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Abstract: Surfactants present in cleansing formulations interact not only with the unwanted lipids
accumulating on the human skin (dirt) but also with its protective lipidic layer (sebum). Development
of simple models of human sebum would help to compare different surfactants and biosurfactants
under the same conditions. In this contribution we propose a first monolayer model of synthetic
sebum composed of lard, stearic acid, lanolin, squalane and cholesterol. The monolayer compres-
sion isotherm features a gas-liquid (G-LE1), two liquid-liquid transitions (LE1-LE2 and LE2-LC),
and a collapse at πcoll = 45 mN/m. The monolayer spread on pure water and pre-compressed to
π0 = 30 mN/m was exposed to four synthetic surfactants (sodium lauryl sulfate (SLS), sodium laureth
sulfate (SLES), ammonium lauryl sulfate (ALS) and cocamidopropyl betaine (CAPB)) and four plant
extracts (oat (Avena sativa L.), horse chestnut (Aesculus hippocastanum L.), cowherb (Vaccaria hispanica
[P. Mill.] Rauschert), soybean (Glycine max L.) and soapwort (Saponaria officinalis L.)) introduced to
the subphase at a dry mass content of 1% (w/w). Three modes of the monolayer-(bio)surfactant
interactions were observed: (1) complete solubilization (SLS, SLES, ALS, CAPB); (2) penetration
accompanied by an increase of surface pressure and elasticity but without solubilization (horse
chestnut, cowherb, soapwort); (3) no interaction (oat, soybean).

Keywords: SLS; SLES; betaines; anionic surfactants; soapwort; plant extracts

1. Introduction

Sebum constitutes a non-aqueous part of the outermost liquid barrier of our body,
separating it from the environment [1,2]. It is secreted from sebaceous glands located in
our skin (except from the hands’ palms and feet’s soles) in the proximity of sweat glands. It
is composed of glycerides (~50%), waxes (~20%), squalene (~10%), free fatty acids (~5%) as
well as cholesterol (~1%) and its esters (~4%), and other minor components [3,4]. Together
with sweat and other aqueous components of the Natural Moisturizing Factor (NMF),
sebum forms a multicomponent emulsion protecting and moisturizing the epidermis. With
time, this emulsion accommodates increasing amounts of the airborne dust, exfoliated
dead skin cells (corneocytes) and extracellular lipid matrix, as well as microbial exudates,
collectively called “dirt”. The unwanted dirt can be removed during body washing with
help of one of the many available cleansing formulations. The latter typically comprise
the sodium, lithium or ammonium salts of alkyl sulphates (ethoxylated or not; in the case
of sodium salts commonly called “SLES” and “SLS”, respectively), often complemented
with amphoteric (e.g., cocamidopropyl betaine, sodium cocoamphoacetate) or nonionic
(alkyl polyglycosides, alkyl alcohols, etc.) surfactants. In particular, the SLS- and SLES-type
anionic surfactants are known to be very efficient detergents, capable of removing all types
of lipids. Unfortunately, at sufficiently high concentrations they remove not only the lipids
associated with the unwanted dirt, but also those constituting the protective sebum. In
fact, selective dirt removal (without affecting the sebum) is practically impossible and
the use of efficient detergents also removes part of the skin’s natural protective barriers,
exposing its deeper layers to potential toxins and allergens from the environment [5–7]. To
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minimize the damage while maintaining a maximum dirt removal efficacy, formulators
often replace part of the ionic surfactants with less aggressive ones (e.g., by admixing the
amphoteric cocamidopropyl betaine with the anionic SLS/SLES). An alternative solution
consists of searching for natural-derived or natural surfactants with the hope of finding
more sustainable and biocompatible replacements of the fully-synthetic counterparts [8–12].
Among the natural surfactants (biosurfactants), those of plant origin seem to be especially
promising because of relatively easy purification and little consumer concern (much lower
than, e.g., for biosurfactants from microbial origin). One of the most abundant groups of
plant biosurfactants are glycosides belonging to triterpenoid or steroid saponins. Their
molecules consist of non-polar aglycon (triterpenoid or steroid) and polar glycon (sugar)
parts, providing the amphiphilicity required for the surface activity. Saponins can be found
in about 500 plant species, both edible and non-edible (soybean, quinoa, oat, pea, tea,
beetroot, soapwort, alfalfa, horse chestnut, licorice or ginseng, to name just a few) [13–15].

