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A B S T R A C T   

Phospholipids are versatile formulation compounds with high biocompatibility. However, no data on their effect 
on skin in combination with UVA radiation exist. Thus, it was the aim of this work to (i) develop o/w nano-
emulsions (NEs) differing in surfactant type and to investigate their physicochemical stability at different storage 
temperatures, (ii) establish a standardized protocol for in vitro phototoxicity testing using primary human skin 
cells and (iii) investigate the phototoxicity of amphoteric phospholipids (S45, S75, E80, S100, LPC80), sodium 
lauryl ether sulfate (SLES) and polysorbate 80 (PS80). Satisfying systems were developed with all surfactants 
except S100 due to low zeta potential (-21.4 mV ± 4.69). SLES and PS80-type NEs showed the highest stability 
after eight weeks; temperature-dependent variations in storage stability were most noticeable for phospholipid 
surfactants. For phospholipid-based NEs, higher phosphatidylcholine content led to unstable formulations. 
Phototoxicity assays with primary skin fibroblasts confirmed the lack of UVA-related phototoxicity but revealed 
cytotoxic effects of LPC80 and SLES, resulting in cell viability as low as 2.7 % ± 0.78 and 1.9 % ± 1.57 compared 
to the control. Our findings suggest that surfactants S45, S75 and PS80 are the most promising candidates for 
skin-friendly emulsifiers in sensitive applications involving exposure to UV light.   

1. Introduction 

Phospholipid-based surfactants are versatile formulation compounds 
that have been introduced to pharmaceutical product development from 
the nutrition sector (Ozturk and McClements, 2016; Samdani et al., 
2018). Phospholipids are naturally occurring lipids with varying head 
groups and fatty acid residues. Their common structure is the phosphate 
group, which – in case of glycerophospholipids – is esterified to a 
glycerol backbone. Different alcohols, as shown in Fig. 1A, can be 
esterified to the phosphate group, dividing phospholipids into specific 
types, e.g., phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG), phosphatidylserine (PS) or phosphatidyli-
nositol (PI). 

Frequently, the main phospholipid PC is also called lecithin. It is 
important to note that “lecithin” can encompass various definitions or 
interpretations, so clarity on its specific context is crucial: while some-
times it is used synonymously with PC, the United States Pharmacopeia 
describes lecithin as a complex mixture which can contain different 
phospholipids and other substances such as triglycerides, fatty acids, 
and carbohydrates. Therefore, it is recommended in the literature to use 
the term “lecithin” only when the product contains less than 80 % (w/w) 
phospholipids and the term “phospholipid” when the product contains 
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80 % – 100 % (w/w) phospholipids (Drescher and van Hoogevest, 
2020). 

The glycerol backbone of a phospholipid is esterified with two fatty 
acids, which can vary in length and degree of saturation. Depending on 
the natural source from which the phospholipids are derived, they 
possess different properties. For example, PC derived from egg yolk has a 
lower content of polyunsaturated fatty acids compared to PC obtained 
from soybean (van Hoogevest et al., 2011). The main fatty acids of 
soybean phospholipids are saturated palmitic and polyunsaturated 
linoleic acid, whereas egg phospholipids mainly contain palmitic and 
monounsaturated oleic acid (van Hoogevest and Wendel, 2014). 

If only one fatty acid is esterified to the glycerol backbone, the 
molecule is called monoacyl phospholipid or lyso-phospholipid. These 
phospholipids possess a cone shape and form micelles upon hydration, 
whereas diacyl phospholipids have a cylindrical shape and form 
lamellar structures, or, if the polar head groups is small compared to the 
fatty acid part, possess an inverted cone shape and form inverse micelles 
(van Hoogevest et al., 2011). 

Natural phospholipids can be isolated from different sources, either 
from vegetables such as soybeans, rape seed, wheat germ and sunflower 
or from animal material such as egg yolk, milk, or krill. The production 
from crude vegetable oil includes multiple extraction steps and chro-
matographic purification procedures, resulting in different fractions 
with varying PC content (20 % – 98 % w/w). Egg phospholipids are 
obtained from egg yolk with similar methods. For acyl modification, for 
example to acquire monoacyl phospholipids, different natural enzymes 
can be used (van Hoogevest and Wendel, 2014). 

While established in parenteral and pulmonal applications (van 
Hoogevest et al., 2011; Wauthoz and Amighi, 2014), phospholipids are 
still not standard emulsifiers in dermal products despite decades of 
research on colloidal systems for dermal use (Yilmaz and Borchert, 
2006; Hasanovic et al., 2010; Hoeller et al., 2010; Schwarz et al., 2012; 
Wolf et al., 2018). Nonetheless, they possess GRAS status and their high 
biocompatibility regarding epidermal and dermal cells has previously 
been confirmed (Vater et al., 2019, 2020, 2022). Previous studies have 
employed variable oil phases, which might have influenced stability and 
in vitro viability data during cytotoxicity tests (Orchard et al., 2019), 

thereby impeding comparisons between different surfactant types. 
Given their generally high biocompatibility, phospholipids emerge 

as excellent candidates for sensitive applications such as wound healing 
(Du et al., 2016; Vater et al., 2022) or for skin exposed to photo-induced 
stress. The lack of photoactive groups could render them highly suitable 
for the formulation and development of sunscreen products. Surpris-
ingly, no data are available comparing their biocompatibility under 
photo stress to that of conventional anionic or non-ionic surfactants. 
Additionally, their storage stability under non-refrigerated conditions 
should be considered. 

