth was examined by the rotating cylinder using a slightly modified test set-up 

previously described by Pereira de Sousa et al. [23]. Silicon tubes of 5 cm length and 4 mm 

diameter were filled with mucus and sealed at one end. SEDDS preconcentrates were labelled 

with Lumogen orange (LO) in a concentration of 1 mg/mL. Preconcentrates of PEG-, PG- and 

SA-SEDDS were controlled for comparable fluorescence intensities after dispersion in 25 mM 

HEPES buffer pH 7.4 in a concentration of 2% (v/v). For each formulation 50 µL of SEDDS 

emulsified in water (1% v/v) were gently pipetted on top of the mucus at the remaining open 



end of the tube. Subsequently the tubes were sealed completely and incubated at 37°C under 

horizontal rotation (50 rpm) for 12 h. Afterwards, the tubes were frozen at -80°C and cut into 

slices of 2 mm length. To extract the lipophilic fluorescence marker from the mucus each slice 

was incubated with 150 µL of DMSO for 24 h under light protection. After an additional hour 

of ultra-sonication the samples were centrifuged for 5 min at 13.400 rpm. 100 µL of 

supernatant were withdrawn and analysed at a λex = 485 nm and λem = 530 nm using a 

spectrophotometer (Tecan; Salzburg, Austria). HEPES buffer served as blank and was 

subtracted from the sample fluorescence intensity.

In a second study, SEDDS permeation through a defined mucus layer into a donor chamber 

was investigated by the trans-well system previously introduced by Leichner et al. [22]. 

Therefore, 50 µL of purified mucus corresponding to a mass of 55 mg was dropped onto the 

insert membrane of a 24-well plate (ThinCert cell culture insert for 24-well plates, transparent 

polyethylene terephthalate membrane, pore diameter: 3.0 µm, Greiner-Bio One, Austria). 

After shaking the plate for 2 min with 1800 rpm on a thermomixer (Eppendorf, Hamburg, 

Germany) a homogenous mucus layer with a thickness of 1.6 mm and a defined surface area 

of 33.6 mm2 was obtained. The donor chamber was filled with 300 µL with LO labelled SEDDS 

(1 mg/mL) dispersed in 25 mM HEPES buffer in a concentration of 2% (v/v). The acceptor 

chamber was filled with 600 µL of prewarmed HEPES buffer. During the incubation at 37°C 

and 50 rpm in an orbital shaking incubator the plate was sealed to prevent water evaporation. 

Each hour up to 4 h, 100 µL of sample were collected from the acceptor chamber to analyse 

the fluorescence intensity as described above. The equivalent volume was replaced with 

preheated HEPES buffer. In order to take membrane absorption effects into account the 

amount of permeated dye of a 2% (v/v) SEDDS dispersion trough the insert membrane lacking 

the mucus layer served as 100% control. 



3.6.Cell viability - resazurin assay

The cytotoxic potential of PEG-, PG- and SA-SEDDS was evaluated by resazurin reduction assay 

[24]. A Caco-2 cell line was selected as it closely resembles the small intestinal epithelia as site 

of absorption [25]. Cells were seeded in a density of 5x105 Caco-2 cells/mL in a 96-well plate 

and incubated in minimal essential medium (MEM) for 48 h at 95% humidity and 37°C in an 

atmosphere of 5% CO2 to obtain a monolayer. MEM containing 10% (v/v) heat inactivated 

fetal calf serum (FCS) and penicillin/streptomycin solution (100 units in a concentration of 

0.1 mg/L) was used as nutrition media. 

Previous to the experiment SEDDS were dispersed in concentrations ranging from 2%- 0.01% 

(v/v) in iso-osmolar, sterile glucose-HEPES buffer at pH 7.4. Before addition of 100 µL of SEDDS 

formulation to the Caco-2 cell layer MEM was discarded. After 4 h of incubation at 37 °C the 

samples were removed and cells were washed twice to rinse of remaining SEDDS from the cell 

surface. Subsequently, 150 μL of a 0.1% (m/v) resazurin solution in white MEM (MEM lacking 

the indicator phenol red) were applied to each well followed by 2 h of incubation. After the 

reaction time 100 µL of supernatant were withdrawn and analysed at λex = 540 nm and λem = 

590 nm using a microplate reader (Tecan; Salzburg, Austria). As negative and positive control 

pure white MEM and Triton X-100 in concentration of 0.5% (m/v) were chosen.

3.7.Membrane interaction - hemolysis assay

The susceptibility of red blood cells (RBC) to membrane disruption followed by a release of 

hemoglobin is used to mimic the interaction of drugs or NC with biological membranes [26, 

27]. RBC, kindly donated by Tirol Kliniken GmbH (Innsbruck, Austria), were diluted with sterile 



iso-osmolar glucose-HEPES buffer pH 7.4 in a ratio of 1:100 (v/v). 0.5 mL of this erythrocyte 

dilution were added to an equal volume of SEDDS dispersed glucose-HEPES buffer pH 7.4. The 

resulting SEDDS concentration in the RBC-SEDDS mixture ranged from 0.5% - 0.00075% (v/v). 