A natural origin of biosurfactants does not automatically imply, however, their lower
solubilization potential towards the natural lipids (sebum) of human skin. For this reason
it is important to develop reliable systems allowing for comparison of the effect of different
surfactants on the sebum layer under controlled and reproducible conditions. Experiments
on living organisms that would be ideal for such purposes must be replaced with in-vitro
methods using model systems, for ethical and legislative reasons. Due to large variabil-
ity of human sebum composition, synthetic mixtures are often employed in laboratory
studies [16]. For example, Wertz proposed a mixture of 12.4% squalene, 25% jojoba oil,
44.6% triolein, 17% oleic acid and 1% DL-α-tocopherol [17]. This composition has been
used by many other authors [18,19] and is commercially available. A model developed by
Procter and Gamble is a blend of the coconut, olive, cottonseed and paraffin oils (15% of
each), oleic acid (15%), myristic, palmitic and stearic acids (5% of each), cholesterol (5%)
and squalene (5%) [20]. Musiał et al. proposed a mixture based on pork lard (34%) as a
source of triglycerides, stearic acid (24%) as a representative free fatty acids, and lanolin
(26%) as a model wax, in addition to squalene (12%) and cholesterol (4%) [21]. Bujak et al.
employed a simplified sebum model, consisting of stearic acid (91%) and cholesterol or its
mixture with ceramides (9%) [22,23]. To the best of our knowledge, all previous reports
on sebum-surfactant interactions used bulk methods, mostly based on quantifying the
amount of solubilized lipids. The bulk approach, however, neglects the interfacial aspects
of sebum-surfactant interactions; hence, there is a need to develop models allowing for
such studies.

In our previous reports we have compared synthetic and natural surfactants extracted
from plants in terms of their effect on cell cultures of keratinocytes [24,25]. We have also
attempted to correlate the keratinocytes’ cytotoxicity with two assays used to quantify
the protein (zein test) and lipid (oil emulsification test) solubilization potential [25]. In
this contribution we describe a successful development of a first model sebum-mimicking
lipid monolayer and its characterization in the presence of nine model (bio)surfactants:
four synthetic low-molecular weight surfactants and five plant extracts. The use of the
monolayer model allowed for gathering additional information on the mechanism of
interfacial interactions between the model sebum and (bio)surfactants.

2. Results
2.1. Synthetic Sebum Monolayer Characterization

A synthetic sebum was prepared by heating and mixing the lard, stearic acid, lanolin,
squalane and cholesterol in the proportions depicted in Table 1, corresponding to the
real sebum composition of fatty acids triglycerides, free fatty acids, waxes, squalene and
cholesterol, respectively. The homogeneous lipid mixture obtained by filtering followed
by cooling down to room temperature was dissolved in a chloroform/methanol mixture
and deposited on the surface of water (subphase). The monolayer was first characterized
by registering its compression isotherm (Figure 1). Microphotographs from a fluorescence
microscope (Figure 2) were collected at surface pressure values marked with arrows in
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Figure 1. The inset of Figure 1 shows the compression modulus, Cs
−1, obtained from the

isotherm using Equation (1). The compression modulus carries important information on
mechanical properties of the monolayer, similarly to the surface compression elasticity, E’,
discussed in Section 2.2 below (note the same definition of E’ and Cs

−1). The only difference
between the two parameters is the rate and direction of the monolayer dilation (oscillatory
movement with f = 0.1 Hz and relative amplitude of 2% for E’, and linear movement
with the rate of 7 mm/min for Cs

−1). Cs
−1, being registered under conditions closer to

equilibrium, is especially helpful to identify the monolayer compression state: gaseous,
G (Cs

−1 < 12.5 mN/m), liquid expanded, LE (12.5 mN/m < Cs
−1 < 50 mN/m), liquid

condensed, LC (50 mN/m < Cs
−1 < 250 mN/m and solid, S (Cs

−1 > 250 mN/m) [26–28].