Thus, it was the aim of this work to evaluate how various emulsifier 
types impact the physicochemical stability of fluid o/w nanoemulsions 
(NEs) at different storage temperatures. Further, we aimed to investigate 
the influence of these associated surfactants on in vitro cell viability 
under photo stress. For this purpose, we utilized high-pressure homog-
enization to generate colloidal o/w emulsions in the submicron range, 
maintaining a consistent oil content (20 % w/w of medium-chain tri-
glycerides, MCT) and surfactant concentration (5 % w/w). Physico-
chemical stability was monitored over eight weeks at refrigerated 
storage (8 ◦C) and room temperature (23 ◦C). Dynamic light scattering, 
laser Doppler electrophoresis, pH analysis and rheological measure-
ments were used to evaluate formulation properties. 

For phototoxicity testing, a platform adapted after OECD guideline 
432 was established in the lab using a solar simulator cube (SOL500 +
UVACube 400, Hoenle, Gilching, Germany). A suitable irradiation 
regime was set up using chlorpromazine hydrochloride (CPZ) as positive 
control (known phototoxic potential) and sodium dodecyl sulfate (SDS) 
as negative control (no reported phototoxic behavior). To achieve 
higher relevance for human physiology, primary human dermal fibro-
blasts and keratinocytes were used. 

2. Materials and methods 

2.1. Materials 

Phospholipid-based emulsifiers Lipoid® S45, S75, S100, E80 and P- 
LPC80 (Fig. 1B) were kindly provided by Lipoid GmbH (Ludwigshafen, 

Fig. 1. (A) Chemical structures of investigated surfactants: phospholipids with varying fatty acid residues, SLES (n = 1 – 4), PS80 (w + x + y + z = 20); (B) 
Composition and nomenclature of o/w nanoemulsions; (C) Lipid composition of main polar phospholipid constituents and abbreviations: phosphatidylcholine (PC), 
monoacyl-phosphatidylcholine (MAPC), phosphatidylethanolamine (PE). 
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GER). Sodium lauryl ether sulfate (SLES) was obtained from Caesar & 
Loretz GmbH (Hilden, GER). Medium-chain triglycerides (MCT) were 
purchased from Herba Chemosan (Vienna, AUT). Polysorbate 80 (PS80, 
Tween®80), neutral red (NR) and chlorpromazine hydrochloride (CPZ) 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s 
Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were 
obtained from Gibco by Life Technologies Limited (Paisley, UK). 
Penicillin-Streptomycin was obtained from Biowest SAS (Nuaillé, FR). 
Keratinocyte Growth Medium 2 (KGM-2) was purchased from Bio-
medica Medizinprodukte GmbH (Vienna, Austria). 

2.2. Preparation of oil-in-water emulsions 

Oil-in-water nanoemulsions (NEs) containing 20 % (w/w) MCT and 
5 % (w/w) surfactant, comprising either phospholipid-based emulsifiers 
or conventional surfactants, were developed. Nomenclature and 
composition of the NEs as well as chemical structures of the investigated 
surfactants are shown in Fig. 1B and 1C. 

For preparation, the respective surfactant was dissolved in water or 
oil, according to its hydrophilic-lipophilic balance (HLB value), using a 
magnetic stirrer at 60 ◦C. The oil phase was slowly added to the aqueous 
phase under stirring, followed by pre-homogenization with a rotor–-
stator device (Ultra-Turrax Omni 5000, Omni International, Kennesaw, 
GA, USA) for three minutes at 2000 rpm. Afterwards, formulations were 
treated with a high-pressure homogenizer (Emulsiflex C3, Avestin, 
Mannheim, Germany) for seven minutes at 700 bar to produce 20.0 g of 
formulation. After preparation, each formulation was divided into two 
parts and stored at either 8 ◦C or 23 ◦C (n = 3, respectively) to compare 
the influence of different storage conditions. Initial measurements for 
characterization were conducted one day after preparation, and stability 
tests were performed fortnightly over an observation period of eight 
weeks. Due to the large volume of sample required for rheological 
assessment, the used NEs were produced separately; rheological mea-
surements were conducted one day after preparation and after eight 
weeks. 