The RBC-SEDDS mixtures were incubated in a thermomixer (Eppendorf, Hamburg, Germany) 

at 300 rpm and 37°C for 4 h. The mixture was subjected to centrifugation at 2350 rpm for 10 

min and the supernatant containing the released hemoglobin from lysed erythrocytes was 

analysed by absorbance measurement at a wavelength of 415 nm (Tecan, Salzburg, Austria). 

Triton X-100 in a concentration of 0.5% (v/v) dissolved in the HEPES buffer served as 100% 

reference value of hemolysis (positive control) and iso-osmolar buffer containing RBC in equal 

concentrations served as negative control.

Hemolysis (%) was calculate by using the equation below:

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
𝐴𝑏𝑠(𝑇) ― 𝐴𝑏𝑠(𝑛𝑒𝑔)

𝐴𝑏𝑠(𝑝𝑜𝑠) ― 𝐴𝑏𝑠(𝑛𝑒𝑔)

Where Abs (T) is absorbance of test sample, Abs (neg) is absorbance of the negative control 

and Abs (Pos) is absorbance of the positive control. 

3.8.Cellular uptake studies

Flow cytometry (FC) analysis was used to determine the impact of SEDDS surface on cellular 

uptake. SEDDS were labelled with 0.1% (m/m) Lumogen RED (LR). To prevent falsified results 

by inhomogeneous fluorescence intensities in the different SEDDS preconcentrates, two 

emission wavelength scans (λex 405nm & 488 nm; λem 450-800 nm) were recorded and 

compared prior to the experiment. LR labelled SEDDS preconcentrates were diluted in sterile 

glucose-HEPES buffer pH 7.4 to a final non-toxic concentration of 0.025 % (m/m). Caco-2 cells 

in a density of 5 x 104 cells/ mL were seeded in a 24 well plate (Greiner Bio-One, Germany) 



and cultivated for 7 days in order to obtain a fully confluent monolayer. For cellular uptake 

the monolayer was incubated with 500 µL of labelled SEDDS for 4 h at 37°C. Subsequently, 

200 µL of Accutase® were added to detach the cells followed by three washing steps with 500 

µL of ice cooled 10 mM PBS pH 7.4. The amount of LR taken up by Caco-2 cells was analysed 

via flow cytometry (Attune NxT Flowcytometer, Thermofisher Scientific). Data were analyzed 

using a custom-written MatLab program (FCAlyzer) utilizing a neuronal network (self-

organizing map network) for autonomous cluster detection in the FSC-A/SSC-A and FSC-A/FSC-

W space. Fluorescence intensity distribution data were represented using logicle display. The 

average concentration of LR-labelled SEDDS taken up per single cell is given as relative median 

fluorescence intensity values (RMFI). RFMI values were calculated using the following 

equation:

𝑅𝐹𝑀𝐼 =
𝑀𝐹𝐼(𝑠𝑎𝑚𝑝𝑙𝑒)
𝑀𝐹𝐼(𝑐𝑜𝑛𝑡𝑟𝑜𝑙) ― 1

where MFI = median fluorescence intensity. Based on this equation, the RMFI value of 

untreated Caco-2 cells is always 0. For each sample > 10000 cells were analysed and constant 

gating settings were applied. 

3.9.Confocal microscopy study

In order to evaluate intracellular SEDDS distribution in Caco-2 cells confocal laser scanning 

microscopy (Leica TCS SP8) was conducted. Briefly, 8- well chamber slides (µ-slide, Ibidi) with 

density of 1 x 105 Caco-2 cells/well were prepared and incubated for 5 days until the cells 

reached 100% confluency. 300 µL of LR-labelled SEDDS, having been prepared as described in 

the FC section, were added to the monolayer and incubated for 4 h. Subsequently, Caco-2 

monolayers were rinsed with pre-warmed 10 mM PBS pH 7.4 twice before applying Hoechst 



33528 and LysoView 633. The cell nucleus was stained using Hoechst 33528 in a concentration 

of 1 µg/mL for 8 min, whereas lysosomal staining was performed utilizing LysoView 633 in a 

concentration of 1 mg/mL for 30 min. ll fluorescence images were recorded under equal 

confocal settings. Image postprocessing was performed utilizing the open source image 

processing and analysis platform ImageJ: the yz- and xz-projections were prepared from 5 xy-

images of an image stack taken at 0.2 µm z-step length. Additionally, 100 XY-projections of a 

single image plane located at the middle of the cell were averaged in order to visualize the 

distribution pattern of PEG-, PG- and SA-SEDDS throughout the cytosol. To eliminate 

fluorescence bleed trough between detection channels due to overlapping emission spectra, 

spectral inmixing was performed. In addition, 2D image filtering by using a Gaussian filter was 

applied. 

In order to determine the intensity-distribution of each formulation across the Caco2-layer, a 

sliding window approach was used, written in MatLab. In short, the mean intensity distribution 

along the z-axis of the stack image data is determine using a volume of the size W/a x H/a x z, 

(tested for a=1, 9, 36). Within the volume, the cell-layer boundaries (top, bottom) were 

determined in a semiautomatic approach (based on the nucleus and SEDDS-intensity profile); 

the program suggests the cell-layer-boundaries to the user. Subsequently the user verifies the 

correct boundary position via the image data (using a maximums-projection of the chosen 

volume in y-direction). An average curve was calculated based on the volume-fraction curves 

for each sample. 