Table 1. Composition of real and synthetic sebum.

Human Sebum Content (% m/m) Synthetic Sebum

Fatty acid triglycerides 35 Lard
Free fatty acids 25 Stearic acid

Waxes 23 Lanolin
Squalene 13 Squalane

Cholesterol 4 Cholesterol
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Figure 1. Surface pressure isotherm (π(A)) for the synthetic sebum mixture recorded at 21 ◦C. Arrows
and letters indicate the π values where the microphotographs shown in Figure 2 were recorded. The
inset shows the compression modulus, Cs

−1, as a function of surface pressure, π.

In the first stage of compression, a phase transition from gaseous (G) to liquid ex-
panded (LE1) state takes place at π = 9 mN/m, where the compression modulus, Cs

−1

reaches 42 mN/m. The appearance of the LE phase can be seen in Figure 2A, recorded at
π = 9 mN/m. A similar phase transition takes place around π = 13 mN/m with Cs

−1

slightly smaller than the value observed for the LE1 phase (21 mN/m), suggesting that the
new phase is also liquid expanded (LE1-LE2 transition, see Figure 2B). Further compression
clearly rigidifies the monolayer which is manifested by significant reduction of surface
flows observed under the microscope (not shown) and giving rise to a strip pattern featured
in Figure 2C,D. The phase transition around π = 22 mN/m can be assigned as LE2-LC with
Cs

−1 steeply increasing up to 90 mN/m (at π = 37 mN/m). The strip pattern with lighter
LE2 phase and darker (LC) phase dominates the microscopic monolayer morphology
(Figure 2E,F) up to πcoll = 45 mN/m, where the monolayer collapses.
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Figure 2. Microphotographs from fluorescence microscope of the synthetic sebum monolayer
compressed to surface pressure (π) of: 9 mN/m (A), 13 mN/m (B), 19 mN/m (C), 22 mN/m
(D), 30 mN/m (E) and 40 mN/m (F). Scale bar 100 µm.

To gather more information on the synthetic sebum monolayer, the effect of tempera-
ture on its compression isotherm was studied in the temperature range 10–40 ◦C (Figure 3).
Up to the temperature of 25 ◦C, the two LE phases can still be distinguished, but at higher
temperatures the LE1-LE2 transition disappears. Increasing the temperature also widens
the LE range, shifting the LE-LC transition towards lower surface area values. Increasing
the temperature facilitates the monolayer collapse: between 10 and 40 ◦C the collapse
pressure, πcoll, drops from 47.6 mN/m to 40.6 mN/m (Figure 3).

The monolayer stability in different phase states was probed by recording the mono-
layer compression-decompression cycles (surface pressure isotherm hysteresis). Below the
first transition (G-LE1), no hysteresis could be observed at all. Only above π = 10 mN/m
can any observable difference between the compression and expansion π(A) curves be
noticed. The gap increases only slightly with increasing the maximum surface pressure up
to ~40 mN/m, indicating that even in the LC state the synthetic sebum monolayer remains
relatively stable as long as π < πcoll. As expected, compression above πcoll (50 mN/m)
clearly destroys the monolayer integrity resulting in large hysteresis (Figure 4).
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Figure 3. Surface pressure isotherms (π(A)) for the synthetic sebum mixture recorded in the tempera-
ture range 10–40 ◦C.
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Figure 4. Surface pressure (π(A)) hysteresis (compression-expansion samples) at 21 ◦C. The values in
each panel indicate the surface pressure value where the barrier movement was reversed (maximum
compression). The upper curves correspond to compression and lower ones to expansion cycles.