2.3. Dynamic light scattering: Hydrodynamic diameter and polydispersity 
index 

Dynamic light scattering was used to determine hydrodynamic 
diameter (z-average) and polydispersity index (PDI), using a Zetasizer 
Nano ZS (Malvern Instruments, Malvern, UK). The dilution range was set 
at 1:200 (v/v), as previously confirmed to be suitable to avoid multiple 
scattering of light (Vater et al., 2019). Samples were diluted with freshly 
distilled water. 

2.4. Laser Doppler electrophoresis: Zeta potential 

NEs were analysed by laser Doppler electrophoresis to determine 
zeta potential (ZP), using a Zetasizer Nano ZS (Malvern Instruments, 
Malvern, UK). Sample dilution of 1:200 (v/v) was done using distilled 
water, as recently shown to be representative for similar emulsions when 
compared to diluted saline (Klang et al., 2023). 

2.5. pH 

pH values of NEs were measured using a Seven Compact pH meter at 
23 ◦C (Mettler Toledo, Columbus, OH, USA). 

2.6. Rheological assessment 

Dynamic viscosity (η) was analysed at 23 ◦C in dependence of shear 
rate at 1 to 100 s− 1 with a modular compact rheometer (MCR 302 with 
RheoPlus®Software, Anton Paar GmbH, Graz, Austria). A double-gap 
measuring system (DG-27, diameter 27 mm) with 8.0 mL sample vol-
ume was used for the fluid NEs. Flow curves were established by plotting 

shear stress (τ) against shear rate (γ̇). The power law index (n) and flow 
consistency (k) according to Ostwald-de Waele’s power law approach, a 
widely used simplified model to describe the rheological behavior of 
Newtonian and non-Newtonian fluids that do not show yield stress 
property (Ansari et al., 2020), were determined by curve fitting the 
rheological measurements using the following equation: 

τ = k • γ̇n 

Newtonian fluids show a power law index of 1, while values below 1 
imply pseudoplastic flow behavior. Changes in dynamic viscosity after 
eight weeks were assessed at 10 s− 1. 

2.7. Thermal stability stress test 

To assess the thermal stability of produced NEs, additional stability 
tests at elevated temperature were performed. NEs were stored at 40 ◦C 
over an observation period of eight weeks (n = 3). Hydrodynamic 
diameter, PDI and pH values were initially analyzed one day after 
preparation and subsequent measurements were conducted after two, 
four and eight weeks. 

2.8. Cell viability assays 

2.8.1. Isolation and culture of primary human skin fibroblasts and 
keratinocytes 

Skin samples from anonymous healthy female and male donors were 
obtained during plastic surgery procedures from the abdomen, breast or 
back. The study was approved by the ethics committee of the Medical 
University of Vienna (ECS 1969/2021) and conducted according to the 
principles of the Declaration of Helsinki. Written informed consent was 
obtained from all participants. The isolation was conducted as previ-
ously described (Vater et al., 2019). For cultivation, DMEM supple-
mented with 10 % (v/v) FBS and 1 % (v/v) penicillin–streptomycin 
(10.000 U/mL) for fibroblasts and serum-free KGM-2 for keratinocytes 
was used, and cells were cultured at 37 ◦C and 5 % CO2. Culture medium 
was changed every four to six days for fibroblasts and every two to three 
days for keratinocytes. 

2.8.2. NRU phototoxicity assays 
The neutral red uptake (NRU) phototoxicity assay, adapted after 

OECD Guideline 432 (OECD/OCDE., 2019), was established in our lab to 
screen the investigated surfactants for cytotoxicity and phototoxicity. 
The NRU phototoxicity assay compares the cytotoxicity of a chemical 
when tested in presence vs. absence of exposure to simulated solar light. 
The weakly cationic dye neutral red (NR) penetrates cell membranes at 
physiological pH and accumulates intracellularly in lysosomes, where it 
becomes charged and is retained due to the lower pH. If the pH gradient 
cannot be maintained, e.g., due to formation of reactive oxygen species 
(ROS) which lead to cell damage and increased permeability of the 
lysosomal membrane, NR uptake and trapping decreases. Thus, cell 
viability can be measured (Borenfreund and Puerner, 1985; Repetto 
et al., 2008; OECD/OCDE., 2019). 

Cells were seeded at a density of 7 x 103 (fibroblasts) or 1 x 104 

(keratinocytes) cells per well on 96-well flat-bottom plates (Greiner bio- 
One, Solingen, Germany) to obtain an approximately half confluent 
monolayer after 24 h incubation. Two plates per assay were prepared 
simultaneously. After incubation for 24 h at 37 ◦C and 5 % CO2 air at-
mosphere, the cells were washed with phosphate-buffered saline (PBS) 
and pre-treated with the respective surfactant. The prepared NEs proved 
unsuitable to be tested in the NRU phototoxicity assay, as their turbidity 
(even when diluted) prevented the UVA radiation from reaching the cell 
layer. Thus, transparent surfactant solutions were prepared to avoid 
UVA attenuation by the applied samples. According to solubility, the 
surfactant was either dissolved directly in DMEM or KGM-2 without 
phenol red or dissolved in ethanol (EtOH) and diluted with phenol red- 
free DMEM or KGM-2 (1 % v/v EtOH). For the latter, solvent controls 
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that were treated with culture medium containing 1 % (v/v) EtOH were 
included. 