3.10. Pharmacological activity - proliferation inhibition assay

The sulforhodamine B (SRB) assay as previously reported by Orellena et al. [28] was slightly 

adopted to examine the proliferation inhibition of curcumin loaded SEDDS. In brief, Caco-2 



cells were seeded in a 96 well plate at a low cell density of 2 x 104 cells /mL and cultivated 

under equal conditions as described above. After 24 h of culturing, 100 µL of SEDDS loaded 

with curcumin (5 mg/ml) emulsified in a concentration of 0.02% (v/v) in sterile glucose-HEPES 

buffer pH 7.4 were added to the colon carcinoma cells and incubated for 2 h. After incubation, 

SEDDS were withdrawn and the cells were gently washed with PBS and further cultivated with 

Red-MEM until wells containing the untreated control reached 100% confluency. 

Subsequently, 25 µL of 50% (m/v) trichloric acid were added and the plate was kept at 4°C for 

60 min to fix the cells. After fixation the plates were thoroughly rinsed with tap water and left 

overnight at room temperature (RT) to dry completely. To the dried cells 50 µL of a 0.04% 

(m/v) SRB solution in 1% acetic acid was added and incubated for 60 min at RT. Another 4 

washing steps with 1% acetic acid solution removed unbound dye. After a further drying step, 

100 µL of Tris base (10 mM) pH 10.5 were poured into the wells and shaken for 15 min at RT 

to dissolve SRB. The amount of SRB in supernatant was detected by absorbance measurement 

at a wavelength of 510 nm. Cells incubated with curcumin free SEDDS at equal concentration 

displayed the 100% growth control. Curcumin dissolved in HEPES buffer in the same 

concentration as in SEDDS served as reference. Growth inhibition was calculated as follows:

% 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑡𝑖𝑜𝑛 = 100 ― (𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
𝑠𝑎𝑚𝑝𝑙𝑒
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ∗ 100)

3.11. Statistical data analyses

Statistical data analysis was performed on GraphPad Prism (version 5.01) using the student t-

test and the analysis of variance (ANOVA) followed by Bonferroni correction with p < 0.05 as 

the minimal level of significance. All values are expressed as means ± SD.



4. Results and discussion

4.1.Evaluation of self-emulsifying properties

In a preliminary study various polyglycerol (PG-) and saccharide-based surfactants were 

screened for their use in self-emulsifying-systems. Due to their substantial hydrophilicity the 

miscibility with oils of most saccharide-based surfactants such as sucrose ester, rhamnolipids 

and alkylglucamides was poor. In contrast, alkylpolyglucoside- (APG-) surfactants 

demonstrated adequate miscibility and solubilisation of various oils in water by micelle 

formation (data not shown). Hence, an APG-surfactant was used for the preparation of SEDDS 

comprising a polyglucoside surface (SA-SEDDS). For preparation of PEG-, PG-, SA-SEDDS the 

different surfactants were mixed with oils and cosolvents as listed in Table 2. A set-up of three 

experiments was conducted to compare the self-emulsifying properties of PG- and SA-SEDDS 

with conventional PEGylated SEDDS.
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Figure 2. A Self-emulsification time, B robustness against dilution and C minimal dilution concentration [v/v in 

%] required for self-emulsification (diamonds) and the respective droplet size of non-ionic, anionic and cationic 

PEG- (blue), PG-(red), SA- (green) SEDDS emulsified in demineralised water. Data are shown as mean ±SD (n=3)

As illustrated in Figure 2A, the self-emulsification was impacted by the SEDDS oil core 

composition and the different surfactants types. Using higher amounts of co-solvent (e.g 



cationic group) or low viscosity oil components in SEDDS preconcentrates (e.g. non-ionic 

group) lowered the viscosity of preconcentrates (supportive Figure 1). In addition, a 

correlation between preconcentrate viscosity and surfactant type was found, as viscosity in 

each group followed the trend PEG- < SA- < PG-surfactant. As a low preconcentrate viscosity 

eases interfacial surface shearing and water penetration the preconcentrate self-

emulsification is accelerated. Hence, higher viscosity of PG-SEDDS thus explains the 

correspondingly longer self-emulsification times. Moreover, PG-SEDDS demonstrated 

preconcentrate gelation upon contact with water, additionally contributing to the significantly 

higher emulsification time compared to PEG- and SA-SEDDS. As gelation was already reported 

in formulations with high PEG-surfactant concentrations likely the high S/O-ratios and the 

capability of PG-surfactants to form intra- and intermolecular H-bonds leads to 

preconcentrate gelation. Although, the latter also applies for SEDDS preconcentrates based 

on APG-surfactants, SA-SEDDS emulsified the fastest in each group and no preconcentrate 

gelation was noticed. As depicted in Figure 2B, adequate stability towards high dilutions was 

observed for all SEDDS formulations confirming the potential of PG- and APG-surfactants to 

stabilize oil droplets within in-vivo relevant dilutions. In addition, the results displayed in 

Figure 2C suggest that the hydrophilicity of SEDDS oil core is a major factor reducing the 

minimum amount of dispersion medium required for self-emulsification. On average, PG- and 

APG-based formulations showed adequate self-emulsification at 2- to 5-fold lower dilutions 

compared to PEG-SEDDS, rendering them promising alternatives for target sites with reduced 

amounts of dispersion media such as the ocular or nasal epithelium. 