2.2. Effect of Surfactants on the Synthetic Sebum Monolayers

Having characterized the new synthetic sebum monolayer, we proceeded with an-
alyzing its behavior in presence of model synthetic surfactants and surface active plant
extracts. For this purpose, the synthetic sebum monolayer was first deposited on a surface
of Milli-Q water and compressed to π0 = 30 mN/m. Subsequently, the aqueous subphase
was continuously exchanged for the respective (bio)surfactant solution to reach the final
concentration of 1% in the subphase, which corresponds to a typical concentration range of
surfactants on skin during body washing. The monolayer relaxation was followed during
100 min by monitoring π(t). The surface compression elasticity, E’, of the (bio)surfactant-
equilibrated monolayer was probed subsequently. A common reference experiment for all
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(bio)surfactants consisted of the monolayer relaxation on the aqueous subphase pumped
through the Langmuir trough under the same hydrodynamic conditions for 100 min, which
resulted in π100 = 26.3 ± 1.7 mN/m and E’ = 113 ± 4 mN/m. The slight decay of surface
pressure is consistent with the hysteresis gap seen in Figure 4, confirming that a small part
of the monolayer is indeed lost due to compression. Interestingly, the surface compression
elasticity obtained from the oscillatory experiments (E’) is much higher than the quasi-
equilibrium value obtained from the monolayer compression isotherm (Cs

−1 = 30 mN/m
at π = 30 mN/m, see Figure 1). The difference stems probably from different timescales of
both measurements—in the oscillatory experiment the monolayer undergoes compression-
decompression cycles with a barrier movement rate varying between 0 and 23 mm/min.
Consequently, it behaves more like a rigid body, in contrast to the quasi-equilibrium ex-
periments, where the monolayer components still have enough time to follow the barrier
movement (7 mm/min), resulting in much lower surface elasticity.

2.2.1. Synthetic Surfactants

All four synthetic surfactants circulating in the subphase at 1% raised surface pressure
by ∆π100 between 13 and 15 mN/m above the initial value (Figure 5a). This increase is
consistent with their intrinsic surface activity—note that the π100 values in the presence
(“sebum + biosurfactant”) and absence (“bare surfactant”) of the sebum monolayer practi-
cally coincide in all cases. This suggests that the initial synthetic sebum monolayer may
be simply replaced by the adsorbed surfactant layers. Such a hypothesis is supported
also by the similarity of the elastic modulus between the surfactant-penetrated sebum
monolayers and the adsorbed layers of these surfactants in the absence of the monolayer
(“bare surfactant”). All corresponding E’ values from Figure 5b are similar and much
lower than for the original synthetic sebum monolayer on pure water (E’ = 113 mN/m),
confirming that the original highly elastic network of sebum lipids was indeed destroyed
by the synthetic surfactants at 1% d.m. For the three anionic surfactants (SLS, ALS, SLES),
the penetrated-layer elasticity remained slightly above that of the Gibbs layers (yet always
<17 mN/m); in the case of CAPB, E’ dropped even below that for bare CAPB adsorbed
layer (E’ = 19 mN/m for the bare surfactant layer and 4 mN/m for the CAPB-penetrated
sebum monolayer).
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Figure 5. Surface pressure after 100 min, π100, (a) and surface compression elasticity, E’, (b) for
the bare surfactants and Milli-Q water (black bars with vertical strips) and the synthetic sebum
monolayers in contact with the surfactants/Milli-Q water in the subphase (red bars with horizontal
strips). All monolayers were compressed to π0 = 30 mN/m prior to introduction of the surfactants
and the final concentration in the subphase was equal to 1%.