After incubation with 100 µL surfactant solution for one hour, one 
plate was irradiated with 1.5 J/cm2 UVA while the control plate was 
stored in the dark. To ensure equivalent conditions for both plates, the 
control plate was wrapped in aluminum foil for light protection and 
placed in the UVA cube for the same duration as the irradiated plate. 
Cells were again washed with PBS and the treatment medium was 
replaced with fresh culture medium, followed by 24 h of incubation. 

Cells were washed with PBS before adding 100 μL neutral red me-
dium (50 μg/mL). NR medium was freshly prepared for each test by 
diluting NR stock solution (5 mg/mL NR in PBS) with pre-warmed cul-
ture medium supplemented with 25 mmol/L HEPES to prevent crystal-
lization of NR due to a shift in pH (Baker, 1998; OECD/OCDE., 2019). 
The stock solution was stored for up to two months (Repetto et al., 
2008), protected from light. 

After incubation for 3 h, cells were washed with PBS and 150 µL NR 
desorb solution containing 49 % (v/v) water, 50 % (v/v) EtOH and 1 % 
(v/v) acetic acid was added. The plates were placed on a microtiter plate 
shaker for 10 min at 150 rpm, until the NR had formed a homogenous 
solution. Optical density was measured at 540 nm, using a multiwell 
plate reader (TecanTM Infinite 200, Tecan Ltd., Maennedorf, 
Switzerland). Cell viability in percent was expressed in relation to the 
viability of control cells, with results presented as means ± standard 
deviation (SD). 

To validate the method for our lab, CPZ as positive control and SDS 
as negative control were tested and compared to reference values 
(OECD/OCDE., 2019). 

2.8.3. Irradiation setup 
For UVA irradiation, a solar simulator (SOL500 + UVACube 400, 

Hoenle, Gilching, Germany) with H1 filter glass to eliminate UVB ra-
diation was employed. UVA irradiance was measured prior to every use 
with a UVA meter (UV meter 3.0 with UVA surface sensor, Hoenle, 
Gilching, Germany). The radiation intensity, as measured through the 
lid of a 96-well plate, was adjusted by inserting stainless-steel grids 
between the light source and the irradiated cells. Different mesh sizes 
were tested to obtain an irradiance of 1.6 – 1.7 mW/cm2, as recom-
mended by the OECD (OECD/OCDE., 2019). The combination of two 
grids with 30 and 120 mesh (0.6 mm and 0.125 mm aperture), respec-
tively, was used to achieve the recommended values. Irradiation dose 
was adjusted by varying the exposure time using the following equation: 

t [min] =
irradiation dose [J/cm2] × 1000

irradiance [mW/cm2] × 60 

Preliminary studies with different exposure times were performed to 
investigate the suitable irradiation dose for the employed cell line. 

2.8.4. Calculation of PIF and IC50 
All surfactants were tested at the highest recommended concentra-

tion of 1000 µg/mL. Compounds that do not exhibit any significant 
cytotoxicity under irradiation up to this limit can be considered as being 
devoid of relevant phototoxicity. Often, the limit can even be lowered to 
100 µg/mL (Ceridono et al., 2012; EMA, 2015). 

If cytotoxicity was observed at the limit concentration, the respective 
surfactant was tested at different concentrations to calculate the 
respective IC50 value and photo irritation factor (PIF) according to the 
following equation: 

PIF =
IC50 (− UV)

IC50 (+UV)

IC50 and PIF were calculated using the Phototox 2.0 Software supplied 
by the OECD. A PIF below 2 implies no phototoxicity for the investigated 
chemical. 

2.9. Statistical analysis 

Results are expressed as means ± standard deviation (SD). Data 
analysis was performed with JASP 0.17.1.0 software using the Student’s 
t-test or one-way ANOVA + post-hoc Tukey test with a significance 
threshold of p < 0.05. The Shapiro-Wilk test was used as test of 
normality. In case of non-parametric data, the t-test was replaced by the 
Wilcoxon signed-rank test (for paired samples) or Mann-Whitney U test 
(for independent samples), and Kruskal-Wallis test + post-hoc Dunn’s 
test was used instead of ANOVA. Outliers in the cell culture data were 
identified and excluded using the Dixon’s Q test with p < 0.05. 