4.2.Characterization and stability of PEG-, PG- & SA-SEDDS in simulated 
intestinal fluid

The droplet size, PDI and zeta potential of SEDDS are displayed in Table 3. The deviations in 

droplet size within each group were with < Δ20 nm for non-ionic, < Δ12 nm for cationic and < 

Δ30 nm for anionic SEDDS comparatively small. As highlighted in various studies, the NC size 

is a well-explored parameter not only affecting the extent of NC uptake, but also determining 

the predominant uptake pathways. NC with around 50 nm were observed to be internalized 

more efficiently than smaller particles (about 15-30 nm) or larger particles (about 70-240 nm). 

For particles with a size of 120-150 nm, internalization occurs mainly by clathrin- or caveolin-

mediated endocytosis, whereas larger particles rely on micro- and macropinocytosis 

pathways [29]. Consequently, a comparable droplet size of the SEDDS formulations is required 

to eliminate these contributing factors and correlate the cellular uptake to the variations in 

the surface properties of SEDDS. As displayed in Table 4 across all formulations PEG-SEDDS 

exhibited the lowest surfactant to oil (S/O) ratio in each group. On average, significantly lower 

concentrations of PEG-surfactants were required compared to PG- and the APG-surfactant to 

emulsify the same amount of oil and form emulsions of comparable droplet size. This is in line 

with the reported modest ability of PG- and saccharide based surfactants to reduce the 

interfacial tension compared to polysorbate and PEG-esters surfactants [30]. 



Table 3: Size, PDI and zeta potential of SEDDS emulsified 1% [v/v] in demineralized water.

Surfactant type Size [nm] PDI Zetapotential [mV]

PEG 158.6 ±0.8 0.20 ±0.02 -0.5 ± 0.8

PG 187.8 ±1.6 0.10 ±0.01 -7.5 ±0.3

N
on

-io
ni

c

APG 149.3 ±8.1 0.07 ±0.01 -8.5 ±0.3

PEG 38.5 ±4.6 0.05 ±0.01 -6.73 ±0.2

PG 96.8 ±1.5 0.13 ±0.02 -19.8 ±0.7

An
io

ni
c

APG 73.4 ±1.5 0.19 ±0.01 -19.3 ±0.5

PEG 179.3 ±6.6 0.19 ±0.01 53.1 ±1.4

PG 177.4 ±4.0 0.17 ±0.02 58.3 ±0.6

Ca
tio

ni
c

APG 158.7 ±4.1 0.17 ±0.02 61.5 ±0.5

The zeta potential deviations are with < Δ 7.5 mV for anionic, < Δ 4.5 mV for cationic and 4.5 

non-ionic SEDDS minor, however, PEG-SEDDS possessed the closest to zero zeta potential in 

each group. Particularly when high amounts of long-PEG chain surfactants were used, for 

instance in the anionic group a pronounced charge-shielding effect in comparison to PG- and 

SA-SEDDS was noticed. In a previous study, we explored this charge-shielding for cationic 

SEDDS for the first time and found a charge decline of Δ5.9 mV when 10% long-chain PEG-

surfactant and Δ11.6 mV when 40% was incorporated [15]. This charge-shielding effect can be 

attributed to the non-ionic hydrated polymer surface of conferred by PEG-surfactants which 

was also reported in various studies for liposomes and other lipid NC [15, 31]. 
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Figure 3. A Droplet size and B zeta potential of non-ionic, anionic and cationic PEG- (blue), PG- (red), APG- (green) 

SEDDS emulsified in concentration of 1 % (v/v) after 4 h incubation at 37°C in demineralized water (filled bars) 

and fasted-state simulated intestinal fluid (lined bars). Data are shown as mean ±SD (n=3).

As shown in Figure 3A, the changes in droplet size after 4 h incubation of SEDDS in FasSIF were 

within ∆12-20 nm comparable for most formulation. In particular PG-SEDDS were susceptible 

to size alteration due to interactions of bile salts or lipids in the simulated intestinal fluid, 

resulting in changes ranging from ∆40-165 nm. But also cationic PEG-SEDDS showed a drastic 

size decline. The more pronounced changes were observed for the zeta potential displayed in 

Figure 3B. Zeta potential reduction was detected for all non-ionic and cationic SEDDS after 

incubation in FasSIF. In each group, the presence of bile salts and lipids led to decreased zeta 

potential with the group of cationic SEDDS being the most pronounced. This tendency was 

also observed by Lupo et al. [32]. Moreover, for cationic SA- and PG-SEDDS zeta potential 

reduction was with ∆75.0 and ∆67.8 mV higher compared to PEG-SEDDS (∆53.4 mV), which is 

in line with previous findings on PG-SEDDS incubated with bile salts [15]. PEGylation of NC was 

proven to stabilize the NC within the GIT environment [1, 33]. Our data suggest that bile salts 

or digestion lipids have a more pronounced impact on PG- and APG-surfactants based SEDDS 



compared to PEG-SEDDS. However, up to now the consequences of a pronounced or minor 

bile salt interaction for the in-vivo performance of SEDDS have not been resolved yet.