2.2.2. Plant Extracts

For the investigated plant extracts with the same dry mass content (1%), the surface pres-
sure after 100 min, π100, varies between 27 mN/m and 37 mN/m (Figure 6a). The increase
of surface pressure with respect to the bare monolayer on water (0 < ∆π100 < 8 mN/m) is
thus lower than for the synthetic surfactant solutions, with the highest increase for the
cowherb and soapwort, and almost no change for the oat and soybean extracts (Figure 6a).
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The π100 values in the presence of the monolayer are, however, significantly higher than
for the corresponding Gibbs layers (in the absence of the monolayer, “bare biosurfactant”),
pointing to an important difference between the plant extracts and the synthetic surfac-
tants. The observed increase of surface pressure cannot be thus caused by the complete
replacement of the monolayer lipids with the surface active components of the extracts,
which are only capable of increasing π100 to 12–22 mN/m.

Colloids Interfaces 2022, 6, x FOR PEER REVIEW 7 of 12 
 

 

Figure 5. Surface pressure after 100 min, π100, (a) and surface compression elasticity, E’, (b) for the 
bare surfactants and Milli-Q water (black bars with vertical strips) and the synthetic sebum mono-
layers in contact with the surfactants/Milli-Q water in the subphase (red bars with horizontal strips). 
All monolayers were compressed to π0 = 30 mN/m prior to introduction of the surfactants and the 
final concentration in the subphase was equal to 1%. 

2.2.2. Plant Extracts 
For the investigated plant extracts with the same dry mass content (1%), the surface 

pressure after 100 min, π100, varies between 27 mN/m and 37 mN/m (Figure 6a). The in-
crease of surface pressure with respect to the bare monolayer on water (0 < Δπ100 < 8 
mN/m) is thus lower than for the synthetic surfactant solutions, with the highest increase 
for the cowherb and soapwort, and almost no change for the oat and soybean extracts 
(Figure 6a). The π100 values in the presence of the monolayer are, however, significantly 
higher than for the corresponding Gibbs layers (in the absence of the monolayer, “bare 
biosurfactant”), pointing to an important difference between the plant extracts and the 
synthetic surfactants. The observed increase of surface pressure cannot be thus caused by 
the complete replacement of the monolayer lipids with the surface active components of 
the extracts, which are only capable of increasing π100 to 12–22 mN/m. 

  
(a) (b) 

Figure 6. Surface pressure after 100 min, π100, (a) and surface compression elasticity, E’, (b) for the 
bare biosurfactants and Milli-Q water (black bars with vertical strips) and the synthetic sebum mon-
olayers in contact with the biosurfactants/ Milli-Q water in the subphase (red bars with horizontal 
strips). All monolayers were compressed to π0 = 30 mN/m prior to introduction of the biosurfactants 
and the final concentration in the subphase was equal to 1%. 

The lack of changes in π100 after contact with the oat and soybean extracts (with re-
spect to pure water) may suggest no interaction at all between components of these ex-
tracts and the sebum lipids. This hypothesis is supported by the lack of changes in surface 
elastic modulus, E’, of the sebum monolayer after contact with these extracts. On the other 
hand, for the remaining ones, E’ of the extract-penetrated monolayer is always higher than 
that of the same extract’s bare layer and of the bare sebum monolayer on water. An espe-
cially impressive increase of the extract-penetrated monolayer elasticity was observed for 
the horse chestnut (increase by 273 mN/m with respect to the unpenetrated monolayer 
and by 374 mN/m with respect to the bare extract in the absence of lipids). Only in the 
case of cowherb, the surface elasticity remained the same as for the bare biosurfactant, but 
this may be related to the already high E’ value of the latter (E’ = 206 mN/m). However, if 
the value for the extract-penetrated monolayer (E’ = 215 mN/m) is compared with that of 
the bare monolayer on water (E’ = 113 mN/m), the effect of cowherb is evident. 