3. Results and discussion 

3.1. Impact of surfactant type on NE properties 

Hydrodynamic diameter, polydispersity index and zeta potential. 
NEs with hydrodynamic diameter (Dh) between 119 nm and 218 nm 

were produced (Fig. 2A). Owing to their higher HLB, lower critical 
packing parameter and higher emulsifying properties, formulations with 
SLES and PS80 showed the smallest Dh, followed by LPC80. Average size 
of the diacyl phospholipid based NEs (S45, S75, E80) was comparable, 
except for NE S100 with larger hydrodynamic diameter. The observed 
behavior of the phospholipids is in accordance with reported HLB 
values, with LPC80 possessing the highest (9.1 – 11.3) and S100 the 
lowest (7.0 – 9.6) HLB range (Otto et al., 2020). The oil phase, MCT, 
requires an approximate HLB of 11. The HLB of the emulsification sys-
tem should be close to the required HLB of the oil to obtain good stability 
and small Dh; when the HLB values are close, the surfactant molecules 
are arranged more closely on the oil–water interface (Wang et al., 2023). 
Given that the HLB range of S100 is furthest below the required HLB, it is 
not surprising that NE S100 exhibited the largest droplet size. 

Additionally, the PDI was assessed for all formulations. The PDI 
describes the degree of non-uniformity of a size distribution (Bera, 2015; 
Danaei et al., 2018). All NEs showed satisfying homogeneity with PDI 
values below 0.2 and were therefore suitable for dynamic light scat-
tering measurements (Fig. 2A). 

Zeta potential (ZP) was in the negative range for all NEs (Fig. 2B). 
Values were generally more negative than − 40 mV for all NEs, with NE 
S100 being the only exception. A high absolute ZP above 30 mV is often 
used as an indicator predicting long-term stability (Bhattacharjee, 
2016). The fact that zwitterionic PC, which has a neutral charge at 
physiological pH, is not contributing to the negative ZP (Klang and 
Valenta, 2011; Drescher and van Hoogevest, 2020) is apparent due to 
the significantly lower absolute ZP of NE S100 (consisting almost 
exclusively of PC) compared to the other formulations (p < 0.05). NE 
SLES showed the most negative ZP, which can be explained by the 
negative charge of the sulfate head group. Possibly owing to the pres-
ence of negatively charged phospholipids at neutral pH, phosphatidy-
linositol (PI) and phosphatidic acid (PA), NE S45 and NE S75 showed 
similarly high absolute ZP values (S45: 1.6 % w/w PI and 1.5 % w/w PA, 
S75: 0.6 % w/w PI and 1.1 % w/w PA, as derived from the certificate of 
analysis). NE E80, NE LPC80 and NE PS80 exhibited comparable ZP 
values between − 40 and − 55 mV (Fig. 2B). 

Chemical stability and pH. 
pH values of NEs covered a wide range from 4.4 to 7.4, with NE PS80 

exhibiting the lowest and NE SLES the highest pH (Fig. 2C). PS80, a 
heterogenous mixture of polyethoxylated products with polyoxy-
ethylene (POE) sorbitan monooleate as the main component (Zhang 
et al., 2012; Larson et al., 2020), is susceptible to degradation by 
oxidation and hydrolysis. Autoxidation, e.g. by temperature and light, 
occurs mostly on the POE chains, which may lead to formation of POE 
esters, ketones, aldehydes and acids (Donbrow et al., 1978; Kishore 
et al., 2011). This, in turn, could lead to a decrease in pH value and is a 
possible explanation for the observed low pH of NE PS80 (Yi et al., 
2020). 
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The diacyl phospholipid based NEs showed ideal pH for skin care 
products with values ranging from 5.1 (NE S45) to 6.0 (NE S75) 
(Wohlrab and Gebert, 2018). The significantly lower pH of NE S45 
compared to the other phospholipids (p < 0.05) can be explained by its 
acid value of 16, with corresponding higher amount of free fatty acids 
(FFA) compared to S75 and E80 with acid values of 8 or S100 with <
0.05 % (w/w) FFA. While the pH of phospholipid-based NEs S75, S100 
and E80 was similar, it was significantly higher for NE LPC80 with an 
average value of 6.7 (p < 0.05), which is less desirable regarding skin 
application. 

Rheological profile. 
Rheological behavior was dependent on surfactant type and showed 

remarkable differences between the phospholipids. Flow curves are 
presented in Fig. 2D. The NEs showed nearly Newtonian flow with a 
slight tendency to pseudoplastic flow behavior, as can be seen by the 
corresponding power law indices in Table 1. NE S45 and NE S75 
exhibited more pronounced shear thinning as well as considerable 