4.3.Payload, Log D and oxidative stability of curcumin loaded in SEDDS

Drug loading and stability towards oxidative degradation of curcumin as lipophilic model drug 

incorporated in PG- and SA-SEDDS was evaluated and compared to conventional PEG-SEDDS. 

As presented in Table 4, the payload of curcumin in SEDDS was in the range of 0.86-3.02 % 

(m/v) for all investigated formulations. Thus, assuming a 2% (v/v) dilution, the water solubility 

of curcumin was improved by at least 57 up to 200-fold after incorporation in SEDDS.

Table 4: Surfactant to Oil (S/O) -ratio, Log D [SEDDS preconcentrate/H2O], max payload of curcumin 
in SEDDS. 

Surfactant type       S/O-ratio      Log D (SEDDS/H20)    Max. payload curcumin [%]

PEG 0.42 3.55 ±0.03 2.82±0.05

PG 2.40 3.28 ±0.03. 1.42 ±0.03

N
on

-io
ni

c

APG 0.70 3.15 ±0.03 1.05 ±0.02

PEG 0.52 3.06 ±0.02 0.86 ±0.01

PG 6.15 3.61 ±0.03 3.02 ±0.06 

An
io

ni
c

APG 3.06 3.40 ±0.02 1.85 ±0.02

PEG 0.25 3.36 ±0.02 1.70 ±0.02

PG 2.34 3.52 ±0.02 2.44 ±0.03

Ca
tio

ni
c

APG 2.34 3.47 ±0.03 2.19 ±0.04

The varying curcumin payloads in SEDDS preconcentrates are a result of an interplay of several 

factors such as different cmax of curcumin in SEDDS components, varying S/O-ratios of 



formulations and co-solubility phenomena between the different surfactants and other SEDDS 

components. 

For SEDDS, the Log D between SEDDS preconcentrate and the dispersion media (Log D 

(SEDDS/water)) was established as reliable parameter to predict the distribution of lipophilic 

drugs from the oil into the aqueous continuous phase [34]. The experimental Log D values 

(Table 4) of curcumin in the investigated preconcentrates ranged from 3.06 to 3.61. The higher 

the log D value and the smaller the release media volume the lower the amount of curcumin 

released from the oil droplets. Based on a dilution factor of 1:50, the in-vivo assumed 

percentage of immediately released curcumin would remain between 1.3 % and 4.4 % for the 

investigated SEDDS formulations. Since oxidative degradation of curcumin represents a major 

limitation for its in-vivo efficacy [19], the protective properties of SEDDS against oxidation of 

their payload were investigated. As evident from Figure 4, incorporation of the BCS 4 drug 

curcumin into SEDDS oil core significantly reduced the model drugs oxidation. 
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Figure 4. Oxidative degradation of curcumin incorporated in A non-ionic, B anionic and C cationic PEG- (blue 

circles), PG- (red squares), SA- (green triangles) SEDDS emulsified in concentration of 1 % (v/v) in phosphate 

buffer saline pH 7.4. Pure curcumin solution (black diamonds) in phosphate buffer saline. Data are shown as 

mean ±SD (n=3)

While unformulated curcumin was nearly completely oxidized within 120 seconds, more than 

50% of the original payload was recovered for all formulations after the entire assay duration. 

Seo at al. demonstrated the relevance of drug protection with respect to highly oxidative 

biological target sites. The cytotoxic effect of free doxorubicin, in contrast to doxorubicin 

formulated in nanotubes, was reported to be completely suppressed in the presence of a 

peroxidase in the microenvironment of melanoma and lung carcinoma cells [35]. Although no 

trend for either surfactant type or surface charge of SEDDS was apparent, the observed 

oxidative protection after incorporation in SEDDS could enhance the therapeutic potential of 

curcumin in oxidative environments.



4.4. Mucus penetration and permeation

The mucus diffusion depth was assessed by rotating cylinder method and the permeation of 

SEDDS across a defined mucus layer in a transwell set-up as illustrated in Figure 5AB and in 

supportive Figure 2. In both set-ups, it could be confirmed that the surface charge has 

significant influence on mucus interaction. The already well-documented mucus permeation 

trend of anionic > non-ionic > cationic surface charge is related to the electrostatic repulsion 

of anionic and the attraction of cationic NC with anionic mucus substructures promoting 

mucus permeability or entrapment, respectively [36].

Figure 5. A Schematic illustration of the rotating tube set-up and the resulting diffusion depth detected for non-

ionic, anionic and cationic PEG- (blue), PG- (red) and SA- (green) SEDDS in first mucus segment (filled bars), 

second mucus segment (thin lined bars) and third mucus segment (thick lined bars). B Schematic illustration of 

the transwell set-up and the resulting total amount of anionic, non-ionic and cationic PEG (blue), PG (red) and 

SA- (green) SEDDS permeated across a defined, freshly excised porcine mucus layer after 4 hours. 