3. Discussion 
The model sebum prepared from easily available lipids (lard, stearic acid, lanolin, 

squalane and cholesterol) was shown to form a monolayer with G-LE1, LE1-LE2 and LE2-
LC transitions and little hysteresis up to the collapse surface pressure, πcoll = 45 mN/m. The 

WATER
COWHERB

SOAPWORT

HORSE CHESTHUT
SOYBEAN OAT

0

10

20

30

40

50

 

 

 
π 10

0[m
N/

m
]

 BARE BIOSURFACTANT
 SEBUM + BIOSURFACTANT

WATER
COWHERB

SOAPWORT

HORSE CHESTHUT
SOYBEAN OAT

0

100

200

300

400

E'
 [m

N/
m

]

 

 

 BARE BIOSURFACTANT
 SEBUM + BIOSURFACTANT

Figure 6. Surface pressure after 100 min, π100, (a) and surface compression elasticity, E’, (b) for
the bare biosurfactants and Milli-Q water (black bars with vertical strips) and the synthetic sebum
monolayers in contact with the biosurfactants/ Milli-Q water in the subphase (red bars with horizontal
strips). All monolayers were compressed to π0 = 30 mN/m prior to introduction of the biosurfactants
and the final concentration in the subphase was equal to 1%.

The lack of changes in π100 after contact with the oat and soybean extracts (with respect
to pure water) may suggest no interaction at all between components of these extracts and
the sebum lipids. This hypothesis is supported by the lack of changes in surface elastic
modulus, E’, of the sebum monolayer after contact with these extracts. On the other hand,
for the remaining ones, E’ of the extract-penetrated monolayer is always higher than that
of the same extract’s bare layer and of the bare sebum monolayer on water. An especially
impressive increase of the extract-penetrated monolayer elasticity was observed for the
horse chestnut (increase by 273 mN/m with respect to the unpenetrated monolayer and
by 374 mN/m with respect to the bare extract in the absence of lipids). Only in the case
of cowherb, the surface elasticity remained the same as for the bare biosurfactant, but this
may be related to the already high E’ value of the latter (E’ = 206 mN/m). However, if the
value for the extract-penetrated monolayer (E’ = 215 mN/m) is compared with that of the
bare monolayer on water (E’ = 113 mN/m), the effect of cowherb is evident.

3. Discussion

The model sebum prepared from easily available lipids (lard, stearic acid, lanolin,
squalane and cholesterol) was shown to form a monolayer with G-LE1, LE1-LE2 and LE2-
LC transitions and little hysteresis up to the collapse surface pressure, πcoll = 45 mN/m.
The model monolayer is suitable for testing the effect of surfactants and other relevant
components introduced into the subphase. In this contribution we described the effect
of four synthetic surfactants and five plant extracts displaying reasonable surface activ-
ity. Depending on the type of (bio)surfactant introduced to the subphase, three types of
responses of the synthetic sebum monolayers could be observed. The monolayers pene-
trated by the synthetic low-molecular weight surfactants (SLS, ALS, SLES, CAPB) undergo
solubilization, as evidenced by the proximity of both π100 and E’ values for the bare sur-
factants (Gibbs) adsorbed layers and the surfactant-penetrated sebum monolayers. This is
consistent with the known detergent activity of these ingredients, successfully employed in
harsh washing/cleansing formulations [5,29,30]. Similar observations were reported for
other lipid mixtures [31,32] or protein monolayers [33,34]. Despite the clear proof of the
monolayer solubilization, the present data do not allow for any discussion of its detailed
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mechanism. Nevertheless, some similarities with the “orogenic” displacement of proteins
by low-molecular weight surfactants can be noticed [35]. Whatever the mechanism of
lipid solubilization, the aqueous-air interface behaves as if it consisted predominantly of
the adsorbed surfactant layers. Therefore, one may speculate that the real sebum layers
exposed to even low concentrations of these surfactants (1% d.m.) could also undergo
extensive solubilization, together with the unwanted lipids of the dirt. In this context, the
especially high reduction of E’ observed for CAPB may seem to contradict the common
opinions stating that cosmetic formulations where part of the anionic surfactants (SLS, ALS,
SLES) is replaced with CAPB should be milder to skin [3,36]. It should be stressed that the
employed surfactant concentration (1%) for all synthetic surfactants exceeded the CMC
values, which increase in the order CAPB < SLES < ALS ≈ SLS. Although lower CMC
values are often associated with reduced skin irritation potential, in the present model
system the most pronounced monolayer disruption was observed for the surfactant with
the lowest CMC (CAPB). This confirms that skin irritation is a complex process, not solely
determined by a monomolecular lipid layer solubilization.