higher dynamic viscosity (correlation between applied shear rate and 
measured shear stress). A slight shear thinning effect was previously 
observed for fluid NEs (Klang et al., 2011, 2023), possibly due to 
changes in the droplet shape along the flow channel (Schalbart et al., 
2010). An exemplary comparison of dynamic viscosity was conducted at 
a shear rate of 10 s− 1 to highlight the differences between NEs: NE 
LPC80, NE E80, NE SLES and NE PS80 showed viscosity values between 
2.8 and 4.0 mPa⋅s, NE S100 expressed higher viscosity of 6.9 mPa⋅s 
(±0.07). Compared to NE S100, NE S45 showed a 3.7-fold increase in 
viscosity (25.8 mPa⋅s ± 0.81). S75 acted even more strongly as viscosity 
enhancer; NE S75 showed dynamic viscosity of 76.7 mPa⋅s (±3.41), 
which is an 11-fold increase compared to S100 (p < 0.05). A possible 
explanation for the observed differences in dynamic viscosity might be 
the largely differing ZP values. NE S45 and NE S75, which showed high 
absolute ZP, were more viscous than NE S100 with low absolute ZP. 
Increased absolute ZP in small particles leads to induced repulsion and 
enhanced thickness of the electrical double layer, which in turn in-
creases viscosity of the emulsion system, particularly at low shear rates 
(Maranzano and Wagner, 2001; Nakamura et al., 2021). With 
decreasing absolute ZP, the zero shear viscosity plateau decreases and 
the shear thinning gradient decreases (Nakamura et al., 2021). 

3.2. Impact of storage temperature on NE stability 

Hydrodynamic diameter, polydispersity index and zeta potential. 
Over the eight-week period, the hydrodynamic diameter of most NEs 

exhibited minimal fluctuations, generally remaining within a 10 % 
range (Fig. 3A). Overall, storage at 8 ◦C usually promoted better stability 
than storage at 23 ◦C. Of note, NE S100 was the only formulation that 
showed an increase in droplet size above 10 % when stored under 

Fig. 2. (A) Hydrodynamic diameter (Dh, z-average in nm, left-hand scale, bars) and polydispersity index (PDI, right-hand scale, dots) of o/w nanoemulsions as 
determined by dynamic light scattering; (B) Zeta potential (ZP, left-hand scale, bars) and conductivity (right-hand scale, triangles) of o/w nanoemulsions as 
determined by laser Doppler electrophoresis; (C) pH of o/w nanoemulsions; (D) Flow curves of o/w nanoemulsions at a shear rate of 1 to 100 s− 1, analysed at 23 ◦C. 
For all data (A-D), values are means of n = 3 independent formulations. 

Table 1 
Rheological parameters of NEs as calculated using Ostwald-de Waele’s power 
law model. The coefficient of determination, R2, was above 0.99 for all formu-
lations, indicating accurate fit of the corresponding regression curve.  

NE flow consistency (k) power law index (n) 

NE S45  0.029  0.94 
NE S75  0.101  0.87 
NE S100  0.008  0.96 
NE E80  0.003  1.00 
NE LPC80  0.003  0.99 
NE SLES  0.004  0.99 
NE PS80  0.003  0.97  

K. Steiner et al.                                                                                                                                                                                                                                  



International Journal of Pharmaceutics 653 (2024) 123903

6

refrigerated conditions (+42 % ± 1.0). However, for NEs containing 
S75, LPC80 or PS80, there were no significant differences between 
storage temperatures. Hence, these NEs prove to be ideal for room 
temperature storage, a crucial attribute for their application, such as in 
sunscreen products. 

When stored at 23 ◦C, NE PS80 showed a slight, though not signifi-
cant increase in droplet size (+11 % ± 1.6). NE E80 and NE S100, 
however, were evidently not stable with changes of + 91 % (±16.3) and 
+ 185 % (±48.8), respectively. For NE S100, the pronounced change of 
hydrodynamic diameter at both storage conditions was not surprising, 
as the absolute ZP of the formulation was low, implying that droplets 
were not electrically stabilized and flocculation likely to occur. PC alone 
is not sufficient to stabilize multiphase systems; phospholipid mixtures 
lead to more stable emulsions, as the different phospholipids can attri-
bute to higher absolute ZP and higher HLB, as discussed above. 

ZP remained largely stable with a slight shift to less negative values 
for some formulations (Fig. 3B). Storage conditions did not impact ZP to 
a great extent; the different temperatures yielded comparable results. NE 
S100 experienced a notable shift to more negative values, possibly 
owing to elevated surface charge of the emulsion droplets due to ester 
hydrolysis and the release of FFA (Rabinovich-Guilatt et al., 2005). 
However, the results showed large fluctuations; measurements were 
possibly hindered due to the occurring aggregation and the corre-
sponding increase in hydrodynamic diameter, underlining again the 
pronounced instabilities of this formulation. 

Chemical stability and pH. 
The majority of formulations showed a more noticeable decrease in 

pH levels when stored at 23 ◦C (Fig. 3C). The pH of NE SLES remained 
constant with changes below 1 %. One viewpoint for discussion is that 
SLES’s ether bonds, known for greater chemical stability compared to 

ester bonds (Yasmann and Sukharev, 2015) were the least impacted by 
hydrolysis during storage. Consequently, the release of FFA was mini-
mized, preventing a decline in pH. Phospholipids might have exhibited 
higher susceptibility to hydrolysis, especially when subjected to 
elevated storage temperatures. As already observed with the changes in 
hydrodynamic diameter, NE S100 and E80 with the highest PC content 
were again the least stable formulations with the largest reduction in pH. 
This can partly be explained by the faster degradation rate of PC 
compared to PE (Rabinovich-Guilatt et al., 2005) and the corresponding 
higher amount of released FFA. 