Regarding the influence of surface decoration, SA- and PG- SEDDS showed comparable mucus 

permeation to common PEGylated SEDDS surfaces in both experiments. The results obtained 

for SEDDS with polyglucoside surface in the anionic group indicate a slightly enhanced mucus 

penetration compared to PEG-SEDDS and PG-SEDDS. Most likely, this finding can be explained 

by the comparatively higher zeta potential of PEG-SEDDS, caused by pronounced charge-

shielding effect of PEGylated vs the polyglucoside surface of SA-SEDDS. However, as non-ionic 

saccharide coatings are known to confer rather mucoadhesive properties by H-bond pairing 

or surface entanglement with the mucus mesh [37-39] these findings were unexpected. 

Up to now, mucus interaction studies of SEDDS bearing non-PEGylated surfaces are missing 

since PEG-surfactants are widely recognized as prerequisite for their formulation. But also, for 

other NC PEGylation is considered state of the art for creating mucus penetrating NC [38, 40]. 

However, lately also polyhydroxy function bearing polymers were considered as potential 

muco-inert coatings [16] and in particular 2-hydroxypropyl methacrylate (HPMA) is applied 

for muco-inert surface coatings [41, 42]. Cui et al. reported a direct correlation between an 

increase in the surface hydrophilicity of a PLGA-NC coated with HPMA and a decrease in mucus 

interaction, along with an increase in the apparent permeability coefficient through the mucus 

layer [43]. On the one hand hydroxy functions in the head group of PG- and the APG-surfactant 

display extensive water affinity thus formation of a hydrated shell at the surface similar to 

PEG-coatings is possible. On the other hand the shorter head group chain length could prevent 

the entanglement of surface structures with the mucus mesh as reported for high molecular 

weight PEG-surfaces [44]. 

4.5. Cell viability



As depicted in Figure 6 at concentrations above 0.025% (v/v) each formulation exposed a cell 

viability ≥ 80% and can be considered as non-toxic to Caco-2 cells.
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Figure 6. Cellular viability [%] of Caco-2 cells after 4 h incubation with A non-ionic, B anionic and C cationic PEG- 

(blue circles), PG- (red squares), SA- (green triangles) SEDDS at indicated concentrations. Triton X 100 served as 

positive control and red MEM as negative control. Data are shown as mean ±SD (n=3)

The IC50 values listed in Table 5 indicate the highest cytotoxic potential for the group of 

cationic SEDDS, followed by the group of anionic and non-ionic group, which is in agreement 

with various other studies in the field demonstrating an increased interaction of cationic 

charged NC with anionic membrane proteins promoting NC binding and depolarization of 

cellular membranes [45, 46]. However, non-ionic PEG-SEDDS presented an exception to this 

tendency. Data on the cytotoxicity of unformulated PEG32-fatty acid ester on Caco-2 cells by 

Sachs-Barrable et al. [47] demonstrated identical toxicity profile compared to non-ionic PEG-

SEDDS. Assuming that for most o/w emulsion published (75%) the added surfactant remains 



unadsorbed in the continuous phase [48] the intrinsic toxicity of the surfactant can dominate 

the cytotoxicity of the formulation. Besides surfactant toxicity also the charge-shielding effect 

of dense PEG-surface influenced cell viability. The IC50 of anionic PEG-SEDDS was 2- to 3.7-fold 

higher compared with the corresponding PG- and SA-SEDDS, indicating that the inert PEG-

surface impedes the interaction between charged lipids and cells.

Table 5: IC 50 and HC 50 values of SEDDS in [%] v/v.

Surfactant type IC50 HC50

PEG 0.14 ±0.02 0.008 ±0.000

PG 0.56 ±0.25 0.066± 0.001

N
on

-io
ni

c

APG 0.53 ±0.03 0.044 ±0.002

PEG 0.34 ±0.04 0.019 ±0.003

PG 0.17 ±0.03 0.007 ±0.001

An
io

ni
c

APG 0.09 ±0.01 0.007 ±0.007

PEG 0.12 ±0.01 0.004 ±0.001

PG 0.08 ±0.01 0.005 ±0.001

Ca
tio

ni
c

APG 0.07 ±0.03 0.003 ±0.000

Membrane interaction studied via hemolysis assay on red blood cells (RBC) presented in 

supportive Figure 3, confirmed these findings. While the hemolytic potential of SEDDS was 

more impacted by SEDDS surface charge than by different surface decoration (IC50 values in 

Table 5) again the latter is not negligible especially taking charge-shielding and steric 

protection of high concentration of long-PEG chain surface (e.g. anionic PEG-SEDDS) into 

account. 



4.6.Cellular uptake and intracellular distribution of PEG-, PG-, SA-SEDDS

The impact of SEDDS surface charge and decoration on their uptake by Caco-2 cells was 

evaluated by flow cytometry and confocal microscopic imaging. While Figure 7A depicts the 

average amount of LO signal per cell in terms of RFMI values, Figure 7B represents the 

percentage of Caco-2 cells exposing a fluorescent signal. Aside the surface charge, the SEDDS 

surface decoration significantly influenced the cellular internalisation. The formation of a 

dense PEGylated surface by PEG-32 fatty acid ester in non-ionic PEG-SEDDS reduced their 

unspecific uptake drastically as evidenced by the uptake curves plotted in the supportive 

Figure 4, RFMI values (Figure 7A) and percentages of cellular uptake (Figure 7B). This is in line 

with reports by Wehrung et al. describing a sound reduction in cellular uptake of NC 

corresponding to increasing amounts of PEG-32 fatty acid esters on the NC surface [49]. 