The opposite is observed when the subphase contains weakly surface-active plant
extracts not capable of penetrating the lipid monolayer. The oat and soybean extracts,
although slightly surface active on their own (π100 = 12 and 13 mN/m, E’ = 26 and
41 mN/m, respectively), do not seem to be able to penetrate the synthetic sebum layer, as
evidenced by the lack of changes in π100 and E’ (with respect to the bare monolayer on
water). These extracts seem to be unable to remove, or even to penetrate, the model sebum
monolayer. As such, they could be considered as potentially neutral to the real sebum
layers, although their dirt removal capacity is also weak.

Finally, the three more surface active plant extracts: cowherb, soapwort and horse
chestnut can be considered an intermediate case—they are capable of penetrating the model
sebum monolayer but without solubilizing it. Even though their intrinsic surface activity is
only slightly higher than that of the oat and soybean extracts (π100 = 22, 17 and 12 mN/m,
E’ = 206, 128 and 14 mN/m, for the cowherb, soapwort and horse chestnut respectively),
they clearly increase surface pressure of the sebum monolayers pre-compressed initially to
π0 = 30 mN/m. In contrast to the synthetic surfactants, the final surface pressure values
exceed those of the bare extracts, pointing to an increased crowding in the penetrated
monolayers. Surprisingly, the extra components entering the monolayer do not break the
existing interfacial network, but even enhance it (increase of E’), especially for the horse
chestnut (E’ = 386 mN/m). The latter case is even more interesting given the fact that on
its own (in the absence of monolayer) the adsorbed layer is very weakly interconnected,
resulting in low surface compression elasticity (E’ = 14 mN/m). We believe this unusual
effect might be at the origin of the known biological activity of the horse chestnut extracts,
which is often linked with the presence of triterpenoid saponins known as escin [37,38].
The high affinity of escin to lipid membranes has been extensively investigated, especially
by the group of Hellweg [39–41], who discovered a very rich phase behavior of escin-lipid
mixtures. A similar link between the increase of surface pressure/compression elasticity
of lipid monolayers and biological activity may probably exist in the case of cowherb and
soapwort, both also widely used in herbal medicine. From this perspective, the three
plant extracts may be considered as potential candidates e.g., for transdermal delivery,
allowing for transport of biologically active/nutritive components through the sebum
layers, without their removal.

4. Materials and Methods

The details of the origin of the lipid components used to prepare a synthetic sebum and
of the employed plant material: the seeds of oat (Avena sativa L.), horse chestnut (Aesculus
hippocastanum L.), cowherb (Vaccaria hispanica [P. Mill.] Rauschert) and soybean (Glycine
max L.), and the roots of soapwort (Saponaria officinalis L.) are provided in Tables S1 and S2
(Supplementary Materials). The aqueous extracts were prepared by 15-min decoction
(cowherb and soapwort) or by maceration (horse chestnut, oat and soybean) at room
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temperature for 12 h, in Milli-Q water (Merck Millipore, Burlington, MA, USA). The
extracts were then filtered and spray-dried, as described in ref. [42,43]. The dried extracts
were stored at room temperature. Immediately before starting the measurements they were
dissolved in Milli-Q water to achieve the concentration of 2.5% (w/w) of the dry mass of the
extract, which after dilution with the water from the trough during the subphase exchange,
produced the final concentration of 1%. Synthetic surfactants: sodium lauryl sulfate (SLS),
sodium laureth sulfate (SLES), ammonium lauryl sulfate (ALS) and cocamidopropyl betaine
(CAPB) were kindly provided by PCC Exol (Brzeg Dolny, Poland). Their aqueous solutions
were prepared analogously to those of the plant extracts, in such a way as to produce the
required final dry mass content of 1%.