Rheological profile. 
Changes in dynamic viscosity were assessed at a shear rate of 10 s− 1 

(Fig. 3D). The formulations with phospholipids E80, monoacyl phos-
pholipids LPC80 and conventional surfactants SLES and PS80 remained 
stable over the observation period of eight weeks. NE S45 and NE S75 
demonstrated a tendency to become more fluid, exhibiting more 
noticeable changes when stored at room temperature. The substantial 
rise in viscosity of NE S100 (8 ◦C: + 217 % ± 8.6; 23 ◦C: + 506 % 
± 39.5) aligned well with the previously discussed instabilities, notably 
flocculation (Starov and Zhdanov, 2003), further emphasizing the sus-
ceptibility of this formulation to destabilization. 

3.3. Stability of NEs at elevated temperature 

Thermal stability tests were conducted to further investigate the 
suitability of the used surfactants for sunscreen formulations, consid-
ering that these products are expected to be exposed to elevated tem-
peratures. Storage at 40 ◦C for eight weeks led to noticeable olfactory 
changes, possibly attributed to oxidative degradation (Genot et al., 
2003), for all NEs and pronounced phase separation for NE S100 and 

Fig. 3. Change in (A) hydrodynamic diameter (z-average), (B) absolute zeta potential, (C) pH value, (D) dynamic viscosity η of o/w nanoemulsions at a shear rate of 
10 s− 1 and 23 ◦C, all measured after storage for 8 weeks at 23 ◦C (dotted bars) or 8 ◦C (striped bars). Values are means ± SD of n = 3 independent formulations. 
Statistically significant differences are marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). 
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E80, hindering optical and pH analysis. Thus, measurements taken after 
a storage period of four weeks were used for comparison between NEs 
(Fig. 4). Change in hydrodynamic diameter showed the same trend as 
discussed above for storage at lower temperatures: after four weeks, NE 
S100 and E80 exhibited an increase in droplet size (41 % ± 20.7 and 44 
% ± 4.3, respectively), while the other NEs showed minimal fluctua-
tions below 10 %. pH decreased for all NEs except for NE S75, although 
the high SD of this formulation suggests inconsistencies. Overall, the 
results of the thermal stability study reflected similar trends as the sta-
bility tests at 8 ◦C and 23 ◦C with NE S100 and E80 emerging as the least 
stable formulations. 

3.4. Impact of surfactant type and UVA radiation on cell viability 

In determining an appropriate radiation regime for primary human 
skin fibroblasts, we initially explored various irradiation doses aiming to 
maintain high cell viability (>80 % compared to control cells) while also 
triggering chemical excitation to elicit a phototoxic reaction. The irra-
diation dose was modified by altering the duration of exposure time. 
Irradiation with 1.5 J/cm2 (15 min 38 sec at 1.6 mW/cm2) yielded 
viability rates of 87 % (±19.3, n = 5) and induced phototoxic reactions 
of the positive control (CPZ), but not the negative control (SDS). 
Therefore, 1.5 J/cm2 was selected as suitable irradiation dose and used 
for all further experiments. IC50 and PIF of CPZ and SDS are shown in 
Table 2. A PIF below 2 implies that the investigated chemical is not 
phototoxic. 

Treatment of fibroblasts with diacyl phospholipids S45, S75, S100 
and E80 resulted in consistently high viability rates (85 % – 116 %), both 
in the presence and absence of UVA irradiation, showing no notable 
differences among the various phospholipid types (Fig. 5A). PS80 was 
also well-tolerated, resulting in a cell viability of 85 % (±15.0) for the 
control plate and 93 % (±3.9) for the irradiated cells. The documented 
high biocompatibility of PS80 aligns with findings in the literature 
(Lémery et al., 2015; Ueda et al., 2019; Liu and Lunter, 2020). IC50 
values were not determined for these surfactants, as the maximum assay 
concentration of 1000 µg/mL did not substantially affect viability, even 
under exposure to UVA light. Thus, the diacyl phospholipids and PS80 
are considered devoid of any relevant phototoxicity (OECD/OCDE., 
2019). The high biocompatibility of phospholipids is consistent with 
findings in the literature (Weyenberg et al., 2007; Vater et al., 2019, 
2020), proving robust even under UVA-induced stress. 