Moreover, their data on PEG-NC biodistribution emphasize the so-called PEG-dilemma. The 

enhanced in-vivo circulation time or biodistribution of PEGylated NC, goes hand in hand with 

sacrificing the NC-cell interaction at the target site as a trade-off [3, 11]. A significantly reduced 

SEDDS-cell interaction resulting in over 75-fold higher RFMI could also be observed when 

comparing anionic PEG-SEDDS with their positively charged counterpart. This profound 

difference cannot only be accounted to the increased uptake of positively over negatively 

charged SEDDS surfaces, but also to a more pronounced charge-shielding effect resulting from 

a 6-fold higher amount of long PEG-chain surfactants in anionic compared to cationic PEG-

SEDDS. In an earlier study we could correlate the charge-shielding effect of a dense PEG-

surface to the diminished uptake of cationic PEG-SEDDS [15]. A step wise reduction of 

polysorbate 80 in cationic SEDDS, in exchange with PG-4- and PG-6-surfactants resulted in a 

higher cellular uptake of SEDDS, as a result of the decreased charge-shielding effect of smaller 

PG-surfactant head groups. Also, in this study the cationic PG-SEDDS exhibited a twofold 



higher intracellular accumulation than PEG-SEDDS. However, as also the cellular uptake of 

non-ionic and anionic PG-SEDDS was exceeding those of their PEGylated counterparts a 

superior internalisation by PG-surfaces independent of their charge or their reduced charge-

shielding effects was confirmed.

Notably, also SA-SEDDS outperformed PEGylated SEDDS in each group with respect to the 

number of fluorescence signals per single cell and to the percentage of cells which had been 

taken up. Consequently, a correlation between the increased uptake of SEDDS, and the 

multiple hydroxyl functions on the surface is conceivable.
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Figure 7. A Average amount of fluorescence signals per single cell displayed as relative mean fluorescence 

intensity values (RMFI) after uptake of non-ionic, anionic and cationic PEG- (blue), PG- (red), SA- (green)-SEDDS 

after 4 h incubation determined by flow cytometry. B Average amount of Caco-2 cells [%] displaying a 

fluorescence signal equivalent to the cell uptake of non-ionic, anionic and cationic PEG- (blue), PG- (red), SA- 

(green)-SEDDS after 4 h determined by flow cytometry. Caco-2 cells without SEDDS served as control. Data are 

shown as mean of 3 experiments ±SD

The confocal images in Figure 8 visually verify the uptake data retrieved by FACS analysis. 

Image analysis confirm increased cellular uptake of PG- and SA-SEDDS over PEGylated SEDDS 

in all investigated formulations. Three-dimensional imaging and image analysis in supportive 

Figure 5 indicate a relatively unrestricted distribution of SEDDS, particularly for PEG-surfactant 

based formulations, throughout the cytosol, with accumulation tendencies towards the cell 



centre. Thus, a perinuclear distribution of SEDDS involving a vesicular transport pathway and 

the Golgi apparatus might be assumed. For positively charged SEDDS, a shift of the distribution 

curves peaks toward higher z-intercepts was observed, suggesting a deeper penetration in the 

cell layer closer to the cell bottom.

Since conventional nanoemulsions with PEG-surfaces are frequently reported to be up taken 

via clathrin-mediated endocytosis [50, 51], endosomal escape is a prerequisite for effective 

cytosolic drug delivery to avoid drug degradation in the late endosome or lysosomes. As 

illustrated in Figure 9, non-ionic and anionic PEG-SEDDS exhibited high co-localisation with 

fluorescent-labelled lysosomes, corroborating above mentioned charge-shielding effect of 

inert PEG-surfaces impeding SEDDS-membrane interaction. On the contrary, reduced charge-

shielding of only 5% long PEG chain surfactant and the incorporation of the cationic charged 

lipid DODAB prevented the endosomal entrapment, as no lysosomal co-localisation was 

detected for cationic PEG-SEDDS.



Figure 8. Cellular uptake of non-ionic, anionic and cationic PEG- (blue), PG- (red), SA- (green)-SEDDS by Caco-2 

cells visualized by confocal microscopy. From left to right lysosomes (turquoise), up taken SEDDS (yellow), a 

merged image of lysosomes and SEDDS (turquoise/yellow), the cell nucleus (blue), a merged 2-D image 

SEDDS/nucleus (yellow/blue) and a merged 3-D image SEDDS/nucleus (yellow/grey) are displayed. Lumogen red 

was incorporated in SEDDS as fluorescence marker. Nuclei were stained with Hoechst 33528 and lysosomes with 

Lysoview 633.
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Figure 9. Percentage of SEDDS co-localized with lysosomes after uptake of non-ionic, anionic and cationic PEG- 

(blue), PG- (red), SA- (green)-SEDDS using confocal image analysis. Data are shown as mean ±SD (n=3)