The model sebum lipid mixture (see Table 1 for its composition) for monolayer de-
position was dissolved in chloroform (purity ≥ 99.8%) and methanol (purity ≥ 99.9%),
9:1 vol/vol, purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without any
further purification. The total lipids concentration of 24.4 mg/mL and 1.5 mg/mL were
employed for the surface pressure relaxation, π(t), and isotherms (π(A)), respectively.
The average molecular weight of the synthetic sebum was estimated as 429 g/mol using
the values from Table S1 (Supplementary Materials). In experiments with microscopic
observations of the monolayer morphology, the lipid mixture was spiked with a fluores-
cently labeled phospholipid TopFluor PC (0.5% mol/mol). Milli-Q water Merck Millipore,
Burlington, MA, USA) was used to prepare all solutions. All glassware was cleaned with
Hellmanex II solution (Hellma GmbH & Co. KG, Müllheim, Germany) and acetone prior
to rinsing with Milli-Q water.

The surface pressure isotherms (π(A)) and relaxation curves after a quick compression,
π(t), for the monolayer on pure water and on the (bio)surfactants solutions were recorded
using a home-built Langmuir trough equipped with a Wilhelmy plate made of filter paper
(ashless Whatman 1 CHR, 10 mm width) connected to an electrobalance (KSV, Espoo, Fin-
land). The subphase temperature (typically 21 ◦C) was controlled by means of a thermostat.
When different temperatures (10–40 ◦C) were employed, the trough was equilibrated at the
given temperature for at least 2 h and the subphase temperature was controlled before and
after the experiment. An OLYMPUS BX51WI (Tokyo, Japan) epifluorescence microscope
with U-MWB2 mirror unit (excitation filter: 460–490 nm; dichromatic mirror: 500 nm) was
used for monolayer visualization. The experimental details are given in [44]. Briefly, the
trough with a total area of 194.25 cm2 (7 cm × 25 cm effective compressible area (W × L))
and the volume of 150 cm3, equipped with two connection ports for the subphase exchange
with minimum distortion of the monolayer, was used. The appropriate lipid mixture in
9:1 chloroform/methanol mixture was deposited onto a Milli-Q water subphase with a
Hamilton micro syringe, and left for evaporation for 15 min. Next, either surface pressure
compression or subphase exchange experiments were performed.

In the surface pressure isotherm experiments, the monolayer was compressed by
movable barriers and the surface pressure values were recorded during compression up
to the monolayer collapse. In some experiments, where the monolayer was doped with
the fluorescently labeled dye, the fluorescence microphotographs were registered during
compression. In surface pressure isotherm hysteresis experiments, the compression was
stopped at the chosen values of surface pressure and the barrier movement was reversed
back towards their initial positions, while still recording surface pressure values. Every
isotherm and hysteresis loop was recorded on a fresh monolayer and repeated at least
in triplicate.

In the subphase exchange experiments the monolayer was first compressed to
π0 = 30 mN/m at the rate of 7 mm/min and the subphase exchange procedure was
initiated. For this purpose, a peristaltic pump with a flow rate of 9 mL/min was used. The
surface pressure was monitored for 100 min. The experiments with the respective Gibbs
layers (without the lipid monolayer) were performed analogously, omitting the monolayer
deposition and compression steps. At the end of each monolayer relaxation measurement,
the surface compression (dilational) response of the monolayer was probed by performing
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oscillatory movements of the barriers. The frequency of 0.1 Hz and the relative amplitude
of 2% were used. The surface compression (dilational) modulus, E, of the monolayer is
defined as:

E = − dπ

dA
·A (1)

where A is the mean molecular area at a given surface pressure, π.
The same equation was used to calculate the compression modulus (Cs

−1) from the
compression isotherm (π(A)) under quasi-static conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/colloids6020037/s1, Table S1. Details of the origin and composition
of lipids used for preparation of the synthetic sebum; Table S2. Details of the origin of the herbal
material used in the study.
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