LPC80 and SLES were cytotoxic at the limit concentration of 1000 
µg/mL, resulting in notably low viability rates (<3%). Hence, lower 
concentrations of both surfactants were tested to establish their IC50 
values and calculate PIF. The anionic surfactants SDS and SLES as well as 
monoacyl phospholipid LPC80 showed comparable IC50 and PIF, as 
shown in Table 2A. While all three surfactants demonstrated 

cytotoxicity, there was no induction of phototoxicity, indicated by their 
PIF below 2. The well-established potential for skin irritation, especially 
for SDS, but also SLES, is documented in literature (Lémery et al., 2015; 
Mijaljica et al., 2022; Adu et al., 2023). Nonetheless, it was unexpected 
to note that LPC80 exhibited similar cytotoxicity. Toxicity of surfactants 
can partly be explained by their interaction with cellular lipid bilayers, 
resulting in a disruption of the plasma membrane (Maupas et al., 2011). 
A possible explanation for the vastly differing results between monoacyl 
phospholipids and diacyl phospholipids might be the higher aqueous 
solubility and the lower packing parameter of LPC80 compared to the 
diacyl phospholipids. LPC80 is cone-shaped, forms micelles upon 
dispersion in water and possesses higher emulsifying properties for 
stabilization of o/w emulsions or to solubilize lipophilic substances 
(Hoppel et al., 2014; van Hoogevest and Fahr, 2019), which could 
negatively impact cell viability. 

To further investigate the skin compatibility of the used surfactants 
in combination with UVA radiation, we additionally conducted the assay 
using primary human skin keratinocytes. The same irradiation dose as 
for the fibroblasts proved to be suitable, facilitating comparison between 
the two cell lines. Results showed the same trends as for the fibroblasts: 
the diacyl phospholipids and PS80 were tolerated well, while LPC80 and 
SLES were highly cytotoxic at the limit concentration (Fig. 5B). How-
ever, IC50 values revealed that keratinocytes were in general more 
sensitive to the surfactants’ toxicity compared to fibroblasts; IC50 values 
of SDS and SLES were about five to six times lower (Table 2B). These 
findings align with previous results in our research group, where cell 
viability of keratinocytes after exposure to selected NEs without irra-
diation was generally lower than viability of fibroblasts (Vater et al., 
2019). Of note, compared to SDS and SLES, LPC80 was tolerated better 

Fig. 4. Change in (A) hydrodynamic diameter (z-average) and (B) pH value of o/w nanoemulsions after storage for 4 weeks at 40 ◦C. Values are means ± SD of n = 3 
independent formulations. Statistically significant changes between values recorded at week 0 and week 4 are marked with asterisks (*p < 0.05, **p < 0.01, ***p 
< 0.001). 

Table 2 
IC50 values in µg/mL and PIF of positive and negative control and cytotoxic 
surfactants (LPC80, SLES). Values are means ± SD of n = 4 tests with 6 parallel 
experiments.  

(A) Primary human skin fibroblasts 

Test chemical IC50 -UV IC50 þ UV PIF 

CPZ (positive control) 17.2 (±3.8) 1.9 (±0.4) 9.3 (±2.2) 
SDS (negative control) 104.3 (±19.3) 106.0 (±11.0) 1.0 (±0.3) 
LPC80 101.9 (±22.6) 87.1 (±27.5) 1.2 (±0.1) 
SLES 81.6 (±25.1) 80.3 (±35.6) 1.1 (±0.4) 

(B) Primary human skin keratinocytes 

Test chemical IC50 -UV IC50 þ UV PIF 

CPZ (positive control) 25.7 (±5.5) 1.9 (±0.3) 13.9 (±4.8) 
SDS (negative control) 15.9 (±1.0) 14.9 (±2.3) 1.1 (±0.2) 
LPC80 46.7 (±5.3) 38.6 (±5.7) 1.2 (±0.3) 
SLES 17.1 (±3.5) 16.4 (±1.8) 1.0 (±0.2)  
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by the keratinocytes, with the respective IC50 being approximately three 
times higher than the IC50 of SDS and SLES (Table 2B). 

Our results validated the hypothesis that phospholipids, devoid of 
photoactive groups, would not elicit any phototoxic reactions. Even 
when exposed to UVA radiation, they demonstrate high skin compati-
bility, much like PS80. As anticipated, SDS and SLES displayed high 
cytotoxicity without exhibiting any phototoxic potential. Surprisingly, 
the same magnitude of cytotoxicity was observed for LPC80 in case of 
fibroblasts, and to a lesser extent for keratinocytes. 

Further ex vivo and in vivo studies are planned to verify biocompat-
ibility of phospholipids in combination with UVA radiation. 

4. Conclusion 

Of the tested phospholipid-based surfactants, S45, S75 and LPC80 
exhibited highest potential for stabilization of submicron-sized o/w 
emulsions also when subjected to thermal stress (40 ◦C over four weeks 
without preserving agents, antioxidants, or stabilizers), suggesting 
similar potential for stabilization of sunscreen products as SLES and 
PS80. All tested surfactants (amphoteric phospholipids, anionic SLES, 
non-ionic PS80) were devoid of UVA-related phototoxicity in NRU as-
says. However, both SLES and LPC80 demonstrated cytotoxicity levels 
comparable to the known irritant SDS for fibroblasts and to a lesser 
extent for keratinocytes. We conclude that phospholipids S45 and S75 as 
well as PS80 stand out as the most skin-friendly surfactants for stabi-
lizing sunscreen products. 
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