Intriguingly, neither charged nor uncharged surface PG- and SA-SEDDS were co-located 

lysosomes, assuming a fusion and subsequent escape of polyhydroxy decorated SEDDS from 

the endosome or an uptake mechanism potentially omitting lysosomal fusion. In a literature 

review hydroxylated NC were found to be increasingly internalised by lipid rafts via a caveolae-

mediated transport mechanism [52]. Recently, also Edlich et al. observed an clathrin-

independent uptake for nanogels on polyglycerol basis [53]. Moreover, for SEDDS based on 

APG-surfactants the glucose moiety bearing SEDDS surface could trigger receptor- mediated 

uptake by the GLUT-receptor family. Glucose-modified NC surfaces were explored for 

targeting cancer cells based on their over-expression of GLUT-receptors, but also lipid raft-

mediated uptake was reported glycosylated NC [54-56]. A clathrin-independent uptake of 

polyhydroxy decorated SEDDS on the one hand might explain the increased uptake in 

particular of anionic and non-ionic PG- and SA-SEDDS on the other hand the absence of 

lysosomal co-localisation after internalisation. 

4.7.Pharmacological activity - Proliferation inhibition



Based on the results shown in Figure 10, the potential of SEDDS to deliver BCS 4 drugs to 

cancer cells and elicit a physiological response was found to be affected by the surface charge 

on the one hand and by the different surface decorations to proliferation inhibition in the 

order PG > SA > PEG on the other hand.
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Figure 10. Proliferation inhibition of Caco-2 cells after 2 h incubation with non-ionic, anionic and cationic PEG- 

(blue), PG- (red), SA- (green) SEDDS. Cells incubated with SEDDS in equal concentrations without curcumin served 

as 100% growth control. Data are shown as mean ±SD (n=3)

With a final concentration of only 1 µg/mL curcumin loaded PG-SEDDS caused pronounced 

proliferation inhibition in concentrations at least 3 times lower compared to literature values 

of unformulated curcumin [57, 58]. Worth mentioning is the intracellular mechanism of action 

of curcumin. Via interaction with several cytosolic proteins, curcumin induces cell cycle arrest 

in G2/M phase and apoptosis [57], necessitating cytosolic release of the drug to trigger a 

pharmacological response. Based on the proliferation inhibition and confocal imaging data, 

polyhydroxy surfactants with small but highly hydrophilic head groups bear high potential to 

increased SEDDS-cell interaction and cytosolic delivery of drugs. Moreover, combining and 

precisely balancing PEG -and hydroxy-moieties on SEDDS surfaces was reported being a 

promising strategy to overcome PEG associated drawbacks without sacrificing the benefits. 



Lund et al. observed a synergistic effect of a 50/50 modified surface bearing PEG-NH2 and 

glucose increased cellular uptake 18-fold compared to surfaces solely modified with PEG-NH2
 

or glucose [59]. Thus, using different surfactants types might not only synergistically advance 

the intracellular drug delivery but also expand the horizon for surface modifications, active 

targeting or stimuli responsive SEDDS.



5. Conclusion

In this work, we systematically investigated the role of PEG-surfactants and surfactants 

bearing polyhydroxy head groups in SEDDS with the objective to resolve the PEG-dilemma of 

conventional SEDDS and to improve intracellular drug delivery. The replacement of PEG-

surfactants in SEDDS formulation by PG- and an APG-surfactant did not detrimentally affect 

SEDDS self-emulsification properties, payload, or protective effect towards oxidation of the 

formulated model drug curcumin. Moreover, PG- and APG-based SEDDS showed similar 

mucus-permeating properties as their PEGylated counterparts. The steric hindrance and the 

charge-shielding effect of an inert PEG surface drastically hindered the internalization and 

endosomal escape of non-ionic and anionic PEG-SEDDS and merely positively charged PEG-

SEDDS showed significant cellular uptake and low lysosomal co-localization. In contrast, 

polyhydroxy decorated SEDDS demonstrated irrespective their surface charge a superior 

cellular uptake, endosomal escape and consequently a higher inhibition of tumor cell 

proliferation after cytosolic delivery of curcumin. Hence, a correlation between increased 

cellular uptake and the multiple hydroxyl functions on the SEDDS surface is conceivable. While 

no PEGylated formulation was able to simultaneously provide high mucus permeability, 

cellular uptake and endosomal escape, negatively charged polyhydroxy surfaces on SEDDS 

successfully combined all these features. Thus, replacing PEG-surfactants by surfactants with 

a polyhydroxy head group represents a causal approach to overcome the PEG dilemma for 

mucosal delivery of drugs acting on intracellular targets.
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Highlights

 Polyethylene glycol- (PEG-) surfactants in self-emulsifying drug delivery system (SEDDS) 

can be successfully substituted by surfactants bearing polyhydroxy head groups

 Mucus permeation of SEDDS with polyhydroxy-decorated surfaces was comparable to 

conventional SEDDS with PEGylated surface

 Long PEG-chains on SEDDS surfaces were identified to impair cellular uptake and 

increase endosomal and lysosomal entrapment

 Polyhydroxy-decorated surfaces on SEDDS promoted superior cellular internalisation 

and showed only negligible co-localisation with lysosomes

 Polyhydroxy-decorated SEDDS surfaces outperformed conventional PEGylated SEDDS 
surfaces in inhibiting tumor cell proliferation after cytosolic delivery of curcumin




